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Statement of the problem studied

This report focuses on the research of femtosecond laser microstructuring and chalcogen inclusion in silicon. Doping silicon 

with sulfur, selenium and tellurium (chalcogens), is studied for its potential impact on improving silicon based infrared 

photodetectors, light emitting diodes and thin-film photovoltaics. Furthermore, hydrophobic surface properties of laser 

microstructured silicon are demonstrated.

Femtosecond laser irradiation of silicon substrate induces periodic surface structure. When irradiation occurs in the presence of 

dopant precursors, inclusion of dopant atoms into silicon matrix can be achieved. Femtosecond laser pulses are able to 

produce doping concentration of beyond equilibrium limit in silicon. The resulting material exhibits near-unity absorption of 

radiation from 250 to 2500 nm which includes the below band gap near infrared light. Unique optical properties make this 

material a potential candidate for a variety of optoelectronic devices.

In this report, we demonstrate the capability of chalcogen (S, Se, Te) inclusion using femtosecond laser. Measured dopant 

concentration is beyond equilibrium limit in all cases. We then perform post-thermal treatment to study the diffusion behavior of 

dopants in silicon matrix. Our findings contribute to a better understanding of the mechanism of infrared absorption in 

chalcogen-doped laser-microstructured silicon. We also demonstrate the hydrophobic surface properties of laser structured 

silicon.

 

Summary of most important results

Chalcogen doping of silicon via intense femtosecond-laser irradiation

Doping silicon with sulfur, and other group VI elements (chalcogens), is studied for its potential impact on improving silicon 

based infrared photodetectors, light emitting diodes and thin-film photovoltaics. We create high concentrations of chalcogen 

dopants in silicon samples using irradiation with femtosecond-laser pulses. We introduce the dopant into the microstructuring 

process as a powder spread on the surface of a silicon wafer. Using a powder allows us to explore other dopants that are not 

convenient to work with in gaseous form. Using this method, we successfully introduce three chalcogens, sulfur, selenium, and 

tellurium into silicon substrates.

The resulting morphology is shown in figure 1. We studied dopant concentration of the substrates microstructured in the 

presence of each element using Rutherford scattering, table 1. Optical properties of the microstructured substrates before and 

after thermal annealing show the role of the chalcogen dopant on the absorption of below band gap near infrared radiation, 

figure 2. We attribute the near-unity absorptance to a supersaturated solution of trapped chalcogen dopants and point defects 

in the silicon lattice, which modifies the electronic structure of the surface layer. Annealing the samples results in diffusion of 

chalcogen dopants and point defects out of the crystalline grains to the grain boundaries. As a result of this annealing the 

absorptance of below band gap radiation is reduced by an amount that correlates to the diffusivity of the dopant atom in silicon. 

Samples doped with tellurium and selenium show the least reduction of infrared absorptance upon annealing and offer the 

potential for high responsivity silicon-based photodetectors, where annealing is often a necessary manufacturing step.

 

The role of diffusion in broadband infrared absorption in chalcogen-doped silicon

We created supersaturated concentrations of sulfur in silicon, selenium and tellurium, respectively, by femtosecond laser 

irradiation of silicon coated with a powder film. We also doped silicon in this manner using a background gas of sulfur 

hexaouride (SF6) or hydrogen sulfide (H2S). We then performed thermal treatment to understand the mechanism by which 

chalcogen-doped silicon absorbs infrared light. Two observations provide insight into how the structural arrangement of the 

dopant contributes to the enhanced infrared absorption. First, the infrared absorption decreases after thermal annealing, and 

this decrease becomes larger with increasing annealing temperature (figure 3). Second, for the same anneal conditions, the 

decrease in infrared absorption depends on the dopant. Sulfur-doped samples show the largest decrease in infrared 

absorption, followed by selenium-doped samples and tellurium-doped samples, respectively (figure 4). Given that the bulk 

diffusivity of sulfur in silicon is roughly an order of magnitude larger than selenium and several orders of magnitude larger than 

tellurium, the two experimental observations indicate that the reduction of infrared absorptance after annealing is related to 

diffusion of the dopant. Furthermore, we observe that a characteristic diffusion length of about 50 nm common to all three 



dopants leads to the deactivation of infrared absorption. Using diffusion theory, we show that a probable source of this 

characteristic diffusion length is the grain size of the re-solidified surface layer. Therefore, we propose that a probable cause of 

the deactivation of infrared absorption is precipitation of the dopant at the grain boundaries. 

 

Superhydrophobic Surfaces Prepared by Microstructuring of Silicon

Using a Femtosecond Laser

The decreased contact area between water and solid surfaces in superhydrophobic samples reduces effects such as friction, 

erosion, and contamination. The wettability of a surface depends on both its chemical nature and topology. Although lowering 

the surface energy of a substrate decreases its wettability, contact angles larger than 120°¿have never been achieved for water 

on flat surfaces. Inspired by the topology of the lotus leaf, researchers devised methods for roughening surfaces with low 

surface energies to achieve the high contact angles and low contact angle hysteresis necessary for superhydrophobicity. We 

studied a novel and simple structuring process that uses intense femtosecond laser pulses to create microstructured 

superhydrophobic surfaces with remarkable wetting characteristics. For water, we observe contact angles greater than 160°

¿with negligible hysteresis, as shown in figure 5. We examined the dependence on laser fluence of the static and dynamic 

wetting properties of these surfaces for both water and hexadecane and found that the behavior of both liquids follows the 

Cassie- Baxter model. The result is shown in figure 6. The morphology of the microstructured areas can easily be controlled, 

allowing for the design of silicon surfaces with different wetting properties. The simplicity of the technique and the convenient 

control of the resulting wetting properties make laser-microstructured silicon an attractive substrate for many applications.
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Figure 1. Scanning electron microscope images of irradiated surfaces using (a) sulfur 

powder, (b) selenium powder, (c) tellurium powder and (d) sulfur hexafluoride gas as a 

dopant source. In each image the surface is at a 45。angle and the long axis of the 

structures' elliptical base is parallel to the plane of the image. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 1. Rutherford backscattering analysis results 

  



 

 

Figure 2. Absorptance spectra for samples doped with chalcogens before annealing 

(solid line), and after annealing to 775K for 30 min (dashed line).  



 

Figure 3. Average absorptance from 1250{2500 nm for sulfur-doped (circles), 

selenium-doped (squares), tellurium-doped (triangles) silicon and samples irradiated in N2 

(diamonds) after various thermal anneals at T _ 975 K. A larger marker indicates a longer 

anneal (from smallest to largest:10 min, 30 min, 100 min, 6 h, 24 h). 



 

Figure 4. Absorptance spectra for sulfur-, selenium-, and tellurium-doped silicon after 

annealing to 775 K for increasing lengths of time (from top to bottom: 10 min, 30 min, 100 

min, 6 h, 24 h). 

 



 

Figure 5. Photographs of water (top) and hexadecane (bottom) droplets on flat (left) 

and microstructured (right) silicon surfaces treated with fluorosilane. The same silicon 

surface, microstructured at a laser fluence of 8.0 kJ/m2, was used for the two pictures 

on the right. 

 



 

Figure 6. Static contact angles of water (b) and hexadecane (O) on microstructured 

silicon surfaces as a function of microstructuring laser fluence. The values on the 

vertical axis at zero laser fluence are for the native silicon substrate. All surfaces were 

treated with fluorosilane. 

 

 

 

 

 

 



Superhydrophobic Surfaces Prepared by Microstructuring of Silicon
Using a Femtosecond Laser
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We present a simple method for fabricating superhydrophobic silicon surfaces. The method consists of irradiating
silicon wafers with femtosecond laser pulses and then coating the surfaces with a layer of fluoroalkylsilane molecules.
The laser irradiation creates a surface morphology that exhibits structure on the micro- and nanoscale. By varying
the laser fluence, we can tune the surface morphology and the wetting properties. We measured the static and dynamic
contact angles for water and hexadecane on these surfaces. For water, the microstructured silicon surfaces yield contact
angles higher than 160° and negligible hysteresis. For hexadecane, the microstructuring leads to a transition from
nonwetting to wetting.

Introduction
Superhydrophobic surfaces exhibit contact angles (θ) with

water that are larger than 150°and a negligible difference∆θ
between the advancing and receding contact angles, the so-called
contact angle hysteresis.1,2 An example of a naturally occurring
superhydrophobic surface is the lotus leaf. Upon landing on the
surface of a lotus leaf, water beads up to form nearly spherical
drops that immediately roll off.3,4 Synthetic superhydrophobic
surfaces have attracted considerable attention because of their
potential application in devices where contact with water is detri-
mental to performance or durability.5,6 The decreased contact
area between water and solid surfaces in superhydrophobic sam-
ples reduces effects such as friction, erosion, and contamination.

The wettability of a surface depends on both its chemical
nature and topology. Although lowering the surface energy of
a substrate decreases its wettability, contact angles larger than
120° have never been achieved for water on flat surfaces.7 Inspired
by the topology of the lotus leaf, researchers devised methods
for roughening surfaces with low surface energies to achieve the
high contact angles and low contact angle hysteresis necessary
for superhydrophobicity.8 Some of the numerous approaches
employed in the preparations of superhydrophobic surfaces
include lithographically patterned substrates,9,10vertically aligned
carbon nanotubes,11,12 anodically oxidized metal surfaces,13,14

polyelectrolyte layers,15block copolymers,16,17sublimation,18,19

and nanocasting and extruding of polymers.20,21Here, we present
a novel and simple structuring process that uses intense
femtosecond laser pulses to create microstructured superhydro-
phobic surfaces with remarkable wetting characteristics.

Experimental Section

Previously, we reported on the fabrication of arrays of conical
micrometer-sized spikes by irradiating silicon surfaces with fem-
tosecond laser pulses.22-25 For the experiments described here, we
usedn-doped Si(100) wafers (F ) 1Ω/m). Each silicon wafer was
cleaned with a 15-min ultrasonic bath in trichloroethylene, followed
by a 15-min ultrasonic bath in acetone, and finally a 15-min ultrasonic
bath in methanol. After drying the silicon substrates in a nitrogen
gas flow, they were transferred to a magnetizable sample holder
mounted onto a two-axis computer-controlled stage inside a
processing chamber that was filled with SF6 at a pressure of 0.67
× 104 Pa.

We use a regeneratively amplified Ti:sapphire laser system that
generates a train of 100-fs laser pulses at a repetition rate of 1 kHz.
The laser pulses have a center wavelength of 800 nm and energies
up to 400µJ. The laser pulses are focused at normal incidence onto
the silicon sample using a 250-mm focal length, antireflection-coated,
plano-convex lens mounted on a single-axis linear translation stage.
By moving the lens and therefore the position of the focus, the
diameter of the laser spot size at the sample surface can be varied
from 30 to 250µm. To structure an area larger than the laser spot
size, the silicon substrate was translated relative to the laser beam,
exposing any given spot on the silicon surface to an average of 200
pulses.
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Following laser irradiation, the microstructured silicon surfaces
were treated for 60 s in air plasma. Immediately afterward, the samples
were exposed to (heptadecafluoro-1,1,2,2-tetrahydrodecyl)trichlo-
rosilane (CF3(CF2)7CH2CH2SiCl3) for 3 h in alow-pressure chamber.
The same surface treatment was used for the flat silicon samples that
were not microstructured.

We determined the static contact angles for water and hexadecane
by the sessile drop method with a contact angle meter and averaged
over five measurements. We used 5-µL droplets for all experiments.
The contact angle hysteresis was measured by tilting the sample
using a goniometer.

Results

Figure 1 shows a sequence of scanning electron microscopy
pictures of microstructured silicon surfaces made with several
incident laser fluences and a constant average shot number (200
pulses/area). The morphology of the structured sample changes
dramatically in the range of fluence from 2.2 to 9.0 kJ/m2; the
surface topology goes from laser-induced periodic surface
structures to a coarsened surface to an array of cone-shaped
spikes.23,24 No microstructuring is observed for fluences lower
than 2 kJ/m2. Shallow wavy ridges are formed at fluences between
2 and 3.5 kJ/m2. Separated protrusions with larger aspect ratios
begin to appear at 4.0 kJ/m2; well-defined conical-shaped spikes
are observable with increasing fluence. The base of each spike
has an asymmetric shape, with the short axis of the base always
parallel to the laser polarization. An important trend to notice
in Figure 1 is that with increasing fluence there is an increase
in both the microstructure height and the distance between
microstructures.

After laser microstructuring, the sample surface is treated in
air plasma to clean the surface and oxidize it and then terminated
with fluorosilane. Fluorosilane termination lowers the surface

energy7and allows us to study the hydrophobic effect of roughness
imparted by the laser structuring. Figure 2 shows images of
water droplets on flat and microstructured silicon surfaces,
respectively. In both cases, the surface has been terminated with
fluorosilane. The contact angle on the flat surface is 115°, but
on the microstructured surface, the contact angle is 160°, an
increase of 45°.

Figure 3 shows how the contact angle depends on the laser
fluence used for microstructuring the silicon surface. The data
points at zero fluence were obtained on unstructured (i.e., flat)
silicon surfaces. For water, the contact angle increases by 40°
upon microstructuring with a minimum fluence of 2.6 kJ/m2 but
then remains nearly constant, independent of the laser fluence,
even though the morphology of the sample surfaces varies
significantly between 2 and 4 kJ/m2. The wetting properties of
these surfaces are very stable; a sample with a laser fluence of
8 kJ/m2 maintained the same high contact angle (160°) after
being completely immersed in water for one week.

We also measured the contact angle for hexadecane on the
microstructured silicon surfaces. Because hexadecane has a lower
surface tension than water (γH2O ) 72.0 mN/m;γHD ) 26.7
mN/m),26 it wets more of the microstructured silicon surfaces
and therefore exhibits lower contact angles than water. Figure
2 shows images of hexadecane droplets on fluorosilane-terminated
flat and microstructured silicon surfaces. It is interesting that
whereas hexadecane wets the flat surface (θ< 90°) it does not

Figure 1. Top and side view (45°) scanning electron micrographs
of silicon surfaces microstructured in SF6 at various laser fluences.

Figure 2. Photographs of water (top) and hexadecane (bottom)
droplets on flat (left) and microstructured (right) silicon surfaces
treated with fluorosilane. The same silicon surface, microstructured
at a laser fluence of 8.0 kJ/m2, was used for the two pictures on the
right.

Figure 3. Static contact angles of water (b) and hexadecane (O)
on microstructured silicon surfaces as a function of microstructuring
laser fluence. The values on the vertical axis at zero laser fluence
are for the native silicon substrate. All surfaces were treated with
fluorosilane.
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wet the microstructured surface (θ > 90°). The empty circles in
Figure 3 represent the dependence of the contact angle of
hexadecane on laser fluence. The contact angle increases by 30°
upon microstructuring with a minimum fluence of 2.6 kJ/m2. In
contrast to water, however, the laser fluence has a significant
effect on the contact angles for hexadecane. The contact angle
increases as the laser fluence is increased from 2.2 to 4.5 kJ/m2

and then begins to decrease. The microstructuring changes the
contact angle from a wetting value of 79° on flat silicon to a
nonwetting value between 105 and 129° on the laser-micro-
structured surface.

Superhydrophobic surfaces exhibit not only contact angles
greater than 150°but also small contact angle hysteresissthat
is, there is little or no difference between the advancing and
receding contact angles. We measured contact angle hysteresis
by means of a goniometer that allows tilting of the microstructured
substrate (Table 1). Droplets of water on silicon surfaces
microstructured at a fluence larger than 5.0 kJ/m2 roll off
immediately at the smallest tilting angle (<2°). For these fluences,
the microstructured surfaces meet the criteria for a superhy-
drophobic surface. At a fluence of 2.6 kJ/m2, we find a contact
angle hysteresis of 30°. In contrast to water, hexadecane exhibits
a large contact angle hysteresis for all microstructuring fluences.

Discussion

Nearly seven decades ago, two models were proposed to
describe the effects of surface roughness on hydrophobicity.27,28

In the Wenzel model,27 the liquid is assumed to be in contact
with every part of the rough surface, and the increase in contact
angle is simply a result of the increase in surface area. Wenzel
proposed that the contact angle,θ*, on the roughened surface
is given by27

wherer is the ratio between the actual and projected surface
areas andθ is the contact angle measured on the equivalent flat
surface. Becauser is always greater than 1, this model predicts
that the contact angle of a liquid that wets a surface (θ < 90°)
always decreases when that surface is roughened (θ* < θ).
Likewise, the contact angle of a liquid that does not wet the
surface (θ > 90°) always increases when that surface is roughened
(θ* > θ). Indeed, roughening a nonwetting surface increases its
hydrophobicity.10,11

In contrast, the Cassie-Baxter model28assumes that the liquid
does not completely wet the roughened substrate. Air pockets
are trapped in the crevices of the rough surface, and the liquid
interacts with the composite surface made of substrate material
and air. In this configuration, the measured contact angle on a
roughened surface (θ*) is given by28

whereφs represents the fraction of the solid in contact with

liquid andθ is the contact angle measured on the equivalent flat
surface. The smaller the value ofφs, the smaller the contact area
between the solid and the liquid and the larger the increase in
the measured contact angle. Becauseφsis less than 1, the Cassie-
Baxter model always predicts an increase inθ*, independent of
the value ofθ.

The very low contact angle hysteresis we observe for water
on surfaces microstructured at high fluence are consistent only
with the Cassie-Baxter model. The micrometer-scale spikes
break the three-phase (solid-liquid-air) contact line of the water
droplet, causing it to destabilize.9,29 The small contact area
between water and the tip of the silicon spikes results in a small
φs in eq 2 and gives rise to a large contact angleθ*, allowing
the water droplet to roll off the microstructured silicon surface
easily. The topology of samples microstructured with less than
5 kJ/m2 results in different behavior. As can be seen in Figure
1, the surface of the low-fluence samples is not covered with
individual micrometer-scale spikes but a nearly continuous
network of ridges. The three-phase contact line of a water droplet
on this type of surface is more stable, so the water droplet is
“pinned” more easily. Although these low fluence samples exhibit
a large static contact angle, the contact angle hysteresis indicates
that they are not truly superhydrophobic.

The observed transition for hexadecane from a contact angle
below 90°to a contact angle above 90° as a result of surface
roughening is also consistent with the Cassie-Baxter model. In
contrast to water, however, hexadecane exhibits rather large
contact angle hysteresis even at laser fluences where the surface
is covered with many micrometer-scale spikes. This difference
in behavior can be attributed to the smaller contact angle of
hexadecane on both flat and microstructured silicon compared
to that of water. Substituting the contact angles for a surface
fabricated at a laser fluence of 8 kJ/m2 into eq 2, we obtainφs

) 0.3 for hexadecane andφs ) 0.1 for water. Because a larger
fractionφs of the silicon surface is in contact with hexadecane,
hexadecane droplets are more easily pinned than water droplets,
explaining the observed large contact angle hysteresis for
hexadecane.

Conclusions
We fabricated superhydrophobic silicon surfaces using fem-

tosecond-laser microstructuring. For water, we observe contact
angles greater than 160° with negligible hysteresis. We examined
the dependence on laser fluence of the static and dynamic wetting
properties of these surfaces for both water and hexadecane and
found that the behavior of both liquids follows the Cassie-
Baxter model. The morphology of the microstructured areas can
easily be controlled, allowing for the design of silicon surfaces
with different wetting properties. The simplicity of the technique
and the convenient control of the resulting wetting properties
make laser-microstructured silicon an attractive substrate for
many applications.
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Table 1. Contact Angle Hysteresis (∆θ) for Water and
Hexadecane on Silicon Surfaces Microstructured with Different

Laser Fluences (Incident Energy per Unit Area)a

fluence
(kJ/m2) ∆θwater ∆θhexadecane

2.6 30° 22°
5.0 <3° 29°
8.0 <3° 23°

10.9 <3° 33°
a All surfaces were treated with a fluorosilane agent after micro-

structuring.

cosθ* ) r cosθ (1)

cosθ* ) -1 + φs(1 + cosθ) (2)
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Photodetectors fabricated on microstructured silicon are reported. The photodetectors exhibited high
photoresponse; at 3 V bias, the responsivities were 92 A/W at 850 nm and 119 A/W at 960 nm. At
wavelengths longer than 1.1 �m, the photodetectors still showed strong photoresponse. A
generation-recombination gain mechanism has been proposed to explain the photoresponse of these
photodiodes. From measurements of the noise current density, the calculated gain was
approximately 1200 at 3 V bias. © 2006 American Institute of Physics. �DOI: 10.1063/1.2227629�

Silicon-based photodetectors are attractive owing to their
monolithic integratibility with low-cost complementary
metal oxide semiconductor �CMOS� technology. Conven-
tional silicon �Si� photodetectors achieve high responsivity at
wavelengths shorter than 850 nm.1 For longer wavelengths,
the absorption coefficient of Si is less than 103 cm−1. In order
to increase the responsivity, a long absorption region is re-
quired. The band gap of Si limits operation to wavelengths
�1.07 �m, which makes it unsuitable for many near-
infrared applications. In order to extend the operating wave-
length of Si-based photodetectors, germanium �Ge� on Si
photodetectors and wafer bonded photodetectors on Si sub-
strates have been reported and have achieved high responsiv-
ity and high speed.2–4 Recently, laser-etched microstructured
Si has been developed. This material exhibits low reflectance
and high absorption across a broad wavelength spectrum ex-
tending to 2 �m.5–9 These properties could extend the appli-
cation potential for Si-based optoelectronic devices and
make them attractive for applications such as infrared imag-
ing, infrared microbolometers, and biomedical and chemical
sensors.10–12 In this letter, photodetectors fabricated with mi-
crostructured Si are reported. These photodetectors exhibit
high photoresponse in a wide spectral range �600 nm��
�1100 nm�. Photoresponse at 1.31 and 1.55 �m was ob-
served as well.

The device structure was prepared by irradiating
n-doped Si �111� wafers ��=8–12 � cm� with a regenera-
tively amplified Ti:sapphire laser that delivered a 1 kHz train
of 100 fs laser pulses at normal incidence in a 6.7�104 Pa
atmosphere of sulfur hexafluoride �SF6�. The laser pulses

were focused by a 0.25 m focal length lens and struck the
silicon surface with an average fluence of 4 kJ/m2. The ex-
perimental setup was described in Ref. 9. Irradiation creates
an array of structures on the sample surface only in the re-
gion illuminated by the laser. In order to structure an area
larger than the laser spot size, the Si substrate was translated
relative to the laser beam at a speed such that any given spot
on the surface was exposed to an average of 200 laser pulses.
Following irradiation, the sample was thermally annealed at
825 K in vacuum for 30 min. This resulted in a surface cov-
ered with microstructures that were 2–3 �m tall and spaced
by 2–3 �m. The shape of the pillars depends heavily on the
scanning conditions such as laser fluence, shot number, gas
pressure, gas species, and pulse duration.6,13,14 Figure 1 is the
scanning electron microscope �SEM� picture of the micro-
structured surface. The surface layer was heavily doped with
sulfur, approximately 1 at. %. The microstructured layer has
higher doping concentration due to the fact that sulfur can
act as a dopant in the laser-etched layer. Hall measurements

a�Electronic mail: mazur@physics.harvard.edu
b�Electronic mail: jcc7s@virginia.edu FIG. 1. Scanning electron micrographs of microstructured Si surface.
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of this surface layer showed a higher electron concentration
than the substrate and electron mobility on the order of
100 cm2 V−1 s−1. Laser irradiation thus creates an n /n+ het-
erojunction between the undisturbed crystalline substrate and
the disordered surface layer.9

The wafer was fabricated into mesa devices by lithogra-
phy, etching, and metallization processes. Mesas having di-
ameters from 50 to 500 �m were wet etched by polysilicon
etchant down to the Si substrate and were passivated with
200 nm of SiO2 by plasma enhanced chemical vapor depo-
sition �PECVD�. Ti/Au �35 nm/125 nm� metal contacts
were deposited by e-beam evaporation. The contact on the
n-type Si substrate is Schottky, while on the microstructured
silicon it is Ohmic.

Figure 2 shows the dark current and the photocurrent
versus voltage characteristics for a 100-�m-diam device. Be-
tween the n-type silicon and its metal contact, a metal-
semiconductor Schottky barrier is formed. In this case, re-
verse bias is defined with the n-type Si substrate biased
negative with respect to the microstructured Si. At 1 and 3 V
reverse bias, the dark currents were 1.3 and 2.3 �A for a
100-�m-diam device, respectively. This was more than one
order of magnitude lower than the forward-biased dark cur-
rent at the same voltages. The resistivity of the microstruc-
tured Si is estimated to be 0.17 � cm using the transmission-
line method. The capacitance was �0.2 pF at 1 V reverse
bias. When the device was illuminated, the microstructured
Si exhibited high photoresponse at near-infrared and visible
wavelengths.

The responsivity from 0.60 to 1.60 �m was measured
using a tunable monochromatic light source, a lock-in ampli-
fier, and a calibrated Ge photodetector. A tungsten-halogen
lamp filtered by a grating monochromator provided a tunable
optical input. The responsivity of the photodetector under
test was determined by comparing its photocurrent with that
from a calibrated photodiode. The incident light was focused
to a spot that was smaller than the active area of the photo-
detector. For wavelengths longer than 1.1 �m, a filter was
used to remove higher order short wavelengths. Figure 3
shows the responsivity versus wavelength from
0.60 to 1.30 �m at 0, 1, 2, and 3 V reverse bias. Semicon-
ductor lasers were used to measure the photoresponse at 1.31
and 1.55 �m. At 0 V, the photodetector exhibited low re-
sponsivity; however, when the photodetector was biased
above 0.5 V, a high photoconductive response was observed.
At 850 nm, the responsivities were 0.77 A/W at 0 V and 60,

79, and 92 A/W at 1, 2, and 3 V reverse bias, respectively.
At 960 nm, the responsivities were 0.63, 88, 106, and
119 A/W at 0, 1, 2, and 3 V reverse bias, respectively. The
responsivities were 0.09 and 0.02 A/W at 1.31 and 1.55 �m,
respectively. The ambient gas has an important effect on the
photoresponsivity. During laser irradiation the component
species of the ambient gas are implanted into the silicon
surface in large concentrations. In the case of SF6, sulfur
implantation is extremely important for the high photore-
sponsivity. Using other gases such as air, nitrogen, and hy-
drogen does not give the high responsivity. It has been found
that selenium and tellurium incorporation also leads to the
high photoresposivity.9 However, these are difficult to use in
gaseous form and thin films of each have to be evaporated
onto a silicon substrate and then irradiated with the laser.

Figure 4 shows the frequency response of a
250-�m-diam device as determined by illumination through
a chopper, whose frequency was varied. The bandwidth of
the device was approximately 1200 Hz at 3 V reverse bias,
and it did not vary much with device area.

In order to aid identification of the gain mechanism, the
noise current density of the microstructured Si photodetector
was measured with a low noise current preamplifier and a
fast Fourier transform �FFT� spectrum analyzer. Figure 5�a�
shows the noise current density versus frequency for a 250-
�m-diam device at 3 V reverse bias with photocurrents of 0,
2, and 16 �A, respectively. The noise spectral density of the
detector was obtained by subtracting the noise floor of the

FIG. 2. Photocurrent and dark current vs voltage characteristics for a
100-�m-diam microstructured Si photodetector.

FIG. 3. Responsivity for a 250-�m-diam device under reverse bias of 0, 1,
2, and 3 V.

FIG. 4. Frequency response of a 250-�m-diam microstructured Si photode-
tector at 3 V reverse bias.
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test apparatus from the measured noise spectral density.15 At
low frequency to 100 Hz, the dominant noise was 1/ f noise.
However, at higher frequency, the noise current density was
relatively insensitive to frequency, which is consistent with a
generation-recombination gain mechanism. From the current
noise density, the generation-recombination gain can be esti-
mated. To good approximation, the photodetector gain and
the noise gain are equal in a conventional photoconductor.
The generation-recombination noise current can be ex-
pressed as iGR

2=4IeG�f , where I is the current and G is
photoconductive gain. Using this relation, the extracted noise
power density versus photocurrent is shown in Fig. 5�b�; the
gain was estimated to be 1200 at 3 V bias. From the mea-
surement of noise current, we can also estimate the band-
width of these devices. The estimated bandwidth is approxi-
mately 800 Hz which is consistent with that from the speed
measurement discussed above.

In microstructured Si photodetectors, the gain mecha-
nism is most likely to be generation-recombination that
originates from random carrier generation and recombination
in the high density of impurities and structural defects in the
microstructure layer. The high infrared absorptance mecha-
nism in the microstructured Si has been analyzed by Wu
et al.5 Sulfur impurities introduce energy states into the band
gap of silicon, both near the band edge and in the middle of
the band gap. In addition, the structural defects introduce
infrared-absorbing states near the band edge. These energy

states serve as trapping centers for photogenerated electron-
hole pairs. Such band characteristics can explain the ob-
served below-band-gap carrier generation. In the microstruc-
tured photodetector, the photogenerated electrons and holes
move in opposite directions under applied bias. For example,
under reverse bias, photogenerated electrons move toward
the microstructured Si surface and holes toward the Si sub-
strate. The resulting photocurrent will persist until both car-
riers are collected at the electrodes, or until they recombine
in the bulk of the semiconductor before reaching the respec-
tive contacts. The recombination time of the minority holes
is important. During transport to the cathode, they are more
likely to be temporarily trapped and reexcited without re-
combination in the trapping centers.16,17 At the same time,
most electrons, as majority carriers, can travel to the anode
within the dielectric relaxation time. The transit time differ-
ences between electrons and holes create a large photocon-
ductive gain in microstructured photodetectors. As for all
photoconductors, high gain is achieved at the cost of low
bandwidth.

We have fabricated laser-microstructured Si photodetec-
tors. The responsivities were 92 A/W at 850 nm and
119 A/W at 980 nm at 3 V reverse bias. At 1.31 and
1.55 �m, the photodetectors still exhibited photoresponse.
The noise current density spectrum indicates a generation-
recombination gain mechanism for these photodetectors.
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Enhancing near-infrared avalanche photodiode
performance by femtosecond laser microstructuring

Richard A. Myers, Richard Farrell, Arieh M. Karger, James E. Carey, and Eric Mazur

A processing technique using femtosecond laser pulses to microstructure the surface of a silicon ava-
lanche photodiode (APD) has been used to enhance its near-infrared (near-IR) response. Experiments
were performed on a series of APDs and APD arrays using various structuring parameters and post-
structuring annealing sequences. Following thermal annealing, we were able to fabricate APD arrays
with quantum efficiencies as high as 58% at 1064 nm without degradation of their noise or gain
performance. Experimental results provided evidence to suggest that the improvement in charge collec-
tion is a result of increased absorption in the near-IR. © 2006 Optical Society of America

OCIS codes: 040.1240, 040.5170, 040.3060.

1. Introduction

There is a wide range of interest in improving the
responsivity of silicon detectors in the near-infrared
(near-IR) region of the electromagnetic spectrum.
This interest is driven by the prevailing use of silicon
throughout the semiconductor industries. However,
while the use of silicon detectors is popular for opto-
electronic applications, their use in the telecommu-
nications industry is limited because the bandgap of
ordinary bulk silicon is 1.12 eV.1 This reduces the
absorption and thus the photoresponse of silicon-
based photodiodes at wavelengths beyond 1100 nm.
While the maturity of high-power lasers near this
bandgap makes them attractive for the development
of rugged, long-range applications including free-
space optical communications and laser radar, the
responsivity of the silicon detectors to these wave-
lengths often fails to meet users’ needs. Detectors
with a higher responsivity in this range would help
meet eye-safety requirements, allow a more compact
package by reducing the laser power demands, and
provide the sensitivity needed for many ranging or
communication applications.2–5

To achieve an enhanced near-IR response, fabrica-
tion of thick silicon photodiodes, including avalanche
photodiodes (APDs) with internal gain, can compen-
sate for the longer penetration depth of the radiation.6
However, as the volume of bulk material increases, the
detector noise also increases limiting the advantage of
a thicker detector. Reflective surfaces on the backside
of the detector have also been fabricated with varying
degrees of success but with increased processing chal-
lenges.7 Optical antireflection coatings can also im-
prove the overall response, but the best commercial
detectors using one or more of these techniques still
does not achieve quantum efficiencies above 40% at
the popular laser wavelength of 1064 nm. While
other semiconductor materials, including indium gal-
lium arsenide and germanium are used for near-IR
detection, their higher noise characteristics, poor in-
tegration with existing silicon-based electronics, and
higher material cost have sustained the desire for
improved responsivity in silicon.8,9

Over the past several years, researchers have ad-
vanced the development of a surface structuring tech-
nique to enhance the absorption of radiation both
below and above the bandgap of silicon.10–13 Through
the use of femtosecond or nanosecond lasers to form
microstructures along the exposed silicon surface,
absorption of silicon can be as high as 90% at wave-
lengths ranging from 250 to 2500 nm.14 Further
demonstrations of the absorption properties of bulk
silicon and the effect of the laser microstructuring
parameters have been reported in the literature.15–18

Developmental work includes using the laser micro-
structuring to form a photodiode junction in an n-type
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silicon wafer providing sensitivity to wavelengths up
to 1600 nm.19

In this paper, we report the laser microstructuring
of a silicon-based APD and APD arrays. Using a se-
ries of poststructuring fabrication steps including an-
nealing, we have demonstrated responsivities two to
three times greater than the unstructured APDs at
near-IR wavelengths without degradation of other
performance characteristics.

2. Experimental Methods

We fabricate our APDs from n-type neutron-
transmutation-doped silicon wafers (30 � cm, 100-
crystal orientation). Grooves are cut in the wafer with
a diamond saw to define and isolate the individual
pixel elements. This is followed by very deep boron
diffusion in a high-temperature diffusion furnace.
Polishing and chemical etching steps are then used to
achieve the desired thickness of the drift and the
n-type layers. The final structure is �250 �m thick
with a p–n junction 50 to 60 �m below the device
surface.20,21 To achieve high APD gain, a reverse bias
is applied, expanding the width of the depletion region
toward the silicon anode surface. As the depletion re-
gion width reaches toward the detector anode surface
boundary, charges from defect states near the surface
have a greater probability of being collected. Radiation
Monitoring Devices, Inc.’s APDs have been carefully
fabricated to achieve the highest gain without signifi-
cantly increasing the leakage current until breakdown
is reached.22

The laser microstructuring was done in vacuum
using a Ti:sapphire laser at a wavelength of 800 nm,
a pulse width of 100 fs, and a repetition rate of 1 kHz.
The irradiating beam was directed normal to the an-
ode side of the APD wafer, which was translated to
allow for the structuring of a surface area larger than
the focal spot size of 150 �m. The translation speed
was adjusted so that the surface was exposed to an
average of 10–400 laser pulses per unit area. To
further evaluate the microstructuring process pa-
rameters, we also varied the laser fluence from 3 to
8 kJ�m2 (average energy of 53–140 �J). Formation of
microstructures took place in atmospheres of SF6,
H2S, N2, and air at a constant background pressure of
500 Torr.

The microstructuring process removes silicon from
the surface of the wafer, creating numerous defect
sites and modifying the thickness of the APD surface
layers. Because this process had to take place after
the APD structures were produced, we attempted to
minimize the volume of silicon removed to maintain
the high-gain performance of the APD and limit any
increase in the leakage current from the surface
change collection. Both APD arrays and single ele-
ment APDs with an active area of 2 mm � 2 mm were
used throughout these studies.

Following texturing, the APD wafers were either
packaged according to our standard processing tech-
niques, or they underwent thermal annealing in a lab-
oratory oven in a N2 atmosphere. Annealing ranged

from 400 to 1223 K for up to 24 h. Our standard
packaging consists of coating the APD with a passi-
vation layer, attaching electrical contacts to both the
anode and cathode, mounting on a supporting sub-
strate, and applying a polymer underfill. Two 16-
element detector arrays that were microstructured
are shown in Fig. 1. The effect of the microstructuring
was evaluated across the array grooves and on indi-
vidual pixels. One of the samples shown was divided
into four different processing regions, each struc-
tured with a different number of laser pulses per unit
area (0, 10, 100, and 300). The darkest region repre-
sents a greater number of laser pulses, while the
shiny areas are unstructured APD pixels that were
used for comparison.

We investigated the effects of the processing con-
ditions and thermal annealing on the performance of
the APD detectors. Using radiation from a range of
wavelengths emitted from a white-light source dis-
persed through a monochromator, we measured the
photocurrent generated by each microstructured and
unstructured APD. A 200 V bias was applied to each
detector to ensure proper charge collection without
internal gain. A National Institute of Standards and
Technology (NIST) traceable photodiode was used to
calibrate the absolute response of the detector. In
addition, a reference photodiode was used to monitor
the output of the white-light source over time.

The gain profile of both structured and nonstruc-
tured APDs was measured by employing a low-power,
pulsed, or cw diode laser source. When recording the
cw signal, a picoammeter (Keithley model 619) was
used to monitor the APD output with no additional
amplification electronics. The pulsed setup used a
1 �s laser pulse, a charge-sensitive amplifier (Cremat
model CR-110), and a spectroscopy amplifier (Canberra
model 2020) was used to amplify the APD output. The
minimum detectable energy was measured with the

Fig. 1. (Color online) Picture of two microstructured APD arrays
prior to packaging. Structuring was performed with an 800 nm fs
laser operating at a fluence of 3.5 kJ�m2 in an atmosphere of SF6.
The array on the right had four different structured regions with
a pulse number ranging from 0 to 300. The shiny area is the bare
silicon.
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bias set to unity gain. The bias was then increased,
and the photoinduced signal and the dark current
were recorded at each setting. Neutral density filters
were used to reduce the laser power as necessary. Re-
sponse to radiation from 635 and 1060 nm laser diodes
was evaluated.

A passively Q-switched microchip laser (Uniphase
model NG-10120-101) with output radiation at 1064
and 532 nm was used to estimate the bandwidth of the
detector with and without microstructuring. The pulse
width of the laser was monitored with a 1 GHz photo-
diode and compared to the APD output at various bias
settings.

To help evaluate whether the bandgap of silicon
was altered following the microstructuring, the pho-
tocurrent generated from the detector was measured

as a function of temperature. The devices were placed
inside an aluminum enclosure that had optical and
electrical feedthroughs. The enclosure was then placed
in a heavily insulated liquid-nitrogen bath for cooling
below 100 K, while a constant source of illumination
at 1060 or 635 nm was incident upon the detectors. As
the detector slowly warmed ��1 K�min� to room tem-
perature, the unity-gain response at a reverse bias of
200 V was recorded. The responses from microstruc-
tured and unstructured APDs were compared.

3. Experimental Results

Figure 2 shows the quantum efficiency of a single ele-
ment APD with structured and unstructured regions
as a function of the wavelength. The data were col-
lected with a 200 V bias across the APD junction to
assist with the charge collection and ensure unity-
gain response. Following the microstructuring, the
response at wavelengths below 950 nm is dramati-
cally reduced, while that at near-IR wavelengths is
enhanced. The response at energies below the bandgap
was enhanced by as much as a factor of 10, but the
overall quantum efficiency was always relatively small
(less than 0.01% at 1300 nm). These results were
fairly consistent for most processing conditions.

Table 1 provides the values for the measured quan-
tum efficiency (QE) at 1064 nm for several micro-
structured APD arrays or APD pixels as a function of
various processing parameters. The equivalent un-
structured devices exhibited a range of efficiencies that
varied depending on the APD fabrication properties.
The initial efficiencies following microstructuring were
typically no more than 30% higher than the unstruc-
tured samples. However, the addition of a thermal
annealing step increased the QE by more than a fac-
tor of 2. Consistent QE values at 1064 nm reached
40% or higher with low-temperature annealing and
as high as 58% with high-temperature annealing.
Thermal annealing did not affect the QE of the un-
structured APDs that were used as a reference.

Fig. 2. (Color online) Quantum efficiency versus wavelength for a
single-element APD that was partially microstructured. The struc-
tured region shows an enhanced signal in the near-IR but reduced
responsivity below 950 nm. Data were recorded with a 200 V bias
applied to the APD.

Table 1. Effect of Processing Conditions on the QE at 1064 nm

APD
Sample

Laser
Pulses

Laser Fluence
(kJ�m2) Gas

QE before Annealing
(Percentage at

1064 nm)

Annealing
Temperature
(K)�Time (h)

QE after Annealing
(Percentage at

1064 nm)

Signal Ratio
after�before
Annealing

1 0 0 SF6 25 1173�4 25 1
2 200 5 SF6 15 673�2 34 2.3
3 200 5 SF6 18 673�5 36 2.0
4 10 3.5 SF6 28 673�2 41 1.5
5 100 3.5 SF6 19 673�2 38 2.0
6 200 3.5 SF6 21 673�2 38 1.8
7 400 3.5 SF6 25 673�2 41 1.6
8 400 3.5 H2S 27 673�3 42 1.6
9 200 3.5 Air 29 673�2 34 1.2

10 200 3.5 N2 37 673�2 40 1.2
11 100 3.5 SF6 NAa 1123�1b 48 NAa

12 100 3.5 SF6 NAa 1173�1b 58 NAa

13 100 3.5 SF6 NAa 1223�1b 54 NAa

aNA stands for not available.
bA p� dopant was applied to the surface before annealing.
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We found that the most reliable microstructure
processing used an average of 100 laser pulses at
62 �J �3.5 kJ�m2� in an atmosphere of SF6. While the
processing atmosphere did not appear to affect the
QE prior to annealing, the relative increase following
annealing was greater for devices that were struc-
tured in atmospheres of SF6 or H2S.23 Increased laser
fluence or a greater number of laser pulses per unit
area were more damaging to the samples and did not
lead to improved QEs, while fewer laser pulses and a
lower fluence resulted in poor uniformity across the
detector surface. Finally, microstructuring across the
grooves between APD pixels did not produce a detri-
mental effect or limit the yield of functioning detec-
tors. This promoted a means to structure an entire
silicon wafer without limiting the existing planar pro-
cessing capabilities.

The thermal annealing was considered essential to
obtaining the enhanced near-IR response. The high
temperatures (more than 1123 K) also allowed us to
drive in an additional surface doping to assist charge
collection. In addition to the enhancement in the
near-IR, high-temperature thermal annealing im-
proved the response in the visible spectrum. Figure 3
compares the response as a function of wavelength
for a structured APD detector that was annealed at
1223 K with one that was annealed at 1173 K. Al-
though we had limited sample numbers, the yield of
devices that maintained their low noise performance
appeared to decrease following the annealing at tem-
peratures above 1173 K.

The amount of light transmitted and reflected from
the silicon at normal incidence was characterized
with an unpackaged, partially structured APD wafer
that was annealed at 1173 K. Using a 1060 nm light
source, we found that the unstructured silicon region
had a transmission and a reflection of 42% and 33%,
respectively. These values are consistent with our

APD thickness of 250 �m. The structured region, on
the other hand, had a transmission ranging from 4%
to 7% and a reflection of less than 3%, indicating that
up to 50% of the electrons created during absorption
are not collected at the electrode.

APD gain and noise were measured prior to and
following the microstructuring. Figure 4 shows the
typical gain response curves as a function of bias for
a microstructured APD at two different wavelengths.
The maximum gain at 1060 nm approached 400,
while the gain at 635 nm was larger than 1000. In-
terestingly, the gain and dark current dependence on
the bias were nearly identical to the detectors that
were not microstructured.

Figure 5 shows the response of a microstructured
and unstructured APD to subnanosecond laser pulses
at 532 and 1064 nm. The output from the APD was
terminated with 50 � at an oscilloscope to collect the
data. No additional amplification electronics were
used during this measurement. There was very little
difference in the speed of response of the two detec-
tors with a slightly faster fall time measured from the
microstructured detector. While the response of each
detector was faster at the higher bias, the difference
did not change.

The unity-gain response of a structured and un-
structured APD was also compared as a function of
temperature. Figure 6 shows the output signals
normalized (to laboratory ambient) as a function of
temperature. The decrease in QE as a function of
temperature is expected, because the bandgap en-
ergy increases with decreasing temperature.1 The
bandgap of silicon ranges from 1.12 eV �1120 nm� at
300 K to 1.16 eV �1070 nm� at 50 K. Again, there
was a negligible difference between the microstruc-
tured and unstructured APD response as a function
of temperature. A similar performance also holds at
635 nm, where the QE for wavelengths far from the
bandgap remains nearly constant with decreasing
temperature.

Fig. 4. (Color online) APD gain as a function of the applied bias
for structured APD pixels. The gain dependence on the bias was
nearly identical to the unstructured APDs for both 632 and
1060 nm.

Fig. 3. (Color online) QE versus wavelength for an unstructured
APD and two APDs annealed at high temperatures. The thermal
annealing further enhances the near-IR response, while anneal-
ing at �1173 K results in the improved response in the visible
spectrum.
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4. Discussion

The most significant result of this work was the abil-
ity to fabricate a silicon-based APD with a QE of 58%
at 1064 nm. With usable gains of 400 to 500, this
translates to a responsivity greater than 200 A�W.
Equally important is the ability to integrate the mi-
crostructuring into a planar processing sequence
without requiring additional labor-intensive steps.

Microstructuring in atmospheres of SF6 or H2S
followed by thermal annealing produced an im-
provement in the QE for every APD detector tested.
Previous observations showed that irradiation of
silicon with femtosecond laser pulses in a sulfur at-
mosphere resulted in a high concentration of sulfur
(�1%) in the disordered surface layer.13,23 It is theo-
rized that those sulfur atoms play a critical role in
producing new energy states for absorption below
bandgap absorption.24 However, based on the mea-

surements at 1300 nm in this study, it is apparent
that the enhanced IR absorption does not result in an
improved detector responsivity, suggesting that re-
combination through charge trapping hinders collec-
tion. In addition, the significant decrease in the QE
for wavelengths below 950 nm also suggests that
charges generated near the detector surface become
trapped. Charges generated from photons at longer
wavelengths, and thus absorbed deeper in the silicon,
have a higher probability of being collected.

APDs structured in each background gas tested pro-
duced some enhancement in their QE prior to anneal-
ing, but only those processed in a sulfur-containing
atmosphere exhibited a significant increase following
the annealing. This suggests that the microstructuring
alone produced a slight advantage for the longer-
wavelength light, because surface scattering or photon
trapping increases the effective path length through
the structured APD compared with an unstructured
detector. However, a second mechanism is needed to
alter the dynamics of the trapping sites following ther-
mal annealing. This secondary mechanism appears to
be related to the sulfur content and annealing temper-
ature. As the sample is thermally annealed, the charge
collection increases, although previous studies have
shown that the total absorption decreases.14 Simple
reorganization of defect sites reducing the trapping of
electrons in the APD drift region is the most likely
mechanism. Another possibility is an n-type silicon
layer, which, research has shown, forms in the pres-
ence of a sulfur atmosphere during microstructuring.19

This induced doping will create a near-surface p–n
junction on our APDs, decreasing the ability for the
charges to reach the collection electrode. We suspect
that the high-temperature annealing may modify this
layer and help compensate for this interference. How-
ever, further studies are required to validate this
theory.

The detection of radiation with a long penetration
depth is limited by lower achievable APD gains, be-

Fig. 5. (Color online) Response of a microstructured and unstructured APD to a subnanosecond pulse of radiation at (a) 532 nm and
(b) 1064 nm. The response of the structured APD was nearly identical to the unstructured detector at all the tested bias settings.
No amplification electronics were used in this measurement.

Fig. 6. (Color online) APD signal strength due to 1060 nm il-
lumination as a function of temperature. The unity-gain signal
(200 V bias) was recorded as the detector warmed from �100 K.
Both the microstructured and unstructured detectors had a similar
dependence.
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cause some of the radiation is absorbed in the deple-
tion region of the detector, limiting its path length
through the amplification region. Shorter wave-
lengths, on the other hand, are absorbed closer to the
surface of the detector and achieve higher gain. This
gain reduction was also observed in the structured
detectors (Fig. 4). If the enhancement was strictly due
to greater absorption near the surface region of the
detector, we would have expected to measure a mod-
ification to the gain profile, including a larger maxi-
mum gain at 1060 nm. Because the gain dependence
for the structured and unstructured APDs was nearly
identical, we assumed that the photons detected are
absorbed at nearly identical depths. This suggests
that we are not taking advantage of the increased
photon density absorbed near the APD surface.

The dramatic decrease in signal at wavelengths be-
low 950 nm indicates that near-surface absorption of
photons creates charges that are retrapped and not
collected at the detector cathode. In addition, if the
microstructured APD’s enhancement was due to an
increased amount of absorption near the surface
region, we would have expected similar response
speeds owing to the 1064 and 532 nm radiation fol-
lowing the microstructuring. However, the unchanged
response and gain suggests that, unlike those created
near the surface, the charge carriers are not slowed by
the need to cross through the drift region prior to am-
plification. This lack of charge collection from the sur-
face indicates that the microstructured layer functions
as an antireflection coating increasing the total num-
ber of photons available for absorption but retrapping
those charges created in the near-surface layer.

The experimental evidence also suggests that we
are not taking advantage of new energy states cre-
ated below the bandgap of pure silicon. This is ob-
served through the detection of radiation near the
silicon bandgap energy and the resulting decrease in
the QE as a function of temperature (Fig. 6). This
decrease was consistent for both microstructured and
unstructured APD detectors despite the fact that half
of the signal from the microstructured detector re-
sulted from the microstructuring process. If the
near-IR enhancement was caused by absorption into
new energy states, we would have expected a greater
difference in the temperature dependence, because
the energy states would be lower than 1.1 eV. The
lack of significant improvement in the detection of
1.3 �m radiation is consistent with the idea that
charges created due to photoabsorption at new lower-
energy states are not being collected.

Although further studies are required to fully ex-
plain some of the experimental results, it is apparent
that the increased absorption results in an increase
in the number of charge carriers. The large number of
defect sites created by the microstructuring limits the
flow of charges from the near-surface region. Ther-
mal annealing reduces or alters some of the sulfur-
induced charge-trapping sites or limits the effect of
a competing n-type layer formed following the struc-
turing.

5. Conclusion

Microstructuring of the surface layer of an APD with
a femtosecond laser in an atmosphere of SF6 has been
shown to increase its responsivity in the near-IR to
over 200 A�W at 1064 nm without increasing the
leakage current or slowing its speed of response. An
additional annealing step is required following the
microstructuring to achieve these high responsivities.
We have demonstrated this processing on the wafer
scale without adding significant labor-intensive steps.
Reduction in the QE at wavelengths below 900 nm
may be alleviated with additional high-temperature
annealing.

Comparisons of the responsivity from APD detectors
that were microstructured and annealed under vary-
ing conditions have suggested a mechanism leading to
the enhanced response in the near-IR. By monitoring
the response of APD detectors microstructured in dif-
ferent background gases, we found that those pro-
cessed in the presence of sulfur achieved the highest
possible QE following annealing. Studies of the tem-
perature and long-wavelength dependence of the re-
sponsivity suggest that the enhanced APD signal is a
result of improved absorption in the silicon but is not
related to additional energy bands created during the
microstructuring. In addition, while the total absorp-
tion is increased, temporal bandwidth experiments
and the observed decrease in detector response to
short-wavelength radiation indicate that most of the
charges collected result from absorption events occur-
ring deeper than the near-surface, microstructured re-
gion. Further studies are required to answer some of
the remaining questions about the mechanism and to
determine its long-term stability.

The authors acknowledge the support of the Na-
tional Aeronautic and Space Administration (contracts
NAS302187 and NNGO4CA27C) for the research re-
ported in this paper.
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Abstract

We have previously shown that doping silicon with sulfur via femtosecond-laser irradiation leads to near-unity absorption of radiation from
ultraviolet wavelengths to below band gap short-wave infrared wavelengths. Here, we demonstrate that doping silicon with two other group VI
elements (chalcogens), selenium and tellurium, also leads to near-unity broadband absorption. A powder of the chalcogen dopant is spread on
the silicon substrate and irradiated with femtosecond-laser pulses. We examine and compare the resulting morphology, optical properties, and
chemical composition for each chalcogen-doped substrate before and after thermal annealing. Thermal annealing reduces the absorption of below
band gap radiation by an amount that correlates with the diffusivity of the chalcogen dopant used to make the sample. We propose a mechanism for
the absorption of below band gap radiation based on defects in the lattice brought about by the femtosecond-laser irradiation and the presence of
a supersaturated concentration of chalcogen dopant atoms. The selenium and tellurium doped samples show particular promise for use in infrared
photodetectors as they retain most of their infrared absorptance even after thermal annealing—a necessary step in many semiconductor device
manufacturing processes.
© 2006 Published by Elsevier B.V.

Keywords: Silicon; Infrared absorption; Doping and impurity implantation; Femtosecond pulsed laser ablation

1. Introduction

Recently we reported on the unique optoelectronic proper-
ties of highly sulfur-doped laser-microstructured silicon [1,2].
Doping silicon with sulfur, and other group VI elements (chalco-
gens), is studied for its potential impact on improving silicon-
based infrared photodetectors [2–4], light emitting diodes [5–9]
and thin-film photovoltaics [10–13]. Research on the nature
of the chalcogen dopant in the silicon lattice and resulting
material properties has been performed using ion implantation
[4,6,14–17] and vapor diffusion [6,8,18–20] followed by fur-
nace annealing. Doping by either of these methods restricts
the chalcogen concentration in the lattice to the solid solubil-
ity limit. However, a supersaturated solution can be created
when the annealing of ion-implanted material is performed with
short laser pulses [17] or when material is irradiated with short
laser pulses in a gaseous environment [21]. Here we create high

∗ Corresponding author. Fax: +1 617 496 4654.
E-mail address: tull@fas.harvard.edu (B.R. Tull).

1 Fax: +1 617 496 8410.
2 Fax: +1 617 496 4654.

concentrations of chalcogen dopants in silicon samples using
irradiation with femtosecond-laser pulses resulting in near-unity
absorptance of below band gap radiation. The resulting chalco-
gen dopants contained within the lattice at supersaturated con-
centrations cause significant absorptance of below band gap
radiation.

We have previously shown that irradiation of single crys-
tal silicon with femtosecond-laser pulses at a fluence above
the ablation threshold (as in the experiment presented here)
results in the formation of a microstructured surface layer with
interesting optical properties [22–27]. This surface layer is
several hundred nanometers thick and is composed of poly-
crystalline silicon with a grain size ranging from 10 to 50 nm
[23]. When irradiation is performed in a background gas, the
microstructured surface layer is doped with a high concentra-
tion of atoms from the background gas (about 1%) [1]. The
morphology and optical properties vary greatly with back-
ground gas chemistry. When the background gas contains
sulfur, the microstructured silicon exhibits near-unity absorp-
tion of radiation from 250 to 2500 nm which includes the
below band gap near infrared; in contrast, crystalline sili-
con is nearly transparent to wavelengths longer than 1100 nm
[24].

0921-5107/$ – see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.mseb.2006.10.002
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In this work, we introduce the dopant into the microstructur-
ing process as a powder spread on the surface of a silicon wafer,
rather than as a background gas. Using a powder allows us to
explore other dopants that are not convenient to work with in
gaseous form. Using this method, we identify two other chalco-
gens in addition to sulfur, which also yield absorption of below
band gap near infrared light: selenium and tellurium. We exam-
ine the resulting morphology, dopant concentration and optical
properties of the substrates microstructured in the presence of
each element before and after thermal annealing. Based on the
results, we comment on the role of the chalcogen dopant on the
absorption of below band gap near infrared radiation.

2. Experimental

For all experiments, we used a high resistivity (ρ = 8–
12 � m), n-doped Si(1 1 1) substrate wafer cut to a size of
10 mm × 10 mm. Approximately 2 mg of the desired dopant, in
powder form, was placed on the silicon wafer and manually
dispersed across the surface using 0.5 mL of either toluene (for
sulfur and selenium) or mineral oil (for tellurium). The solvent
evaporates and the powder remains adhered to the silicon sur-
face. We then placed the sample in a stainless steel chamber
and evacuated the chamber to less than 6.7 Pa using a corrosion-
resistant mechanical pump. The chamber was then filled with
6.7 × 104 Pa of N2.

We irradiated the samples with a 1-kHz train of 100-fs, 800-
nm laser pulses with a fluence of 10 kJ m−2 focused to a spot
size of 150 �m in diameter. The sample is raster-scanned at
250 �m s−1 and stepped vertically 50 �m at the end of each row
so that all areas of the silicon receive uniform exposure to the

laser. After irradiation, samples are placed in an ultrasonic bath
of methanol for 30 min to remove any powder residue. We ther-
mally annealed samples in a vacuum oven at 775 K for 30 min to
analyze changes in morphology, composition, and absorptance
that occur with heating. The base pressure of the annealing oven
never exceeded 4.0 × 10−4 Pa.

To evaluate the optical properties of the samples, we mea-
sured the infrared absorptance with a UV–vis–NIR spectropho-
tometer equipped with an integrating sphere detector. The
reflectance (R) and transmittance (T) were measured for wave-
lengths in the range of 0.25–2.5 �m, in 1-nm increments to
determine the absorptance (A = 1 − R − T) at each wavelength.

To measure the composition of the substrates after irradia-
tion, we used Rutherford backscattering spectrometry (RBS).
Before each measurement, we dipped the samples for 10 min in
a 10% HF solution to remove any oxide layer. The backscatter-
ing measurements were taken with 2.0-MeV alpha particles and
an annular solid-state detector. We fitted our data to simulated
spectra to determine the composition of the samples.

3. Results

Fig. 1 shows scanning electron microscope images of surfaces
irradiated in the presence of sulfur, selenium and tellurium pow-
der. For comparison, Fig. 1d shows the surface after irradiation in
sulfur hexafluoride gas (taken from Ref. [1]). The conical struc-
tures formed in the presence of a powder are roughly twice as
large and half as dense as those formed in sulfur hexafluoride gas.
The height of the structures is between 9 and 14 �m; the width
on the long axis varies from 6 to 9 �m; and the width on the short
axis ranges from 2 to 3 �m. The sulfur and tellurium microstruc-

Fig. 1. Scanning electron microscope images of irradiated surfaces using (a) sulfur powder, (b) selenium powder, (c) tellurium powder and (d) sulfur hexafluoride
gas as a dopant source. In each image the surface is at a 45◦ angle and the long axis of the structures’ elliptical base is parallel to the plane of the image. Subpart (d)
is taken from Ref. [1].
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Fig. 2. Absorptance spectra for a sample doped with sulfur before annealing
(solid line), and after annealing to 775 K for 30 min (dashed line). The absorp-
tance of an untreated silicon wafer is included for comparison.

tures have some nanoscale texture; the selenium microstructures
are smooth in comparison. There is no change in morphology
after annealing to the resolution of the scanning electron micro-
scope.

Figs. 2–4 compares the absorptance for samples created
in sulfur, selenium and tellurium to that of crystalline silicon
before and after the samples are annealed. All samples have
90% absorptance at wavelengths from 1.2 to 2.5 �m before
annealing; the absorptance for a non-irradiated crystalline sil-
icon wafer at these wavelengths is below 15%. The increase in
both visible and infrared absorptance exhibited by these samples
is nearly identical to the increase of absorptance we reported
for sulfur hexafluoride and hydrogen sulfide gas [1]. In each
figure the dashed curves show the absorptance of the chalcogen-
doped substrates after annealing for 30 min at 775 K in vacuum.
For all three samples the absorptance of visible wavelengths is
largely unaffected by annealing; however, annealing reduces the
absorptance at wavelengths between 1.2 to 2.5 �m by a different
amount depending on the chalcogen dopant used. The absorp-
tance changes from an initial value of 0.9 for all three dopant

Fig. 3. Absorptance spectra for a sample doped with selenium before annealing
(solid black line), and after annealing to 775 K for 30 min (dashed line). The
absorptance of an untreated silicon wafer is included for comparison.

Fig. 4. Absorptance spectra for a sample doped with tellurium before annealing
(solid black line), and after annealing to 775 K for 30 min (dashed line). The
absorptance of an untreated silicon wafer is included for comparison.

Table 1
Rutherford backscattering analysis results

Sample Layer Thicknessa (nm) Concentration (at.%)

Sulfur 1 200 1
Sulfur, annealed 1 200 1
Selenium 1 200 0.7
Selenium, annealed 1 200 0.7

Tellurium 1 20 7
2 200 1.5

Tellurium, annealed 1 200 1.3

a Layer thickness is qualitative. Transmission electron microscopy results
indicate that the damaged layer is about 300 nm thick [22].

types to 0.48, 0.8 and 0.89, for sulfur, selenium and tellurium
dopants, respectively.

The results of the Rutherford backscattering analysis are
summarized in Table 1. The samples doped with sulfur con-
tain about 1 at.% sulfur in a layer that is 200 nm thick, before
and after annealing. The selenium doped samples both contain
approximately 0.7% selenium. Prior to annealing, the tellurium
spectrum is best fit by a simulated spectrum of two surface layers.
The outermost layer is approximately 20 nm thick and contains
7% tellurium; the next layer is 200 nm thick and contains 1.5%
tellurium. After annealing the spectrum can be simulated with
only one layer that is 200 nm thick and contains 1.3% tellurium.

4. Discussion

The morphology of the microstructured samples (Fig. 1)
evolves by ablation with several hundred femtosecond-laser
pulses and is similar in appearance to our previous research on
samples made in different background gases [1,24]. The phys-
ical mechanism governing the formation of conical structures
after irradiation with several hundred femtosecond-laser pulses
is addressed elsewhere [28,29].

For each of the chalcogen-doped substrates, the absorptance
of visible wavelengths is increased to ∼0.95 after femtosecond-
laser irradiation. We have observed this same result in all our
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previous work using many different gases as the dopant source
(e.g. SF6, H2S, Cl2, H2, air, N2) [1,23–25] regardless of whether
the doped substrates do or do not exhibit below band gap infrared
absorptance. When irradiation is performed in vacuum, the
absorptance of visible light is increased to the same value of
0.95 [28]. In all cases, the enhanced visible absorptance is unaf-
fected by annealing [1,23,25,28]. Based on these results, we
attribute the enhanced visible absorptance to amplification of
the intrinsic visible absorptance of ordinary silicon by multiple
reflections on the textured surface. The mechanism governing
below band gap infrared absorptance will be discussed below.

The RBS data in Table 1 indicates that our doping process,
using a powder source, does indeed form a thin highly doped
surface layer on the silicon wafer for each of the chalcogen
dopants just as in the case of sulfur hexafluoride and hydrogen
sulfide gas [1,23]. The estimated thickness of the layer agrees
well with the laser-modified thickness of other silicon samples
irradiated in gas using similar laser conditions as determined by
cross-section transmission electron microscopy [23]. The RBS
data of the tellurium doped sample before annealing shows an
extremely high concentration of tellurium (7%) in a 20 nm thick
layer, which disappears after annealing. We attribute this layer to
a tellurium powder residue left after irradiation, which desorbs
upon annealing.

Whether the dopant source is a background gas or a solid pow-
der, the mechanism for trapping the dopant atoms in the silicon
substrate is likely the same. During irradiation with ultrashort
laser pulses above the ablation threshold, the top layer of silicon
is ablated away and the next layer below melts. This thin molten
layer solidifies with an extremely high resolidification velocity
[30]. As a result it is possible to trap a high concentration of
dopant species in the newly crystallized silicon layer resulting
in a supersaturated solution. Solute trapping in this manner is
known to occur after short pulsed laser annealing of silicon [31]
and germanium [32] ion-implanted with impurity species. Ion
implantation deposits a high concentration of dopants in the sur-
face layer (orders of magnitude above the solubility limit) but
also disorders the material leaving it mostly amorphous. Irradi-
ation with short laser pulses recrystallizes the material, trapping
the high concentration of dopants in the lattice. Solute trap-
ping in this manner has been investigated extensively [33,34].
We propose that upon femtosecond-laser irradiation of silicon
coated with the chalcogen dopant, the thin molten layer left
behind contains a high concentration of chalcogens and this
high concentration persists in the nanometer-sized grains after
resolidification via a similar mechanism to short pulse laser irra-
diation of ion-implanted material. Another result of the rapid
resolidification is a high density of point defects (vacancies and
interstitials) [35]. The end result is a polycrystalline surface layer
with a supersaturated concentration of dopants and point defects.

We believe that the supersaturated concentration of dopant
atoms and point defects in the silicon lattice gives rise to the
near-unity absorption of below band gap radiation exhibited in
Figs. 2–4. Previous studies have shown that doping silicon with
a chalcogen using thermal diffusion, which inherently restricts
the concentration to the solubility limit, creates discrete states
in the band gap [18,36]. The number and energy of these states

vary with the chalcogen used. However, they all create deep lev-
els in the band gap of silicon, where the deepest-lying state is
0.614, 0.593 and 0.411 eV below silicon’s conduction band edge
for the dopants of sulfur, selenium, and tellurium, respectively.
The highest measured solubility limit of either sulfur, selenium
or tellurium in silicon is approximately 1017 cm−3 for selenium
[14,16,19]. In contrast, we measure chalcogen concentrations
of 0.7–1.3% or about 1020 cm−3. Results from our past work
using sulfur hexafluoride gas as the dopant source, indicate that
20–70% of the sulfur atoms implanted with our process are sub-
stitutional in the lattice [22]. If 20% of the chalcogen dopant
atoms are substitutionally located in the lattice, we obtain a solu-
ble concentration of chalcogen atoms of about 1019 cm−3 which
is still several orders of magnitude higher than the solid solubility
limit. We propose that this supersaturated solution of chalcogen
dopants in the silicon lattice creates one or more impurity bands
[37] around the discrete states observed in the thermal doping of
crystalline silicon [18] and these impurity bands are responsi-
ble for the absorption of below band gap radiation. In addition,
a recent theoretical study shows that various combinations of
sulfur atoms and point defects in the silicon lattice – such as
vacancies, dangling bonds and floating bonds – result in several
mid-band gap states [38]. Therefore, the absorption of below
band gap radiation exhibited by our samples is likely caused by
the formation of mid-band gap impurity bands created by a high
concentration of dopant atoms and other lattice defects.

Our annealing data supports our proposed explanation for
the absorption of below band gap radiation. After irradiation,
the silicon lattice is in a highly non-equilibrium state due to the
high concentration of defects. During annealing, the material
moves to a more thermodynamically favorable state. The super-
saturated dopants and defects diffuse out of the crystalline grains
to the grain boundaries. As the defects reach the grain bound-
aries they no longer contribute to impurity bands in the silicon
and the absorption of below band gap radiation is reduced. After
annealing, the absorptance for near infrared wavelengths of sam-
ples doped with sulfur, selenium and tellurium decreases from a
high value of 0.9 to a lower value of 0.48, 0.8 and 0.89, respec-
tively. This trend correlates well with the diffusivity, D, of each
dopant in a crystalline silicon lattice at 775 K as seen in Table 2
(i.e. higher diffusivity results in a greater diffusion length, and
therefore has a greater impact on the optical properties). The
listed values of the diffusivities at 775 K are linearly extrapolated
from an Arrhenius plot (log D versus 1/T) of data from various
experimental studies showing the diffusivity of sulfur, selenium
and tellurium over the temperature range 1100–1600 K (data
obtained from Fig. 3 of Ref. [19]). In this temperature range,
bulk diffusion is the dominant mechanism. At lower tempera-

Table 2
Diffusion data for chalcogens in silicon

Dopant
element

Bulk diffusivity in c-Si
at T = 775 K (cm2 s−1)

Estimated diffusion
length (nm)

S 4 × 10−15–7 × 10−15 27–35
Se 8 × 10−19–3 × 10−17 0.4–2.3
Te 1 × 10−22 0.004
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tures, bulk diffusion data are usually not valid as other diffusion
mechanisms, such as grain boundary diffusion, contribute to
mass flow resulting in a higher diffusivity. However, we believe
that this extrapolation is valid, as it is the bulk diffusion of the
dopant atoms through the bulk of the crystalline grains to the
grain boundaries that reduces the infrared absorptance. Although
grain boundary diffusion may occur, once the defects reach the
grain boundary they no longer contribute to the infrared absorp-
tance, and therefore grain boundary diffusion would not affect
infrared absorptance. The approximate diffusion length, d, for a
dopant atom after annealing can be estimated using, d = (Dt)1/2,
and resulting values for t = 30 min at 775 K are listed in Table 2.
Given that the grain size is 10–50 nm [23], these diffusion lengths
are the right order of magnitude to support that diffusion of
dopant atoms and defects to the grain boundaries is the cause of
the observed decrease in near infrared absorption.

The above analysis is consistent with the unchanged concen-
tration of dopant atoms (as measured by RBS) after annealing,
even though the absorption of below band gap radiation is
decreased. The RBS measurement detects dopant atoms both
inside the grain and at grain boundaries. While annealing does
result in microscopic diffusion of dopant atoms out of grains,
there is not enough time and energy for macroscopic diffusion
of dopants out of the probe depth of the RBS measurement.

The tellurium and selenium samples have great potential for
use in infrared photodetectors that require an annealing step dur-
ing manufacture. We have previously shown that samples doped
with sulfur using femtosecond-laser irradiation can be success-
fully used in an infrared photodetector [2]. A key manufacturing
step is a thermal anneal that enhances the diodic nature of the
detector; however, this anneal decreases the detector’s absorp-
tion in the infrared. Samples doped with selenium or tellurium
offer the potential to increase the responsivity of silicon-based
photodetectors even further than samples doped with sulfur.

5. Conclusion

In conclusion, doping of silicon using sulfur, selenium, and
tellurium powder leads to near-unity absorption of below band
gap radiation. We attribute the near-unity absorptance to a
supersaturated solution of trapped chalcogen dopants and point
defects in the silicon lattice, which modifies the electronic struc-
ture of the surface layer. Annealing the samples results in diffu-
sion of chalcogen dopants and point defects out of the crystalline
grains to the grain boundaries. As a result of this annealing
the absorptance of below band gap radiation is reduced by an
amount that correlates to the diffusivity of the dopant atom in
silicon. Samples doped with tellurium and selenium show the
least reduction of infrared absorptance upon annealing and offer
the potential for high responsivity silicon-based photodetectors,
where annealing is often a necessary manufacturing step.
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Introduction
Ultrafast lasers—that is, lasers that pro-

duce optical pulses with a duration of less
than a picosecond—are playing an in-
creasingly important role in many science
and technology disciplines. Ultrafast,
time-resolved measurements are well es-
tablished in physical chemistry, where
fundamental time scales of chemical reac-
tions become accessible,1 and in solid-state
physics and electrical engineering, where
carrier dynamics and transport are probed
on picosecond time scales directly rele-
vant to the operation of modern high-
speed devices.

Applications in materials research have
been slower to emerge, because only
within the past decade have commercial
instruments reached a level of reliability
and sophistication that make them practi-
cal tools for scientists and engineers who
may not be experts in laser technology
and the manipulation of short-duration,
high-intensity optical pulses. The rapid
development of ultrafast laser technology
is a principal motivation for this issue of
MRS Bulletin: the time is ripe for ultrafast
lasers to take on a rapidly expanding role
in studies of the science of materials and in
materials characterization, materials mod-
ification, and microfabrication. Ten years
ago, very little materials research was con-
ducted using high-intensity, ultrafast
lasers. With the commercial availability of
off-the-shelf ultrafast tools, a small revolu-
tion in materials research is underway.

Ultrafast optical pulses of �1 ps dura-
tion are generated by mode-locked laser
oscillators. The phases of the longitudinal
optical modes of the laser cavity are
locked together by either an active ele-
ment (e.g., an acousto-optic modulator) or
by passive effects such as Kerr-lensing in
the gain medium or the use of a saturable
absorber. Mode-locking produces short-
duration optical pulses with a high repeti-
tion rate determined by the length of the
optical cavity. The wide bandwidth of op-
tical gain in sapphire doped by Ti enables
extremely short-duration pulses.

Ti:sapphire lasers dominate the market,
but Ti:sapphire laser oscillators are, of
course, actually a set of three lasers.
Continuous-wave (cw) diode lasers
pump a cw solid-state laser, which is
frequency-doubled and used to pump the
Ti:sapphire oscillator. Ultrafast laser oscil-
lators and amplifiers that can be directly
pumped by diode lasers, such as Er:glass-
fiber lasers and Yb:tungstate lasers, are
becoming more common and may lead to
more compact and less expensive instru-
ments, but they have a more limited range
of output wavelengths and a longer pulse
duration than Ti:sapphire.

The typical repetition rate of a laser os-
cillator is 80 MHz. Therefore, a laser oscil-
lator with an average power of 1 W
produces optical pulses with an energy of
approximately 10 nJ. This pulse energy is
sufficient for metrology using picosecond

acoustics, for experiments that probe heat
transfer or carrier dynamics, and for many
forms of optical spectroscopy; it is not
generally sufficient for materials modifica-
tion, except with pulses that are tightly
focused by high-numerical-aperture
microscope objectives. Higher-energy
pulses are available from so-called
“extended-cavity oscillators” that oper-
ate with a lower repetition rate, on the
order of 10 MHz, but this technology is
currently limited to �100 nJ in commer-
cial Ti :sapphire lasers and �1 μJ in
Yb:tungstate lasers.

Optical pulses from laser oscillators
must therefore be amplified to reach ener-
gies of �1 μJ. The ability to amplify ultra-
fast lasers was an elusive goal for 20 years
following the development of the ultrafast
oscillator in the mid-1960s. In 1985, high-
intensity ultrafast lasers emerged with the
development of the chirped-pulse ampli-
fier.2 In a chirped-pulse amplifier, pairs of
diffraction gratings are used to temporally
stretch the optical pulse prior to amplifica-
tion and then temporally compress the
pulse after it leaves the amplifier. Twenty
years later, Ti:sapphire chirped-pulse am-
plifiers that produce 1–2 mJ optical pulses
at 1 kHz repetition rates are available
from a number of commercial suppliers.
Higher-repetition-rate (�100 kHz) lasers
with microjoule energy pulses are desir-
able for many applications in materials re-
moval and modification. These types of
lasers are becoming more common. The
relative simplicity of amplifiers that are di-
rectly pumped by diode lasers is driving
the development of systems based on
Er:glass and Yb:tungstate. A remarkable
feature of the articles in this issue of MRS
Bulletin is the huge range of pulse energies
that are used in the research: from �1 nJ
optical pulses applied in metrology to the
1 J energies used for a relativistic optics
phenomenon called plasma wakefield accel-
eration of electrons that may one day re-
place synchrotrons as bright sources of
x-rays5,6 and γ-rays.7

How Fast Is Ultrafast?
A simple illustration of the time scale

represented by a femtosecond (one-
quadrillionth of a second) is the fact that
light travels around the Earth about seven
times in a second, but only about 300 nm
in a femtosecond (see Figure 1).

The answer to the question “How fast is
ultrafast?” in materials research more ac-
curately depends on the characteristic
time scale of the application or the science
being studied. For example, for the gener-
ation of high-frequency longitudinal
acoustic waves in metal films, an impor-
tant time scale is the optical absorption
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depth divided by the speed of sound,
typically 1–5 ps. Thus, optical pulses with
duration of �1 ps are usually sufficient
for observing the sharpest possible
acoustic signals.

Each of the articles in this issue of MRS
Bulletin will answer the question differ-
ently, and in many cases the answer is
complicated by the existence of multiple
processes, some of which are not well
characterized.

It is often stated that the ultrafast regime
is reached when the pulse duration is less
than the time scale of electron–phonon

coupling. This statement has truth to it but
sometimes oversimplifies reality. The laser
pulse directly excites the electronic de-
grees of freedom in a material, and it takes
time for the energy absorbed by the elec-
trons to be transferred to the lattice. The
complete description of this process is
complex, even for the relatively simple
case of a laser pulse incident on the sur-
face of a metal. Energetic electrons trans-
fer energy to other electronic excitations
and to the motions of the atoms (i.e., the
phonons), and despite the popularity of
so-called “two-temperature” models that

assume the electrons and phonons are in-
dependently in thermal equilibrium at
two different temperatures, the time scales
for these processes are not always well
separated.3 Furthermore, ballistic trans-
port and rapid diffusion of hot electrons
can distribute energy in a metal over
much longer length scales than the optical
absorption depth. Because many scatter-
ing events are needed to transfer energy
from the highly excited electron system to
the motions of the atoms, the time scale
for the heating of the lattice can be much
greater than 1 ps, depending on the mate-
rial under study and the density of the en-
ergy deposited in the material.

The first article in this issue describes in
detail the mechanisms and characteristic
time scales of near-threshold laser ablation
in metals and semiconductors. Reis and
co-authors summarize the x-ray dif-
fraction results obtained last year at the
Stanford Linear Accelerator Center. This
experiment tour de force—the publication
in Science4 has 51 authors associated with
18 institutions—represents a diffraction
study of ultrafast melting with the fastest
time resolution to date. During the initial
200–400-fs period following the laser
pulse, a significant fraction (10–15%) of
the valence electrons are excited to higher
electronic states; this strong excitation
greatly reduces the attractive part of the
interatomic potential and allows the
atoms to freely drift with their room-
temperature thermal velocities until the
electrons relax, 400–600 fs later. Atoms can
drift as much as half of the unit-cell di-
mension, even though the center of mass,
collectively, is still in the original position,
without thermal expansion. Yet, once the
electrons relax (600 fs to 1 ps), the system
evolves in the same way as it would if
the lattice of atoms was heated instanta-
neously by the laser pulse. Large-scale
molecular dynamics (MD) and associated
hydrodynamics simulations that are de-
scribed later in the first article bear this out
as well.

The articles that follow Reis et al. ex-
pand on these ideas and discuss specific
applications of ultrafast lasers in the char-
acterization and fabrication of materials.

Antonelli et al. describe how the rapid
heating of the near surface of metal films
by nanojoule ultrafast optical pulses can
be used to generate strain and tempera-
ture fields for measurements of the me-
chanical and thermal properties of thin
films and interfaces. Conversely, if the me-
chanical properties are known, the geom-
etry of thin-film structures can be derived
from the spectra of acoustic echoes and os-
cillations. This approach, termed pico-
second acoustics, is widely used in the

Figure 1. Illustration of ultrafast processes in nature and technology. A femtosecond, the
duration of the shortest ultrafast laser pulse, is an extremely short period of time; light can
travel around the Earth about seven times in a second, but only about 300 nm in a
femtosecond. Adapted from Reference 8.
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microelectronics industry for measuring
the thicknesses of metal interconnects and
interlayer dielectrics.

King et al. describe their efforts to de-
velop an ultrafast imaging tool to observe
the time-dependence of phase transforma-
tions and shock-driven mechanical proc-
esses related to the interaction of ultrafast
light and materials. This article discusses
progress on two distinct types of instru-
ments, an ultrafast transmission electron
microscope and a laser-produced, rela-
tivistic electron beam with MeV energies
that is subsequently used as a source of
high brightness x-rays and γ-rays.

Itoh et al. illustrate how bulk dielectrics
can be modified with ultrafast lasers to
produce waveguides, Bragg reflectors, op-
tical devices, and microfluidic channels by
direct-writing in three dimensions. Again,
a thermal mechanism is identified as the
root cause of these materials modifica-
tion processes. In all cases, the extremely
sharp thermal gradients produced by ul-
trafast laser pulses permit such structures
to be created—something that would
not be possible for laser pulses of longer
than 10 ps.

Tull et al. describe the morphological
changes that an ultrafast laser can produce
at surfaces and interfaces. They describe
the use of high-intensity ultrafast light to
produce “black silicon” by taking advan-
tage of laser-induced periodic structures
and accelerating the process by machining
in a halogen gas environment. This mor-
phological variant of Si strongly adsorbs
light in the IR, something flat Si does not
do. The authors also describe another
morphological modification of a Si–SiO2
interface. Here, the ultrafast light is ab-
sorbed at the Si surface and the softened

glass is blown into a bubble by the spalla-
tion of a thin layer of ejected molten Si,
again a thermal mechanism. These bub-
bles have highly reproducible heights and
can be accurately joined to form tubes ca-
pable of transporting fluid.

Finally, Haight et al. describe the use of
ultrafast lasers to repair lithographic
masks at the 20–200-nm scale. This is, to
the best of our knowledge, the first ap-
plication of ultrafast lasers for nanoscale
fabrication in a manufacturing facility.
Here, the deterministic threshold is ex-
ploited  to either photo-dissociate precur-
sor molecules to deposit a thin line or
ablate unwanted material below the dif-
fraction limit.

These articles describe but a few of the
exciting materials research topics that are
actively being studied today with ultrafast
lasers. Unfortunately, the number of top-
ics in materials research that we could not
include because of space constraints is
very large: the much more mature field of
ultrafast spectroscopy,8 new areas of spec-
tral and temporal pulse shaping,9 ultrafast
interactions with organic and biological
materials,10 high-harmonic generation as a
source of UV and soft x-rays, ultrafast
generation of particle beams,11 terahertz
spectroscopy and imaging,12,13 and abla-
tion mechanisms in dielectric materials14

(which are quite different from those in
metals and semiconductors). Our hope is
that the selection of topics will illustrate
the breadth of this new area of ultrafast
lasers in materials research and the appli-
cations that have already been generated.
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Introduction
Over the past several decades, ultra-

short-pulse laser irradiation of silicon sur-
faces has been an active area of materials
science research that has led to a number
of unexpected observations and the forma-
tion of new materials. The basic physics of
this interaction is fully described in the
article by Reis et al. in this issue of MRS
Bulletin. Starting in the late 1970s, picosec-
ond studies1–8 and later femtosecond
pump-probe studies9–21 have been used to
elucidate the specific mechanism of many
processes, including electron–hole plasma
formation,9,10,13,14 melting,5,9,10,12 abla-
tion,19–21 and ultrafast melting.16–18 Ultra-
fast melting—the disordering of a “cold”
lattice within 100 fs of excitation due to
covalent bond weakening upon excitation
of more than 15% of the valence elec-
trons22–25—is a phenomenon unique to
irradiation with high-intensity femtosec-
ond laser pulses, because these pulses are
shorter than the electron–phonon relax-
ation time. Technologically, ultrashort
laser irradiation offers an alternative
method for annealing ion-implanted
semiconductors.6,7

Early research on the surface morphol-
ogy resulting from picosecond laser irra-
diation near the melting threshold
revealed the formation of ripples on the
surface with a wavelength related to
the wavelength of the laser.4,26 These so-
called laser-induced periodic surface
structures (LIPSS)27–30 are similar to rip-
ple structures observed on a variety of ma-
terials after irradiation with one or more
pulses from a wide range of laser systems
(including femtosecond, picosecond, and
nanosecond pulses) and are well under-
stood. In short, when the laser pulse is en-
ergetic enough to fully melt the surface,
the incident pulse interferes with light
scattered from defects at the surface, set-
ting up an inhomogeneous melt depth
and the formation of capillary waves,
which freeze in place.30 Recently, a num-
ber of groups have reported the formation
of micro- and nano-sized structures result-
ing from irradiation with femtosecond
laser pulses.31–41

The majority of this research deals with
the interaction of a single laser pulse with a
flat surface. Consequently, the interaction

of single laser pulses with various materi-
als is generally well understood. The in-
teraction of multiple laser pulses with a
surface that is altered by each pulse, in
contrast, is currently not well understood.
In this article, we will present two studies
on surface morphology resulting from ir-
radiation with multiple femtosecond laser
pulses. In the next section, we discuss the
evolution of micrometer-sized cones on a
silicon surface irradiated with hundreds
of femtosecond laser pulses in an atmos-
phere of sulfur hexafluoride (SF6) and
other gases. After that, we discuss the for-
mation of blisters or bubbles at the inter-
face between a thermal silicon oxide and
the silicon surface after irradiation with
one or more femtosecond laser pulses.

Formation of Micrometer-Sized
Cones on Silicon via Femtosecond
Laser Irradiation

For the past ten years, the Mazur group
has extensively studied the surface mor-
phology and subsequent properties of sil-
icon surfaces irradiated with femtosecond
laser pulses in a variety of environments.
In 1998, we published the initial discovery
that a flat silicon surface is transformed
into a forest of quasi-ordered micrometer-
sized conical structures (Figure 1) upon
irradiation with several hundred femto-
second laser pulses in an atmosphere of
sulfur hexafluoride (SF6).42 Shortly after-
ward, we reported the dependence of
cone height on laser fluence and pulse du-
ration.43 In the subsequent years, we stud-
ied the ability of the microstructured
surfaces to absorb nearly all incident light
in the ultraviolet, visible, and near-in-
frared (250–2500 nm) as a result of sulfur
being trapped in the material during irra-
diation44–47 and successfully employed the
process to create silicon-based infrared
photodetectors.48 We also studied the mor-
phology and properties that result from
microstructuring silicon in a variety of
other environments, including gaseous
N2, Cl2, H2, H2S, Ar, and SiH4, as well as
vacuum, liquid water, and air.45,49–52 When
microstructured in air, the resulting sur-
face photoluminesces.49

The surface morphology after micro-
structuring depends strongly on the
variables involved in femtosecond laser ir-
radiation, including the number of inci-
dent laser pulses, laser fluence (energy per
unit area), wavelength, pulse duration,
and the ambient gas (or liquid) species
and pressure. Despite the large variation
in surface morphologies obtained by
varying experimental parameters, each re-
sulting surface follows a similar pattern
of evolution with increasing number of

Silicon Surface
Morphologies after
Femtosecond Laser
Irradiation

Brian R. Tull, James E. Carey, Eric Mazur,
Joel P. McDonald, and Steven M. Yalisove

Abstract
In this article, we present summaries of the evolution of surface morphology resulting

from the irradiation of single-crystal silicon with femtosecond laser pulses. In the first
section, we discuss the development of micrometer-sized cones on a silicon surface
irradiated with hundreds of femtosecond laser pulses in the presence of sulfur
hexafluoride and other gases. We propose a general formation mechanism for the
surface spikes. In the second section, we discuss the formation of blisters or bubbles at
the interface between a thermal silicon oxide and a silicon surface after irradiation with
one or more femtosecond laser pulses. We discuss the physical mechanism for blister
formation and its potential use as channels in microfluidic devices.
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pulses. After approximately 500 pulses, a
quasi-ordered array of conical structures
is formed. The resulting cones are ap-
proximately 1–15 μm high and spaced by
1–5 μm (with the exception of surfaces ir-
radiated in water, where the cones are an
order of magnitude smaller and denser53).
For linearly polarized light, the cones have
an elliptical base, with the long axis of the
ellipse perpendicular to the polarization

axis of the incident light. In the remainder
of this section, we describe the general
stages of cone formation that take place
for silicon irradiated in SF6 using specific
conditions and then generalize this forma-
tion mechanism for other experimental
conditions. These specific (“standard”)
conditions are an n-doped Si(111) wafer,
260 μm thick, with resistivity ρ � 8–12 
Ω m, irradiated by a 1-kHz train of

500–600 laser pulses (duration, 100 fs; cen-
tral wavelength, 800 nm; spot size, 150 μm
FWHM yielding a fluence of 8 kJ/m2; lin-
early polarized perpendicular to the op-
tics table), in 67 kPa of SF6. More detailed
experimental procedures can be found in
our other papers.43,46

Figure 1 shows a series of scanning elec-
tron microscope (SEM) images that illus-
trate how the final morphology evolves

20 mμ20 mμ
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Figure 1. Scanning electron micrographs of a silicon surface after the following number of femtosecond laser pulses: (a) 1, (b) 2, (c) 3, (d) 4,
(e) 5, (f ) 6, (g) 7, (h) 8, (i) 9, ( j) 10, (k) 12, (l) 15, (m) 20, (n) 30, (o) 50, (p) 70, (q) 100, (r) 200, (s) 400, and (t) 600. Each SEM image is taken at
a 45° angle to the surface with the same magnification. Adapted from Reference 54.
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with an increasing number of incident
laser pulses. Cross sections of the irradi-
ated samples show that the tips of the
cones are at or below the original surface,
indicating that the cones are formed by
net ablation rather than by deposition and
growth.43 This finding is consistent with
our laser fluence (8 kJ/m2) exceeding both
the melting and ablation thresholds for
silicon (1.5 kJ/m2 and 3 kJ/m2, respec-
tively21). As each pulse is absorbed by the
sample, the energy density is greatest at
the surface and then decreases deeper into
the sample. This density profile causes the
topmost layer to be ablated away and
the material beneath it to melt and then
resolidify to form the resulting surface. A
simple, uniform ablation process, how-
ever, cannot explain the surface morphol-
ogy, as the valleys between the cones are
an order of magnitude smaller than the
laser spot size.

The formation of the surface morphol-
ogy can be separated into two parts, an
early stage (1–10 pulses) and a late stage
(>10 pulses).54 The first pulse causes small
defects that are randomly distributed over
the surface (Figure 1a). Their circular
shape suggests that they result from a
burst bubble that is frozen in place upon
resolidification of the melt. These bubbles
can be attributed to a local increase in va-
porization of the silicon melt due to de-
fects or impurities at the surface. Apart
from these random circular features, the
ablation and melting after the first laser
pulse appear to be uniform.

After the second pulse, a distinct ripple
pattern appears (Figure 1b). The wave-
length of the ripple is close to the central
wavelength of the incident laser, and the
long axis of the ripple is perpendicular to
the laser polarization, in agreement with
the ripple formation observed in LIPPS.
At high fluence, the interference between
the incident beam and light scattered by
minor surface defects results in inhomo-
geneous energy deposition. Ablation and
melt formation occur at non-uniform
depths, creating capillary waves with the
wavelength of the laser. Rapid resolidi-
fication subsequently freezes the ripple
structure in place.

Figure 2 quantifies the evolution of the
periodic patterns at the surface. The graphs
to the right of the SEM images are Fourier
transforms of the intensity of the SEM
image in the horizontal and vertical direc-
tions. A peak in the Fourier transform
(indicated by an arrow) represents a peri-
odicity in the surface at that frequency
(corresponding to a periodic distance in
the image). In the Fourier spectrums of
Figures 2b–2d, the spectrum for the previ-
ous figure is shown in gray for comparison.

After two pulses (Figure 2a), the Fourier
transforms reveal a distinct periodicity of
the ripple pattern in the horizontal direc-
tion, but not in the vertical direction. After
five pulses (Figure 2b), the ripple pattern
disappears, along with the peak in the
horizontal Fourier spectrum, but a larger
periodicity of 2 μm develops in the vertical
direction. Visually, the ripple pattern is
replaced by small beads spaced ap-
proximately 2 μm apart. After 10 pulses
(Figure 2c), the periodicity in the vertical
direction shifts to larger distances (smaller
frequencies), to a wavelength of 3.5 μm.
At this point, the periodicity of the final
surface morphology is established and the
early stage of formation is over. As these
pictures show, the periodicity established
in the early stage begins with a LIPSS-like
ripple formation with a wavelength of
the laser (Figure 1b), and then changes to
a quasi-periodic array of beads with a
larger wavelength (Figures 1c–1j). The na-
ture of the formation of beads and their
persistence throughout the ablation
process will be discussed after the late-
stage formation.

During late-stage formation, from
pulse 10 to several hundred pulses (Fig-
ures 1j–1t), material is preferentially ab-
lated on the sides of the beads, creating
the resulting conical microstructures with
the beads at their tips. The beads act to
concentrate the light into the valleys be-
tween them. Light that hits the sides of the
beads has a high angle of incidence, and
because reflectivity increases for high an-
gles of incidence, this light is reflected into
the valleys, raising the incident fluence
and increasing the ablation rate.55 As the
conical structures become steeper, the effect
is intensified. A final Fourier analysis of the
conical microstructures after 500 pulses is
shown in Figure 2d. The periodicity
moves to slightly longer wavelengths, and
the average spacing of the conical mi-
crostructures is 3.5–4 μm.

Toward the end of the evolution (Fig-
ures 1q–1t), the tips of the cones start to
become wider than regions immediately
below the tip, giving the appearance of a
sphere perched on top of a cone. This ob-
servation may be consistent with some re-
deposition of vapor material at the tip
while the surface is molten via vapor–
liquid–solid growth.56 Similar observations
have been made on conical structures
grown on silicon with nanosecond laser
pulses, which also exhibit spheres at the
tip.57–59 For nanosecond pulses, the tips of
the conical structures protrude well above
the original surface, suggesting that
growth is a more dominant formation
mechanism than ablation for nanosecond
pulses. A systematic comparison between

cones formed with femtosecond and nano-
second laser pulses appears in Reference 47.

The transition from the ripple structure
to beads is not fully understood, but sev-
eral factors may contribute to the develop-
ment of beads. First, the ripple structure is
essentially a half cylinder on the surface,
and subsequent melting may cause this
structure to bead up. A liquid cylinder that
is longer than its radius is unstable and
collapses into equal-sized equally spaced
drops, a phenomenon known as cylindri-
cal collapse.60 Second, during ultrashort
laser irradiation of silicon, the velocity of
the resolidification front is extremely
high.12 As a result, a high concentration of
defects can be trapped in the solidified
material, including vacancies, interstitials,
and elements from the background gas
(Rutherford backscattering reveals that
the resolidified surface contains approxi-
mately 0.5–1% of the ambient species
present during the irradiation46,54). If the
melt depth is non-uniform across the sur-
face, the concentration of defects may also
be non-uniform. A recent study61 predicts
that the trapping of defects can be inho-
mogeneous during femtosecond laser ab-
lation; interstitials collect in extended
regions, where the surface height is a max-
imum and vacancies collect at minima.
Regardless of the details of the defect dis-
tribution, the inhomogeneous nature of
the surface creates a non-uniform melting
temperature profile preferentially protect-
ing those regions with a higher melting
temperature. It is possible that these re-
gions lead to the formation of beads. The
shift in bead periodicity from 2 μm to
3.5 μm at the end of the early stage can be
attributed to larger beads being protected
by this mechanism while smaller beads
are ablated away.

The specific surface features that de-
velop depend to some degree on the con-
ditions, but the formation mechanism
follows the overall trend described in the
previous few paragraphs for a wide range
of experimental parameters. In nearly
every case, the surface morphology devel-
ops a ripple structure on the order of the
wavelength of the incident light after only
a few pulses. Different conditions, how-
ever, lead to differences in the periodicity
and size of the beads that develop, the
number of pulses required to create bead-
like structures, and the final shape of the
cones. These factors depend on the surface
tension of the liquid silicon that forms a
protective bead, which in turn depends on
melt depth, cooling rate, gas species, and
pressure as well as the inclusion of ele-
ments from the background gas.

For example, when the incident laser
pulses are frequency-doubled so they
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have a wavelength of 400 nm, the result-
ing LIPSS ripples have a wavelength of
400 nm, and sharp conical structures de-
velop in a manner similar to the formation

of structures with 800-nm light, except that
they are smaller and their density is dou-
bled.54 In vacuum, ripples develop after a
few pulses, but it takes up to 50 pulses for

the ripples to coarsen into beads. The re-
sulting conical structures are broader and
more blunt, with a slightly wider spac-
ing than cones formed in SF6.54 These

Figure 2. Scanning electron micrographs of a silicon surface after (a) 2, (b) 5, (c) 10, and (d) 500 femtosecond laser pulses. The micrographs
were taken normal to the surface. The graphs are Fourier transforms of the intensity of each SEM image in the horizontal (center) and vertical
(far right) directions. A peak in the Fourier transform (indicated by an arrow) represents a periodicity in the surface at that frequency
(corresponding to a periodic distance in the image). In the Fourier spectra of Figures 2b–2d, the spectrum for the previous figure is shown
in gray for comparison. Adapted from Reference 54.
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two examples illustrate how the forma-
tion mechanism remains similar for differ-
ent conditions. The first case shows that
the wavelength of the laser determines the
final density of the structures. The second
example shows that the background gas
has an effect on the number of pulses re-
quired to form structures and their overall
final shape. The ambient gas changes the
surface tension of the molten silicon and
determines the elements that become
trapped in the molten silicon. For SF6, H2S,
and Cl2, the final cones are sharp, as in
Figure 1, but for N2, H2, and air, they are
blunt, like the cones formed in vac-
uum.45,52,54 The difference may indicate
that certain elements (such as S and Cl)
provide more protection against ablation
than other elements (N and H).

Interface Effects from
Femtosecond Laser Irradiation of
SiO2-Coated Silicon

Femtosecond-laser-induced damage on
single-crystalline silicon has been exten-
sively studied with a large variety of char-
acterization tools, including atomic force
microscopy, micro-Raman spectroscopy,
and laser scanning microscopy.31,33,39,40,62–68

These studies typically measure damage
thresholds and identify morphological
damage features that depend on variables
such as fluence (energy per unit area),
temporal pulse width, polarization, wave-
length, and angle of incidence. Few of
these papers, however, address the role
of the 2-nm-thick native oxide layer. We
recently published69 results which demon-
strate the significant role that the 2-nm na-
tive oxide plays on the morphology and
damage threshold as compared with
atomically clean Si. These results and the
model that was developed to explain
them motivated us to perform experi-
ments on Si with thicker, thermally grown
oxide films.

We studied thicker SiO2 samples by
growing thermal oxides of different thick-
nesses.70 Indeed, the morphology that is
seen in the native oxide disappears for the
thinnest thermally grown oxide (20 nm).
Instead, an entirely new morphology—
either blisters or craters—appears.

Figure 3 presents atomic force mi-
croscopy (AFM) images illustrating a
range of morphologies that are produced
by varying the thermal oxide thickness,
the laser fluence, and the number of laser
pulses. For a given oxide thickness, blis-
ters form at low fluence, 1–2 times the
damage threshold of Si(100), while craters
are formed as the fluence is increased be-
yond a critical value. Unique to ultrafast-
laser material interaction is the inherent
reproducibility and control over blister

and crater dimensions. Using multiple
pulses, blister height can be sequentially
increased (or pumped up) from 100 nm to
900 nm (Figures 3d–3g). Alternatively,
blister dimensions can be controlled by
changing the laser fluence of a single laser
pulse (Figures 3i–3l).

Blister formation in thin films result-
ing from laser irradiation is not a new

phenomenon, but the conditions and
mechanisms at play are quite different for
irradiation with femtosecond laser pulses
than for longer pulse durations.71,72 Relax-
ation of residual stress plays a role but is
far from sufficient to explain the observed
blister dimensions.73–75

The mechanism responsible for blister
production by femtosecond laser pulses is

Figure 3. Atomic force microscopy images of femtosecond-laser-induced damage
features produced on thermally oxidized Si(100). (a)–(h) Oxide thickness � 1200 nm.
(i)–(m) Oxide thickness � 147 nm. (a) Blister; laser fluence � 7.6 kJ/m2. (b) Crater; laser
fluence � 13.2 kJ/m2. (c) AFM section analysis of features in (a) and (b). (d)–(g) Blister
features produced in 1200-nm-thick thermal oxide on Si(100) with laser fluence � 4.3 kJ/m2

produced using the number of laser pulses as follows: (d) 2, (e) 4, (f) 6, and (g) 8. (h) AFM
section analysis of features in (d)–(g). (i)–(l) Damage features produced on thermally oxidized
Si(100) with a 147-nm-thick oxide. (i) Blister; laser fluence � 3.0 kJ/m2. ( j) Blister; laser
fluence � 3.3 kJ/m2. (k) Blister; laser fluence � 4.0 kJ/m2. (l) Crater feature produced in
147-nm-thick thermal oxide on Si(100) with peak fluence � 19.2 kJ/m2. (m) AFM section
analysis of features in (i)–(l), demonstrating the heights of the blister features and depth of
the damage crater.
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a combination of compressive stress relax-
ation, softening of the thermal oxide via
electron heating and conduction, and mo-
mentum transfer from the underlying
substrate to the oxide layer.75 The interac-
tion of an above-damage-threshold fem-
tosecond laser pulse with the Si(100)
substrate produces a dense electron–hole
plasma in silicon and energetic electrons
that expand in all directions from the exci-
tation region.76 These energetic electrons
reach thermal equilibrium with the lattice
as they transfer their kinetic energy to the
lattice in a few picoseconds, heating the
substrate to about 5000 K.20 Due to its
proximity to the highly heated substrate
as well as heating by electrons scattered
from the substrate, the thermal oxide film
is left in a softened state. This softening al-
lows the ablated substrate material to
push the oxide film upward, forming a
blister. This model is consistent with the
picture of near-threshold ablation pre-
sented in the article by Reis et al. in this
issue. It is also consistent with time-
resolved pump-probe imaging experi-
ments of near-threshold ablation of metals
and semiconductors, where interference
phenomena suggest that a moving liquid
layer is expelled.19,21,77

By overlapping blisters produced by
femtosecond laser pulses in a 1200-nm-
thick thermal oxide layer on Si(100), one
can produce channels that can be used in
microfluidics applications. The top sur-
face of the channel is the delaminated
thermal oxide film and the freshly oxi-
dized 40-nm film of Si; the bottom surface
is the underlying Si(100) substrate, which
has a thermal oxide that forms as the
molten Si solidifies in the presence of
air.75,78 A single pass of the sample through
the focused laser beam at a speed of 10
mm/s and a laser fluence of 3.5 kJ/m2

with a focused laser beam diameter of 55
± 5 μm on the sample produces channels
24 ± 1 μm wide and 355 ± 45 nm in height.
To make larger channels, we laterally
overlapped single-pass channels, produc-
ing channels with widths exceeding 300
μm. The height of the channels is a func-
tion of channel width (see Figure 4). We
also produced linear channels with
lengths exceeding 10 mm, as well as other
channel geometries, including intersec-
tions, corners, and curves. SEM images of
the end of a channel are presented in Fig-
ures 4i–4j, showing the morphology of the
substrate or bottom surface of the chan-
nels. Similar channels have been pro-
duced by selectively delaminating
diamond-like carbon films via litho-
graphic techniques.74

Compared with other femtosecond-
laser-based micromachining techniques

for producing microfluidic channels, the
technique discussed here has the advan-
tage of producing little debris at relatively

fast writing speeds.79,80 In general, direct-
writing techniques are simpler than litho-
graphic techniques, because the channels

Figure 4. Nano- and microfluidic channels produced with the femtosecond laser direct-write
technique with laser fluence of 3.5 kJ/m2 at a single-pass scan rate of 1 cm/s. (a) Optical
microscope image of channels produced with (from left to right) a single pass to 5 over-
lapped (overlap � 15 mm) passes. (b) Simple grid device produced with the femtosecond
laser direct-write technique. (c)–(g) AFM images of channels produced with single and mul-
tiple passes. (c) Single pass. (d) Six passes. (e) AFM cross section analysis of channels;
(c) and (d) are indicated. (f) AFM of corner channels. (g) AFM of channel intersection.
(h) Plot of channel height as a function of channel width, with results of linear fit shown.
(i) SEM image (tilt � 59°) of end of channel written to the edge of sample. The interior of the
channel was exposed by intentionally fracturing the delaminated glass at the edge of the
sample. ( j) SEM image from inset in (h), showing the roughness on the substrate surface
and bottom surface of the delaminated thermal oxide film.
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can be created with a single processing
step, allowing adjustments to the fluidic
network design to be implemented
quickly without the need to produce a
new mask. The channels produced via
femtosecond-laser-induced delamination
of thermal oxide films from Si(100) sub-
strates exhibit a noncircular cross section,
which is quite different from those pro-
duced by other techniques.79,81 However,
the delaminated glass is very thin and
may require a layer of poly(dimethylsilox-
ane) or other material to make these frag-
ile systems more robust.

Summary
The interaction of intense, ultrafast laser

pulses with materials produces a variety
of damage morphologies that depend on
both the laser irradiation and the material
of interest. Many other interesting mor-
phological phenomena have been ob-
served and characterized, including
laser-induced periodic surface structures
or ripples,34,82,83 gratings produced by in-
terfering two laser beams on a surface,84,85

and so-called nanobumps and nanojets in
thin gold films on quartz substrates.86 A
number of recent papers report on the ef-
fect of liquid35,87 and gaseous88,89 environ-
ments on the resulting morphology
during machining. Controlling damage
morphology is essential for improving mi-
cromachining capabilities. The resulting
damage morphologies can also prove use-
ful in their own right, as in the case of the
two studies presented in this article. The
intersection of materials research and ul-
trafast optical science is producing many
valuable fundamental scientific results,
and the trend is expected to evolve as new
and exciting discoveries are made.
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ABSTRACT We show that the mechanism of nanoparticle formation during fem-
tosecond laser ablation of silicon is affected by the presence of a background gas.
Femtosecond laser ablation of silicon in a H2 or H2S background gas yields a mix-
ture of crystalline and amorphous nanoparticles. The crystalline nanoparticles form via
a thermal mechanism of nucleation and growth. The amorphous material has smaller
features and forms at a higher cooling rate than the crystalline nanoparticles. The back-
ground gas also results in the suspension of plume material in the gas for extended
periods, resulting in the formation (on a thin film carbon substrate) of unusual aggre-
gated structures including nanoscale webs that span tears in the film. The presence of
a background gas provides additional control of the structure and composition of the
nanoparticles during short pulse laser ablation.

PACS 81.16.-c

1 Introduction

Femtosecond laser ablation
is the explosive removal of material
excited to extreme temperatures and
pressures through absorption of a high-
intensity laser pulse of subpicosecond
duration. The femtosecond laser abla-
tion of metals and semiconductors in
a vacuum environment has been inves-
tigated extensively [1–6]. Recent re-
search has focused on the formation
mechanism of silicon nanoparticles cre-
ated by the irradiation of silicon in vac-
uum with 800-nm, laser pulses of 80- to
200-fs duration [3–6]. Hydrodynamic
models suggest that the nanoparticles
form via mechanical fragmentation of
a highly pressurized fluid undergoing
rapid quenching during expansion in the
vacuum [3]. Experimental studies of the
evolution of the ablated silicon support
this theoretical prediction and show that

� Fax: +1-617-496-4654, E-mail: tull@fas.harvard.edu

the ablated material is composed almost
entirely of ejected liquid silicon with
very little vapor [4, 6]. In addition, it
was found that the nanoparticles form
within 50 ps by a non-equilibrium, non-
thermal phase transformation rather
than by a thermal nucleation and growth
process [6].

In this paper we present work on
the irradiation of silicon with 800-nm,
100-fs laser pulses in a background
gas of hydrogen (H2) or hydrogen sul-
fide (H2S). Our results indicate that the
presence of the background gas dur-
ing irradiation fundamentally changes
the mechanism for nanoparticle for-
mation. We observe two phases in the
collected plume material: spherical par-
ticles of crystalline silicon ranging in
diameter from 5 to 300 nm and a highly
porous network of amorphous silicon
with feature sizes ranging from 1 to
10 nm. We find that the crystalline

nanoparticles form by thermal nucle-
ation and growth; the amorphous phase
forms from small droplets of liquid that
are subjected to a high cooling rate.
The size distribution of the crystalline
nanoparticles is log-normal – that is,
the logarithm of the particle diameter
has a Gaussian distribution – suggest-
ing that the ejected material initially
contains a vapor component instead of
consisting of just liquid droplets as ob-
served in vacuum [6]. The presence
of the background gas also gives rise
to the formation of unusual webs of
nanoparticles on the collection sub-
strate. Our results indicate that the back-
ground gas affords additional control
of the structure and composition of the
nanoparticles.

2 Methods

The ablation plume was gen-
erated by irradiating a Si(111) wafer
(n-type, � = 8–12 Ω m) with a 1-kHz
train of 100-fs, 800-nm laser pulses
produced by a regeneratively amplified
Ti:sapphire laser. The silicon wafer was
placed in a stainless steel vacuum cham-
ber, evacuated to about 6.7 Pa and then
filled with either H2 or H2S to various
pressures. The laser pulses were focused
onto the silicon to a diameter of 150 µm
yielding a peak fluence of 10 kJ/m2 and
a peak intensity of about 1017 W/m2.
The plume material was collected over
the course of 1 h as the silicon wafer
was translated at a speed of 250 µm/s to
prevent degradation of the target. This
translation speed resulted in an average
of 600 pulses delivered to each spot on
the surface.
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We used transmission electron mi-
croscope specimen grids (3-mm-diameter,
200-mesh copper grids, coated on one
side with a 20-nm-thick film of amorph-
ous carbon) to collect material in the
plume. The plane of the grids was per-
pendicular to the silicon surface and
they were suspended above and in front
of the silicon target with 18 gauge cop-
per wire and carbon tape. The grids were
positioned 10 mm from the target with
the carbon-coated side facing down.

3 Results

We irradiated single crystal
silicon wafers with a 1-kHz train of
800-nm, 100-fs laser pulses focused to
a fluence of 10 kJ/m2 in a chamber
filled with H2, or H2S at a pressure of
67 kPa. We visually observed the ab-
lation plume and collected the ejected
material on transmission electron mi-
croscope (TEM) specimen grids posi-
tioned 10 mm from the target. The size,
structure, and composition of the col-
lected nanoparticles were determined
using bright and dark field imaging,
selected area diffraction, and energy dis-
persive spectroscopy in a transmission
electron microscope.

The background gas influences the
shape and trajectory of the ablation
plume. At a 1-kHz pulse rate, the ab-
lation plume appears as a constant
stream of ejected material in the shape
of a cone, which expands from the
150-µm-diameter laser-irradiated spot
to millimeter dimensions making it
readily visible to the eye. In contrast
to vacuum, where the ejected mate-
rial retains most of its initial kinetic
energy until it impacts a surface, the
background gas reduces the kinetic en-
ergy of the ejected material to zero.
The material then remains suspended in
the background gas for the duration of
the experiment and travels around the
chamber by convection. When H2S is
used as the background gas, the abla-
tion plume is a narrow cone that initially
travels perpendicular to the silicon sur-
face and then curves upward until it
comes to a stop and begins to fall back
down. When H2 is the background gas,
the ablation plume is a wider cone that
remains perpendicular to the silicon sur-
face until it eventually slows to a stop
and then travels around the chamber by
convection.

Although the trajectory of the abla-
tion plume is different for irradiation in
both H2S and H2, the size and the struc-
ture of the collected material is the same.
The TEM bright field image in Fig. 1a
shows that the collected material is com-
posed of an extremely fine network of
aggregated material. The network con-
sists of clusters of spherical particles,
ranging in diameter from 5 to 300 nm,
dispersed in a highly porous material
with feature sizes ranging from 1 to
10 nm(Fig. 1b). In Fig. 1b, the spher-
ical particles vary in brightness from
light gray to deep black. In bright field
imaging, a low brightness indicates that
the material is highly diffracting [7].
When imaging the spherical particles,
they alternate between gray and black
on the time scale of seconds. This obser-
vation supports the hypothesis that the
particles are single crystals; the alternat-
ing brightness is caused by the particles

FIGURE 1 (a) Low magnification TEM bright field image showing particles formed in the ablation
plume of silicon irradiated with trains of femtosecond laser pulses in H2 at 67 kPa. (b) Higher mag-
nification of the highlighted area in (a) reveals a network composed of spherical particles and porous
material

tilting in and out of the diffraction con-
dition when they collect charge in the
electron microscope. In comparison, the
brightness of the highly porous material
does not vary with time and appears be-
tween light gray and dark gray depend-
ing on the thickness of accumulated ma-
terial.

Figure 2a shows a TEM bright field
image showing the spherical particles
on the left and the highly porous mate-
rial on the right. Figure 2b and c show
electron diffraction patterns obtained
using the selected area diffraction aper-
tures indicated by the corresponding
circles in Fig. 2a. The diffraction pattern
in Fig. 2b is characteristic of a polycrys-
talline material and the relative diam-
eters of the rings confirm that the crystal
structure of the spherical particles is dia-
mond cubic. By positioning the selected
area diffraction aperture over an indi-
vidual particle, we verified that each
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FIGURE 2 (a) TEM bright field image of particles generated in the ablation plume of silicon irradiated
in H2 at 67 kPa. Selected area diffraction reveals that (b) the spherical particles are crystalline and (c) the
porous material is amorphous

FIGURE 3 (a) TEM bright field image of particles generated in the ablation plume of silicon irradiated
in H2 at 67 kPa. (b) Compilation of eight dark field images acquired with the TEM C2 aperture posi-
tioned at eight different locations along the (111) diffraction ring. The bright areas indicate the locations
of crystalline material

particle is actually a single crystal and
that the diffraction pattern in Fig. 2b
is the result of an ensemble of sin-
gle crystal particles each at a different
orientation. In contrast, Fig. 2c shows
a diffraction pattern nearly absent of
diffraction peaks, indicating an amorph-
ous structure. The presence of a few
diffraction peaks is due to crystalline
particles mixed in with the amorphous
material. Closer inspection of the image
in Fig. 2a confirms the presence of a few
crystalline particles in the amorphous
material.

The bright and dark field TEM im-
ages in Fig. 3 confirm that the highly
porous material is amorphous. Fig-
ure 3a shows a bright field image show-
ing a mixture of spherical particles
and highly porous material. Figure 3b
is formed by a compilation of eight
dark field images acquired with the
TEM C2 aperture positioned at differ-
ent locations around the first ring of
the diffraction pattern in Fig. 2b. The
first diffraction ring is populated by
crystalline reflections from (111)-type
planes. In each of the eight images, dif-
ferent spherical particles appear bright
depending on whether their crystalline
orientation produces a (111)-type re-
flection (e.g. each of the twelve [011]
and twenty four [112] orientations in
a diamond cubic crystal produces
a (111)-type reflection). Crystalline par-
ticles that do not appear bright in Fig. 3b
are likely oriented along a direction that
does not produce a (111) reflection at
any of eight locations. In contrast, the
highly porous material is a uniform dark
gray in all eight images, confirming that
it is amorphous. If the highly porous
material were crystalline, it would be
unlikely that no part of that material pro-
duces a (111) reflection in any of the
eight orientations.

The dark field images used to form
Fig. 3b were compiled in the following
manner. In seven of the eight images,
the lower fourth of the brightness scale
was subtracted. This removed the dark
gray amorphous material from each
image and left the bright crystalline par-
ticles behind. These images were then
summed together and then added to the
eighth image (which was unaltered) to
produce Fig. 3b. By performing the sum
in this manner, the relative brightness
between the spherical particles and the
amorphous phase in Fig. 3b is repre-
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FIGURE 4 TEM bright field image showing how particles aggregate in straight lines measuring over
30 µm in length

FIGURE 5 (a) Low magnification TEM bright field image showing particles forming nanoscale webs
that span 10-µm-wide gaps in the collection substrate. (b) Higher magnification TEM bright field image
showing that the bridges are composed of both crystalline and amorphous particles

sentative of each of the eight dark field
images.

Using energy dispersive spectros-
copy we find that the main component
of both the crystalline particles and the
amorphous material is silicon. Trace
amounts of oxygen, carbon, and sulfur
are detected in the amorphous material,
and to a lesser extent in the crystalline
particles. Sulfur is only detected when
H2S is used as the background gas. The
presence of oxygen and carbon can be
attributed to oxidation and contamina-
tion during transportation of the TEM
specimen grids from the vacuum cham-
ber to the TEM.

Figures 4 and 5 show aggregated
material on copper TEM specimen grids
coated with a smooth continuous car-
bon film. Figure 4 shows several strands
of particles over 30 µm in length. The
strands also span 10-µm-wide rips in the
continuous carbon film like the strands
of a web (Fig. 5a). Higher magnification
images show that these nanoscale webs
are composed of both crystalline par-
ticles and amorphous material (Fig. 5b).
We find that the collection surface af-
fects the aggregation of nanoparticles
and amorphous material. For example,
TEM specimen grids that are coated
with an uneven, holey carbon film give
rise to small clusters instead of strands
of particles. These observations suggest
that it may be possible to control the
self-assembly of nanoparticles through
the morphology of the substrate.

We studied the dependence of the
size and structure of the ablated mate-
rial on pressure by collecting the ab-
lated material at various H2 background
pressures. The amount of amorphous
material collected on the TEM grids in-
creases as the pressure decreases. At
13 kPa, there is approximately three
times more amorphous material than
at 67 kPa. At 0.27 kPa, the collected
material is nearly completely amorph-
ous, intermixed with a few crystalline
particles. The crystalline material, too,
changes with pressure. Figure 6 shows
the crystalline particle size distribu-
tion at two different background pres-
sures: 13 and 67 kPa. The average size
of the crystalline particles increases
as the pressure decreases. At both 13
and 67 kPa, the size of the crystalline
particles fits a log-normal distribution.
However, the geometric mean diam-
eter is greater for particles produced at
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FIGURE 6 Size distribution of crystalline nanoparticles formed during femtosecond laser ablation of
silicon in H2 gas at 13 kPa (filled diamonds) and 67 kPa (open circles). The solid and dashed curves are
log-normal fits with geometric means of 18.8± 0.2 nm and 16.2± 0.2 nm, and standard deviations of
0.50±0.02 nm and 0.44±0.02 nm, for particles formed at 13 kPa and 67 kPa, respectively

13 kPa (18.8 ± 0.2 nm) than at 67 kPa
(16.2± 0.2 nm). At 0.27 kPa, the crys-
talline particles are embedded in a con-
tinuous amorphous film preventing the
determination of an accurate particle
size distribution.

4 Discussion

Depending on the cooling
rate, liquid silicon forms either the en-
ergetically favorable crystalline phase
or a metastable amorphous phase upon
reaching the melting temperature [8].
At high cooling rates, such as in elec-
trohydrodynamic atomization of sili-
con in vacuum [9, 10] (106–107 K/s) or
after irradiation of a silicon substrate
with nanosecond [11] and picosec-
ond [12, 13] laser pulses (≥ 1010 K/s),
a metastable amorphous phase can nu-
cleate and grow before crystallization
occurs [8]. At lower cooling rates, there
is sufficient time for the more stable
crystalline phase to nucleate and grow.

The presence of both amorphous and
crystalline silicon in the collected mate-
rial indicates that the cooling rate in our
experiment is near the threshold cool-
ing rate for formation of the amorphous
phase (106 K/s). This cooling rate is
well below the estimated cooling rate
for femtosecond laser ablation of sil-
icon in vacuum (1012–1018 K/s) [3],
suggesting that the background gas low-
ers the cooling rate of the ejected sil-
icon. As the background pressure is
increased, the amount of crystalline ma-
terial increases (Fig. 6) and the amount

of amorphous material – which requires
a higher cooling rate – decreases. The
cooling rate within the ablation plume
varies, because the mass of the sili-
con droplets is distributed over a range.
Large liquid droplets cool by convec-
tion and radiation at a slower rate than
smaller droplets. Indeed, nearly all of
the crystalline particles we observe are
larger in size than the amorphous par-
ticles (because of their larger size they
cooled more slowly, providing enough
time for crystallization).

The presence of a background gas
fundamentally changes the mechanism
of nanoparticle formation. In vacuum,
the solid–liquid transformation is re-
ported to be non-thermal and to take
place within 50 ps [6]. This time period
is too short for particles with crys-
talline order to form. The threshold
speed for the crystalline–liquid inter-
face above which the amorphous phase
forms is reported to be 15 m/s [13].
At this speed 100-nm particles require
3 ns to form; 5-nm particles require
160 ps. We observe crystalline particles
as large as 300 nm. Crystalline particles
of this size can only form by a ther-
mal process of crystal nucleation and
growth.

The formation of single crystal
rather than polycrystalline particles is
consistent with what is known about
nucleation and growth of crystalline sil-
icon. Multiplying the volume of the
mean particle, 2 ×10−24 m3, by the larg-
est reported [14] value for the homoge-
neous nucleation rate, 2 ×1010 m−3 s−1,

and inverting the result, we find that
the time between two nucleation events
within the volume of the mean particle
is at least 1013 s, which is far greater
than the solidification time. In other
words, the observed nanoparticles solid-
ify completely before a second nucle-
ation event can occur and therefore they
must be a single crystal.

The log-normal nature of the size
distribution of the crystalline particles
allows us to draw conclusions about
the process of ablation in a background
gas. A log-normal size distribution was
first associated with the nucleation and
growth of small particles during evapo-
ration of metals in an inert gas [15]. It
was recently shown that nucleation and
growth of liquid droplets from the vapor
phase produces a log-normal size distri-
bution if the following four criteria are
met: (1) nucleus particles (or droplets)
only grow in a finite active growth re-
gion, (2) they travel through it by both
drift and diffusion, (3) they are collected
at a fixed point outside the active zone,
and (4) their size in the active region
is a power function of time [16, 17].
The ablation plume in our experiment
meets all of the above criteria if we as-
sume that it is initially composed of
vapor or a mixture of liquid and vapor.
Liquid droplets in the ablation plume
grow while new droplets nucleate and
grow through vapor condensation until
the vapor phase is depleted. The finite
amount of vapor establishes a finite ac-
tive growth region. The kinetic energy
of the ablation plume provides a condi-
tion of strong drift, in addition to dif-
fusion, which is always present. The
liquid droplets then solidify as either
crystalline or amorphous depending on
their cooling rate and are collected on
the TEM grid. The time dependence of
the size of a droplet growing by vapor
condensation is linear (i.e. it is a power
function in time where the exponent is
unity) [16].

As the background gas pressure is
decreased, the peak in the log-normal
size distribution of the crystalline par-
ticles shifts to a larger particle size
(Fig. 6). We can attribute this shift to
an increase of the average cooling rate
within the plume at lower pressures. As
the cooling rate increases, more of the
smaller liquid droplets become amorph-
ous and the average size of the crys-
talline particles increases.
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A key difference between femtosec-
ond laser ablation in a background gas
and in vacuum is the evolution of the
kinetic energy of the ejected ablation
plume. In a vacuum, the ejected mate-
rial retains much of its kinetic energy
and is eventually deposited along a line-
of-sight trajectory. Many evaporation-
based thin film growth techniques, such
as pulsed laser deposition, rely on this
process. However, in a background gas,
the kinetic energy of the ejected material
is reduced significantly due to interac-
tion with the background gas. The initial
kinetic energy is reduced to zero before
any deposition occurs and the plume
material moves about the chamber by
convection. In H2S, the ejected plume
is observed to turn upward in the op-
posite direction of gravity. This upward
turn is likely brought about by a dens-
ity difference between the plume and
the background gas resulting in a buoy-
ancy effect. In H2, the plume remains
perpendicular to the target, indicating
that the density of the plume is similar
to H2.

We attribute the formation of nano-
scale webs to the aggregation of par-
ticles suspended in the background gas.
As the plume material remains sus-
pended in the chamber during the length
of the experiment, the particles aggre-
gate and form three-dimensional struc-
tures and clusters, which then come
to rest on the TEM grids. The strands
of the nanoscale webs are composed

of individual aggregated nanoparticles
(Fig. 5b). A recent theoretical report on
coagulation of particles suspended in
a gas predicts that under certain condi-
tions particles aggregate into web-like
clusters similar in shape to the clusters
we observe [18]. It may be possible to
form more complex three-dimensional
nanostructures by controlling the gas
type and pressure as well as the morph-
ology, structure, and chemistry of the
collection substrate.

In summary, the presence of a gas
during femtosecond laser ablation of
silicon changes the fundamental mech-
anism by which nanoparticles form.
The background gas suppresses the
non-thermal phase transformation ob-
served in vacuum allowing some par-
ticles to crystallize through a thermal
nucleation and growth process. The
log-normal size distribution of crys-
talline particles suggests that the abla-
tion plume contains a vapor compon-
ent. The presence of the background
gas also results in the suspension of
plume material in the chamber for ex-
tended periods of time, resulting in the
formation of long straight lines and
webs of nanoparticles. The pressure
and gas chemistry control the struc-
ture, composition, and size distribu-
tion of the ejected material. Our results
show that it may be possible to tailor
the creation of nanoparticles and con-
trol their self-assembly on a collection
surface.
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Abstract

Development of biochips containing living cells for biodetection, drug screening and tissue engineering applications is limited by a lack

of reconfigurable material interfaces and actuators. Here we describe a new class of nanostructured magnetizable materials created with a

femtosecond laser surface etching technique that function as multiplexed magnetic field gradient concentrators. When combined with

magnetic microbeads coated with cell adhesion ligands, these materials form microarrays of ‘virtual’ adhesive islands that can support

cell attachment, resist cell traction forces and maintain cell viability. A cell death (apoptosis) response can then be actuated on command

by removing the applied magnetic field, thereby causing cell retraction, rounding and detachment. This simple technology may be used to

create reconfigurable interfaces that allow users to selectively discard contaminated or exhausted cellular sensor elements, and to replace

them with new living cellular components for continued operation in future biomedical microdevices and biodetectors.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: Magnetic particles; Magnetic gradient concentrator; Culture substrate; Apoptosis; Mechanical force; Cell shape

1. Introduction

The development of microchips containing biological
molecules, such as multiplexed arrays of specific DNA
sequences, has revolutionized genomics, diagnostics and
pathogen detection. In the future, it is likely that living cells
will be integrated as system components within biochip-
based microdevices used for drug development, medical
microdevices and biodetection because of their unique
abilities to simultaneously sense and respond to multiple
physiological or pathological stimuli. However, biocompa-
tible cell–material interfaces will need to be created to make
these technologies a reality.

Microfabrication techniques, such as soft lithography
and microcontact printing, have been used to create arrays
of adhesive islands that may be used to place cells in
predefined positions and maintain them in a functional

state [1–3]. These substrates also have been integrated with
microfluidic systems that permit cells to be plated on these
substrates and nutrient media to be delivered continuously
to maintain cell function and to introduce various chemical
stimuli [4–6]. But these systems are limited in that they are
not reconfigurable. For example, it would be extremely
desirable to have future biodetectors containing cells that
can be rapidly removed and replaced with new cellular
components after exposure to contagious biopathogens in
order to reboot the device without requiring addition of
expensive enzymes or harsh chemicals that might interfere
with the functionality of the system. This type of
reconfigurable functionality also might be useful for future
drug screening, tissue engineering and biocomputational
applications in which living cells are used as primary signal
processing elements [7–9].
Several systems have been described that allow users

to control the cell adhesive properties of substrates,
including thermal responsive polymer surfaces [10], photo-
initiated gels [11,12] and electrochemical modulation of
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self-assembled monolayers [13,14]. Although these technol-
ogies may provide useful methods to rapidly actuate changes
in substrate adhesivity and cell behavior, they are not easily
reversed within an existing microsystem. Here we describe a
microsystem in which cell adhesion, position and viability
can be controlled magnetically to meet this challenge.

2. Materials and methods

2.1. Nanofabrication of magnetic gradient concentrators

Arrays of silicon nanospikes were fabricated by femtosecond laser

etching, as previously reported [15]. Briefly, silicon chips [flat zone

Si(1 1 1)] were masked with 2 mm-thick copper transmission electron

microscope grids with hexagonal opening widths of 30 mm. The chips were

mounted normal to the laser beam on a three-axis translation stage in a

vacuum chamber with a base pressure of less than 10�2 Pa. Laser pulses

(800 nm, 100 fs at 0.3m J) were focused to a beam waist of 200mm on the

sample surface. Samples were translated relative to the laser beam

vertically at a speed of 200mm/s to irradiate the entire surface. Laser-

etched silicon chips were subsequently coated with a thin (450 Å) layer of

magnetizable cobalt using a SHARON TE-4 four-source thermal

evaporation system. After irradiation and coating, the resulting structures

were imaged with a scanning electron microscope.

Arrays of stainless steel nanospikes were fabricated by femtosecond

laser etching of surgical stainless steel blades (#21, Becton Dickinson,

Franklin Lakes, NJ) that were mechanically precut into 1 cm2 wafers. To

create patterned arrays, the surface was polished with a diamond lapping

film, and then mounted normal to the laser beam on a three-axis

translation stage in a vacuum chamber with a base pressure of less than

10�2 Pa. Laser pulses (800 nm, 100 fs at 0.015m J) were focused on the

sample surface, and the sample was translated relative to the laser beam

vertically at a speed of 500mm/s to etch parallel linear valleys with

separation of approximately 100 mm (center to center) on the surface of the

stainless steel. The sample was translated 901 and linear etching was

repeated to generate cross-hatched valleys, leaving an array of square

raised areas with sides approximately 50 mm in length.

To create nanospikes on the raised square arrays, wafers were again

lightly polished with a diamond lapping film, and then cleaned with

acetone followed by a methanol rinse. Wafers were subsequently placed in

a glass container, mounted on a three-axis translation stage and filled with

distilled water. The surface of the array was irradiated by a 1 kHz train of

100 fs, 80 mJ pulses at 400 nm wavelength from a frequency-doubled,

amplified titanium:sapphire laser. The laser pulses were focused by a 0.25-

m focal-length lens and traveled through 10mm of water before striking

the surface at normal incidence. The focal point is about 10mm behind the

surface and the spatial profile of the laser spot is nearly Gaussian, with a

fixed beam waist of 60mm at the sample surface. The sample was

translated relative to the laser beam at a speed of 200 mm/s to create

nanospikes over the entire micro-arrayed surface. The dimensions of the

resulting structures were determined from scanning electron microscope

images as well as analysis with a Dektak 6M profilometer.

Etched stainless steel wafers were coated with Sylgard 184 poly-

dimethylsiloxane (PDMS; Dow Corning, Midland, MI) using a G3P-8

Spincoat device (Specialty Coating Systems/Cookson Electronics, India-

napolis, IN) to prevent surface oxidation and optimize biocompatibility.

PDMS base and curing agents were mixed in a 10:1 ratio, degassed by

vacuum for 30min, spin-cast, and cured at least 3 h at 60 1C. Cured PDMS

surfaces were made hydrophilic by 8min exposure to an oxidizing plasma

in an UVO-Cleaner 342 (Jelight, Irvine, CA), and wafers were immediately

immersed in aqueous Pluronic F-127 solution (1 g/L; BASF, Mount Olive,

NJ) for 1 h at room temperature to resist cell adhesion [16]. Wafers were

rinsed extensively in phosphate buffered saline prior to incubation with

beads and/or cells. The thickness of the PDMS was estimated to be 5 mm
based on confocal imaging of coated wafers in which 200nm green

fluorescent beads were added to the PDMS.

2.2. Experimental system

Immortalized human umbilical vein endothelial (HUVE) cells that

stably expressed green fluorescent protein (GFP) [17] were cultured in

EBM medium (Cambrex) supplemented with EGM-2 MV growth factor

supplement (Cambrex) at 37 1C and 5% CO2. Subconfluent cells were

detached by trypsinization, washed once in medium and cultured in EBM

containing EGM-2 MV on magnetic substrates. Tosyl-activated super-

paramagnetic microbeads (4.5 mm diameter; Dynal Biotech, Oslo, Nor-

way) were coated with an RGD-containing peptide (50mg/ml; PepTite-

2000; Integra LifeSciences, Plainsboro, NJ), that mediates cell adhesion

through cell surface integrin receptors, as previously described [18,19].

Nanospike magnetic concentrators were placed horizontally in a cell

culture apparatus that allowed permanent ceramic magnet cylinders

(27MGOe; Polysciences Inc., Warrington, PA) to be placed directly

beneath the concentrators, separated only by thin cover glass (No. 0; Dow

Corning). For bead patterning, 100,000 RGD-coated beads were added to

each magnetic field concentrator in 10mm diameter cloning cylinders

(Bellco Biotechnology, Vineland, NJ) to avoid dilution of beads in the

larger medium reservoir. Beads were readily visualized by fluorescence

microscopy due to their auto-fluorescence in the Texas-Red channel. Cells

were added to magnetic substrates (2500 cells/substrate) in 10mm

diameter cloning cylinders, and placed in a culture incubator at 37 1C

under 5% CO2 for the indicated times. In some experiments, cells were

allowed to bind to the RGD-beads (20 beads/cell) in suspension for 30min

at 37 1C prior to adding them to the magnetic field concentrators. Changes

in projected cell areas were measured using computerized image analysis

as previously described [1,18]; this was facilitated by visualizing the GFP-

labeled HUVE cells using fluorescence microscopy.

The magnetic field gradient concentrators were calibrated by pulling

4.5mm diameter beads through a glycerol solution of known viscosity

(1000 cP), as previously described [20]. Briefly, bead displacements and

velocities were quantitated using IPLab image analysis software and time-

lapse brightfield images (o0.1 s intervals) captured with a Nikon Diaphot

300 inverted microscope and a Photometrics CoolSnap HQ CCD digital

camera. After recording the beads’ velocities through the fluid, Stokes’

formula for low Reynolds number flow was used to deduce the forces

[Force ¼ 3pZDv, where Z is the viscosity of the fluid, D is the bead

diameter, and v is the velocity of the bead through the fluid]. For force

calibration experiments, magnetic field gradient concentrators were placed

on edge in glass-bottomed culture dishes, such that beads could be tracked

in the X–Y plane of the microscope field as they approached the surface of

the magnetic field gradient concentrator. Forces on individual beads were

plotted against the distance between the bead and the surface of the

magnetic field gradient concentrator.

To measure apoptosis we used a TUNEL in situ cell death detection kit

(Roche, Penzberg, Germany) that measures DNA fragmentation as an

indicator of programmed cell death. To harvest cells for this assay,

magnets were removed from concentrators to release cells and cells were

transferred to poly-D-lysine (Sigma) coated 4-chamber slides (Lab-Tek,

Naperville, IL). Cells were allowed to adhere to the slides for 30min and

then fixed for 1 h in 4% paraformaldehyde in PBS. Apoptosis-associated

DNA strand breakage was identified by following the TUNEL assay kit

protocol for adherent cells, and cells were counterstained with DAPI to

visualize all nuclei. Positive staining was detected by fluorescence

microscopy using a Nikon Diaphot 300 inverted microscope and a

Photometrics CoolSnap HQ CCD digital camera, and images were

captured and analyzed with IPLab software. At least 100 cells were

counted for each condition and results are presented as a percentage of

DAPI-stained nuclei that exhibited positive TUNEL staining.

3. Results

The goal of this study was to microfabricate a cell culture
environment containing a reconfigurable material interface
that can rapidly actuate changes in substrate adhesivity
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and cell behavior. Our design concept was based on past
work which showed that anchorage-dependent cells, such
as endothelial cells, require adhesion to substrates that can
resist cell traction forces and produce a minimal degree of
cell distortion to maintain cell viability and suppress the
cellular suicide program (apoptosis) [1,21]. To distort their
shape and avoid entry into the apoptosis pathway,
anchorage-dependent cells must exert substantial force
(41 nN/mm2) against their individual focal adhesions to
the underlying extracellular matrix (ECM) [22–24]. This
range of force can be applied to cells using magnetic
microparticles coated with ECM ligands [25,26], and forces
applied over integrins in this manner have been shown to
alter intracellular biochemical activities including transla-
tion, signal transduction and gene expression [20,27–29].
This observation raised the possibility of creating a ‘virtual’
adhesive substrate by exerting forces on cell surface
integrin-bound magnetic beads using applied magnetic
fields that are of sufficient strength to resist cell tractional
forces, and thereby maintain cell adhesion and viability;
removal of the applied magnetic field would then induce
cell retraction, rounding and death (Fig. 1). Importantly,
this system could then be reconfigured by adding new
beads and cells, thus providing a significant advantage over
past materials that, for example, promote substrate release
and cell detachment by altering cell temperature [10].
However, to produce pulling forces magnetically, it is
necessary to create very high local magnetic field gradients.
To do this in a manner that would be useful for future cell-
based microdevices where single cell analysis may be
required, we needed to generate these in a multiplexed

manner with each adhesive magnetic island being on the
scale of a single cell.
Regions of magnetic materials with higher curvature

exhibit enhanced magnetic field gradients [30]. We have
previously shown that irradiation of the surface of a silicon
chip with a high power femtosecond laser (800 nm, 100 fs,
0.3m J) in the presence of certain gases, such as SF6,
transforms its flat mirror-like surface into a forest of
microscopic spikes with very high curvature in the
nanometer to low micrometer range [15,31]. Thus, we
explored whether these novel laser-etched silicon chips
could enhance local magnetic field gradients if coated with
a layer of magnetizable material, and if so, whether
microarrays of cell-sized islands could be created with
this technique.
In our initial studies, arrays of multiple, micrometer-

sized islands of high density nanospikes were etched into
silicon substrates by masking the chips with a copper
transmission electron microscopy (TEM) grid containing
30 mm wide hexagonal openings during laser ablation (Fig.
2a). The substrates were then coated with a thin (450 Å)
layer of Cobalt by thermal evaporation to render these
substrates magnetizable. When a permanent ceramic
magnet (27MGOe, Polysciences Inc.) was placed beneath
the etched silicon wafer and fluorescent superparamagnetic
microbeads (4.5 mm diameter; Dynal) were added to its
surface in tissue culture medium, the beads preferentially
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Fig. 1. Schematics showing substrates that support cell adhesion and

control cell viability. (Left) Anchorage-dependent cells, such as HUVE

cells, normally must attach and spread on a rigid ECM-coated culture

substrate in order to survive and grow; cells that pull themselves off of a

poorly adhesive substrate and round undergo apoptosis. (Right)

Schematic of the reconfigurable magnetic control system for switching

cells between cell life and death that is described here. Cells are allowed to

adhere to ECM-coated microbeads that bind their cell surface adhesion

(integrin) receptors. In the presence of a high local magnetic field gradient,

magnetic forces exerted on the beads will pull them down onto the surface

of a non-adhesive substrate and create a ‘virtual’ cell adhesive island. If the

force is great enough to resist cell traction forces, the cells will spread and

remain viable. When the magnetic field is removed, the cells will retract the

beads, round and switch on a cellular suicide program.

Fig. 2. A multiplexed magnetic field gradient concentrator fabricated by

femtosecond laser etching of a silicon wafer. (a) Low power scanning

electron micrograph of the cobalt-coated, laser-etched surface of a silicon

wafer. Arrays of microspikes contained within hexagonal regions were

created using a copper transmission electron microscope grid as a mask

during the laser etching process. (b) Fluorescence micrograph showing

that fluorescent superparamagnetic microbeads (4.5mm diameter) are

pulled to the hexagonal nanospike regions of the microarray in the

presence of an applied magnetic field. (c) High power micrograph of

4.5mm beads (white arrow) that localize preferentially to the apex of the

nanospikes (black arrow). (d) Fluorescence image showing that the

magnetic microbeads exhibit a random distribution on the unpatterned

regions of these cobalt-coated silicon wafers in the presence of a magnetic

field (bar, 50mm).
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attracted to the hexagonal islands containing the nanos-
pikes (Fig. 2b). Higher resolution light microscopic
analysis of etched substrates placed on edge and viewed
from the side confirmed that the beads were specifically
attracted to the apex of the cobalt-coated nanospikes that
exhibited the highest curvature (Fig. 2c). In contrast,
no patterning of magnetic beads was observed when
they were placed on a smooth cobalt-coated silicon chip
in the presence (Fig. 2d) or absence (not shown) of an
external magnet.

To increase the durability and magnetic conductance of
these magnetic concentrators, as well as to eliminate the
necessity of coating with cobalt, we explored whether
magnetizable stainless steel substrates could be used in
place of silicon wafers. Preliminary characterization of
laser-irradiated stainless steel (using a surgical scalpel
blade) revealed that nanospikes formed slightly below the
plane of the steel surface (not shown), whereas on silicon,
laser irradiation results in nanospikes that project above
the plane of the surface. To present the nanospiked regions
above the plane of the steel surface, we etched 2 mm deep
valleys in a square (50� 50 mm) grid pattern by using a
computer to precisely control translational movements of
planar steel substrates in the path of 800 nm, 100 fs laser
pulses in a vacuum (Figs. 3a and b). The remaining raised
square surfaces of these etched steel substrates were then
irradiated in water with 400 nm, 100 fs laser pulses to
produce nanospikes in these elevated regions (Fig. 3c). This
resulted in creation of a magnetizable stainless steel surface
containing 50� 50 mm elevated square mesas separated by
50 mm wide valleys at a depth of 2 mm (Fig. 3d). Analysis of
high power images of regions within the elevated islands
revealed that the steel nanospikes were on average

28275 nm (S.E.M.) wide and 715723 nm high, with a
center-to-center spacing of 406778 nm (Fig. 3e).
The steel nanostructured island microarrays were spin-

coated with a thin layer (�5 mm) of PDMS to create a flat
surface and prevent metal oxidation in the aqueous
medium, thereby further increasing biocompatibility. The
PDMS surface was subsequently treated with Pluronic
F-127 to make the surface non-adhesive to cells, cell-
derived ECM proteins, or the magnetic beads. These
substrates were placed in modified tissue culture dishes that
allowed for permanent ceramic magnets to be placed
directly beneath the magnetic concentrators, separated by
only a thin (#0; 80–130 um thick) glass coverslip that
isolates the magnet from culture medium. When magnetic
microbeads (4.5 mm diameter; 1500 beads/mm2; Dynal)
coated with the RGD cell binding peptide of fibronectin
were added in medium in the absence of an applied magnet,
they settled down onto the PDMS surface by gravity over a
period of minutes but they did not distribute in any
discernable pattern (Fig. 4a). In contrast, when the same
beads were suspended over the nanostructured stainless
steel device in the presence of a single ceramic magnet,
virtually all of the beads were preferentially concentrated at
sites directly over the square, regularly spaced, nanospiked
islands of the microarray (Fig. 4b). Importantly, the beads
distributed as a single layer across the entire region of the
raised islands containing the nanospikes. With the magnet
in place, beads remained in patterned arrays even after
gentle medium changes. In contrast, after removing the
underlying magnet, the beads were readily dislodged
and easily removed by gentle swirling of the medium
(not shown).
To quantify the forces exerted on individual beads (and

hence, cells) by the stainless steel magnetic field gradient
concentrator, we analyzed its ability to pull the magnetic
beads through a high viscosity (1000 cP) glycerol solution.
Stokes’ law was used to calculate the applied force based
on measured changes in bead displacement induced by the
applied magnetic field, as previously described [20]. For
these experiments, concentrators were placed vertically in
glass-bottomed culture dishes so that the beads could be
tracked in the X–Y plane of the microscope field as they
approached the surface of the stainless steel magnetic field
gradient concentrator. These studies confirmed that
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Fig. 3. Diagram describing the femtosecond laser etching method used to

create microarrays of nanospike-covered islands on magnetizable stainless

steel. (a), (b) A rectangular grid of valleys is first etched in the surface of

the stainless steel substrate by laterally translating a laser beam (800 nm,

100 fs at 0.015mJ) to create an array of raised square islands.

(c) Femtosecond laser pulses (400 nm, 100 fs, 80 mmJ) are then applied

to the raised squares to create nanospikes on these surfaces. Low (d) and

high (e) power scanning electron micrographic views showing topography

of the square arrays and individual nanospikes, respectively (bar, 50 mm in

(d) and 1 mm in (e)).

Fig. 4. Fluorescence images of magnetic microbeads added to a laser-

etched, stainless steel, multiplexed, magnetic field concentrator in the

absence (a) or presence (b) of an applied magnetic field.
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individual magnetic microbeads were redirected specifically
to the square elevated regions containing the nanospikes
once they approached within approximately 20 mm of the
nanoetched steel surface (Fig. 5a). Analysis of bead
velocities resulted in reproducible force–distance relation-
ships, and revealed that approximately 0.25–2 nN of force
was applied to each magnetic bead within about 20 mm
from the surface of the magnetic concentrator (Fig. 5b). As
these force calibrations were performed with etched
nanospike surfaces that were not coated with PDMS, the
force generated at approximately 5 mm from the surface of
the steel substrate corresponds to the force that would be
experienced by the lowest layer of applied magnetic
microbeads in the presence of PDMS. This force ranged
from approximately 0.9 to 1.3 nN per bead for one magnet
or two stacked magnets, respectively (Fig. 5b), which is in
the range of the level of traction force living cells apply to
individual focal adhesions [22–24].

To explore the utility of the stainless steel magnetic field
concentrator as a magnetic cell culture substrate, RGD-
coated microbeads were first added to multiple nanos-
tructured square islands with a single ceramic magnet
placed beneath the substrate. HUVE cells were plated on
these magnetically stabilized microbead arrays at low
density (40 cells/mm2) to minimize cell–cell adhesion, and
to limit more than one cell from adhering to each island of
nanospikes. Cells adhered readily to the magnetically
trapped beads that formed the ‘virtual’ adhesive islands,
and some exhibited partial spreading (Fig. 6a). These
results confirm that magnetic forces applied to the RGD-
coated micromagnetic beads are sufficient to resist local cell
traction forces (Fig. 6a). Cells that did not come into
contact with beads remained non-adherent and were easily
removed from the PDMS surface by gentle washing (not
shown). In a separate experiment, cells were allowed to
bind RGD-coated beads in suspension before the entire
mixture was plated on the magnetic field concentrator
substrate with a ceramic magnet below. These bead-bound
cells also were efficiently pulled to the square nanospiked
regions of the microarray (Fig. 6b). In both cases, the bead-
bound cells maintained their position over the square
islands of the microarray containing the nanospikes for the
entire 2-day culture period, as long as the ceramic magnet
remained in place during the study.
Computerized morphometric analysis of the projected

areas of HUVE cells pre-bound to RGD-beads in
suspension and cultured for 24 h in the presence of
magnetic field gradient concentrators with 0, 1 or 2 stacked
ceramic magnets placed beneath the substrate confirmed
that cell spreading increased progressively (from 386 to
526 mm2) as the number of underlying ceramic magnets
was raised from 0 to 2 (Fig. 7a). In contrast, all cells
retracted and detached themselves from the surface of the
PDMS-coated substrate when the magnets were removed
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Fig. 5. Measurement of forces exerted on magnetic microbeads in close

proximity to the magnetic field gradient concentrator. (a) Compilation of

multiple bright field microscopic views taken at approximately 0.5 s time

intervals showing the path taken by magnetic microbeads as they were

tracked by time-lapse microscopy (while being pulled through glycerol

toward magnetic gradient concentrator). Note changes in direction of

beads towards nanospiked islands as they come to within close proximity

to the nanostructured islands of the etched substrate (thin white

rectangles). (b) Calculated relationship between distance and force as a

function of varying the number of stationary ceramic magnets placed

beneath the concentrator. Velocity measurements used to calculate applied

forces based on Stokes’ law were determined from images similar to those

shown in (a).

Fig. 6. Fluorescence micrographs showing micropatterning of cell

adhesion within microarrays using the multiplexed magnetic gradient

concentrator in combination with RGD-coated microbeads (a) HUVE

cells expressing GFP (magenta) were allowed to settle by gravity onto

RGD-coated magnetic microbeads (red) that had been previously pulled

down to the surface of the magnetic gradient concentrator. (b) Cells that

were pre-incubated with RGD-coated microbeads for 30min in suspen-

sion prior to addition to the magnetic gradient concentrator. Note that

cells preferentially localize to square islands containing raised nanospikes

(dashed squares) using both techniques.
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(not shown). These findings confirm that in the presence of
applied magnetic field gradients, these magnetically
trapped magnetic beads do, in fact, form ‘virtual’ adhesive
substrates that can resist cell traction forces in the absence
of covalent linkage to the underlying rigid substrate.

HUVE cells rapidly switch on the cellular suicide
program and undergo apoptosis if they are cultured in
suspension or on adhesive substrates that cannot effectively
resist cell tractional forces and promote cell distortion
[1,21]. Therefore, we explored whether removal of the
magnet field gradient and associated cell rounding can be
used to switch on the cellular suicide (apoptosis) program
in this system. Importantly, analysis of apoptosis using the
TUNEL assay to measure DNA fragmentation under the
same conditions used to quantitate cell spreading (Fig. 7a)
revealed a progressive increase in the percentage of cells
undergoing cell death (from 8% to 41%; Fig. 7b) as the
number of magnets was lowered from 3 to 0. These results

demonstrate that the magnetic field gradient concentrators
can effectively resist cell traction forces so that cell
distortion can be promoted, and cell viability can be
maintained for at least 2 days in culture. They also show
that cell death can be actuated simply by removing the
applied magnetic field.

4. Discussion

Taken together, these results demonstrate that multi-
plexed magnetic field gradient concentrators can be created
using femtosecond laser etching technology, and that
microarrays of ‘virtual’ cell adhesive islands can be created
when these materials are combined with microbeads coated
with cell adhesion ligands. In the presence of a magnetic
field applied with an inexpensive stationary magnet, living
cells can be cultured on these microarrays and be
maintained in a viable state for days if provided with
appropriate nutrients. If desired, the cells adherent to every
island, or a subset of islands, can then be abruptly switched
into a cell death program, and be physically washed away
from the non-adhesive PDMS surface of the magnetic field
concentrator without requirement of any enzymes (e.g.,
trypsin) or harsh chemicals. New beads and living cellular
components may then be added through a microfluidic
system to ‘reboot’ the system. All of the beads were coated
with the same ligand and incubated with the same cell type
in the present study. However, by covering these micro-
arrays of virtual adhesive islands with an overlay that
contains multiple microfabricated holes in corresponding
positions that can be filled individually with different
medium or cellular components using automated micro-
pipetting techniques, this system can be provided with a
combinatorial capability. These more sophisticated multi-
plexed systems would permit simultaneous analysis of the
effects of multiple substrate ligands or soluble stimuli on
multiple cell types.
The success of this reconfigurable technology required

the development of magnetic field concentrators that
enable these surfaces to trap micro- or nanoscale magnetic
particles with sufficient force to resist cell generated
traction forces. This was accomplished by adapting a
femtosecond laser etching technique previously developed
to create micro- and nanoscale spikes on flat silicon
surfaces [15,31] to create magnetizable substrates that
locally concentrate magnetic field gradients due to the high
curvature of the spikes. By creating nanospikes on
magnetizable stainless steel, we were able to increase
magnetic conductance, durability, and biocompatibility of
these substrates for studies with living cells, while
minimizing cost.
Another important requirement for cellular microarray-

based sensors is defined control of cell positioning and
maintenance of this selectivity over time. This requires a
surface that is resistant to adsorption of molecules and
proteins present in the growth medium or secreted by the
cells that might support cell adhesion. We were able to
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Fig. 7. Analysis of cell shape distortion (a) and apoptosis (b) in cells

cultured on the multiplexed magnetic field gradient concentrator for 24 h

in the presence of 0, 1 or 2 stacked stationary ceramic magnets. HUVE

cells were allowed to bind to RGD-coated magnetic microbeads in

suspension and then plated on the multiplexed magnetic field gradient

concentrator. Projected cell areas were determined by computerized image

analysis, and the percentage of apoptotic cells was quantitated using

TUNEL staining. Note that addition of 2 magnets beneath the

concentrator resulted in a statistically significant decrease in cell death

as well as cell area (po0.04).
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inhibit protein adsorption by coating the surface of our
devices with a uniform smooth layer of PDMS treated with
Pluronic detergent, as previously described [16]. This
technique proved highly effective for our purposes, as
beads and cells were easily removed and replaced on these
devices with extremely high fidelity of patterning, even
after culturing cells for 2 days on the magnetic devices. In
addition to this highly selective non-fouling support for
bead and cell localization, the PDMS-coated, laser-etched
microarrays concentrated beads in a uniform layer across
the entire surface of each raised nanospiked area which
likely helps to facilitate cell adhesion and spreading. An
important procedural consideration to achieve this uniform
distribution is that careful attention must be paid to the
final density of beads on the magnetic field concentrators in
order to avoid excessive bead towering on the magnetized
nanospiked regions.

Although our experiments demonstrate the utility of
these nanostructured surfaces for concentrating microscale
magnetic beads, this system also should be compatible with
nanoscale magnetic particles. In fact, beads with diameters
closer to the size scale of the curvature of the nanospikes
may be trapped more effectively by the magnetic gradients
generated by each spike. Moreover, reducing the size of
ECM-coated beads, in turn, reduces the area available to
form cell adhesive sites. Based on studies of force–size
relationships of cell adhesions to ECM [22,24], we expect
that as bead size is decreased; cell tractional forces
transmitted to individual beads will also decrease, thereby
lowering the magnetic pulling force required to immobilize
individual beads in presence of traction forces exerted by
adherent cells.

Other methods for controlling cell positioning and
spreading have been described in the context of reconfigur-
able cell-based processing devices [32]. However, the
system described here offers several advantages, including
comparative simplicity and flexibility, the ability to create
large microarrays of cells that can be analyzed in parallel,
and low cost and durability which are critical features for
long-term commercial success. The magnetic ‘virtual
substrate’ described here also allows for nearly unlimited
array configurations, limited only by the resolution of the
laser-etching process. Furthermore, because the cell-adhe-
sive molecules are supplied by the removable magnetic
beads, the user can easily specify the molecule used to
mediate cell attachment for a given application. This same
feature may be utilized in conjunction with other technol-
ogies such as microfluidics to create reconfigurable micro-
arrays of magnetic microbeads-coated with biological
molecules (e.g., DNA, proteins) in devices for genomic or
proteomic applications.

A key element of this device is the ability to selectively
control cell shape and viability by applying magnetic forces
to cell-bound magnetic microparticles. The magnetic field
gradients we created were sufficient to support increases in
projected cell areas by at least 36%. This degree of cell
distortion was large enough to prevent apoptosis, and the

level of survival increased when the intensity of the
magnetic field was increased, thus confirming that even a
small degree of cell distortion can prevent apoptosis in
adherent cells, as previously described [1]. This magnetic
shape-control capability may provide a way to induce cell
death within future biodetectors that have been contami-
nated by a biological pathogen or toxin. Removal of the
magnetic field would allow contaminated cells to be
washed away and new magnetic beads and cells delivered
to the same multiplexed islands (e.g., using microfluidics)
to create a reconfigurable cell-based biochip detector
system.

5. Conclusions

We have developed multiplexed magnetic field gradient
concentrators that can be used in combination with
magnetic microbeads coated with cell adhesion molecules
to create ‘virtual culture substrates’. These biocompatible
materials can be used to culture multiple cells in precise
positions at high density, and to selectively induce cell
death on command by removing an external magnet,
thereby releasing cells to round up and die. Critical to this
approach is the development of a method to fabricate
arrays of magnetizable nanospikes that locally concentrate
magnetic field gradients at the surface of the material, and
thereby provide a way to trap these beads with sufficient
force to resist high cell traction forces. Non-specific
adhesive interactions with the remaining surface of the
stainless steel substrate are inhibited by coating the
material with a smooth layer of Pluronic detergent-treated
PDMS. This simple system that has minimal power
requirements and provides a reconfigurable interface for
control of cell position and viability may be useful for
future cell-based or biomolecule-based biodetectors,
screening technologies, computers and other microsystems
devices.
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Abstract

We have previously shown that doping silicon with sulfur via femtosecond-laser irradiation leads to near-unity absorption of radiation from
ultraviolet wavelengths to below band gap short-wave infrared wavelengths. Here, we demonstrate that doping silicon with two other group VI
elements (chalcogens), selenium and tellurium, also leads to near-unity broadband absorption. A powder of the chalcogen dopant is spread on
the silicon substrate and irradiated with femtosecond-laser pulses. We examine and compare the resulting morphology, optical properties, and
chemical composition for each chalcogen-doped substrate before and after thermal annealing. Thermal annealing reduces the absorption of below
band gap radiation by an amount that correlates with the diffusivity of the chalcogen dopant used to make the sample. We propose a mechanism for
the absorption of below band gap radiation based on defects in the lattice brought about by the femtosecond-laser irradiation and the presence of
a supersaturated concentration of chalcogen dopant atoms. The selenium and tellurium doped samples show particular promise for use in infrared
photodetectors as they retain most of their infrared absorptance even after thermal annealing—a necessary step in many semiconductor device
manufacturing processes.
© 2006 Published by Elsevier B.V.

Keywords: Silicon; Infrared absorption; Doping and impurity implantation; Femtosecond pulsed laser ablation

1. Introduction

Recently we reported on the unique optoelectronic proper-
ties of highly sulfur-doped laser-microstructured silicon [1,2].
Doping silicon with sulfur, and other group VI elements (chalco-
gens), is studied for its potential impact on improving silicon-
based infrared photodetectors [2–4], light emitting diodes [5–9]
and thin-film photovoltaics [10–13]. Research on the nature
of the chalcogen dopant in the silicon lattice and resulting
material properties has been performed using ion implantation
[4,6,14–17] and vapor diffusion [6,8,18–20] followed by fur-
nace annealing. Doping by either of these methods restricts
the chalcogen concentration in the lattice to the solid solubil-
ity limit. However, a supersaturated solution can be created
when the annealing of ion-implanted material is performed with
short laser pulses [17] or when material is irradiated with short
laser pulses in a gaseous environment [21]. Here we create high

∗ Corresponding author. Fax: +1 617 496 4654.
E-mail address: tull@fas.harvard.edu (B.R. Tull).

1 Fax: +1 617 496 8410.
2 Fax: +1 617 496 4654.

concentrations of chalcogen dopants in silicon samples using
irradiation with femtosecond-laser pulses resulting in near-unity
absorptance of below band gap radiation. The resulting chalco-
gen dopants contained within the lattice at supersaturated con-
centrations cause significant absorptance of below band gap
radiation.

We have previously shown that irradiation of single crys-
tal silicon with femtosecond-laser pulses at a fluence above
the ablation threshold (as in the experiment presented here)
results in the formation of a microstructured surface layer with
interesting optical properties [22–27]. This surface layer is
several hundred nanometers thick and is composed of poly-
crystalline silicon with a grain size ranging from 10 to 50 nm
[23]. When irradiation is performed in a background gas, the
microstructured surface layer is doped with a high concentra-
tion of atoms from the background gas (about 1%) [1]. The
morphology and optical properties vary greatly with back-
ground gas chemistry. When the background gas contains
sulfur, the microstructured silicon exhibits near-unity absorp-
tion of radiation from 250 to 2500 nm which includes the
below band gap near infrared; in contrast, crystalline sili-
con is nearly transparent to wavelengths longer than 1100 nm
[24].

0921-5107/$ – see front matter © 2006 Published by Elsevier B.V.
doi:10.1016/j.mseb.2006.10.002
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In this work, we introduce the dopant into the microstructur-
ing process as a powder spread on the surface of a silicon wafer,
rather than as a background gas. Using a powder allows us to
explore other dopants that are not convenient to work with in
gaseous form. Using this method, we identify two other chalco-
gens in addition to sulfur, which also yield absorption of below
band gap near infrared light: selenium and tellurium. We exam-
ine the resulting morphology, dopant concentration and optical
properties of the substrates microstructured in the presence of
each element before and after thermal annealing. Based on the
results, we comment on the role of the chalcogen dopant on the
absorption of below band gap near infrared radiation.

2. Experimental

For all experiments, we used a high resistivity (ρ = 8–
12 � m), n-doped Si(1 1 1) substrate wafer cut to a size of
10 mm × 10 mm. Approximately 2 mg of the desired dopant, in
powder form, was placed on the silicon wafer and manually
dispersed across the surface using 0.5 mL of either toluene (for
sulfur and selenium) or mineral oil (for tellurium). The solvent
evaporates and the powder remains adhered to the silicon sur-
face. We then placed the sample in a stainless steel chamber
and evacuated the chamber to less than 6.7 Pa using a corrosion-
resistant mechanical pump. The chamber was then filled with
6.7 × 104 Pa of N2.

We irradiated the samples with a 1-kHz train of 100-fs, 800-
nm laser pulses with a fluence of 10 kJ m−2 focused to a spot
size of 150 �m in diameter. The sample is raster-scanned at
250 �m s−1 and stepped vertically 50 �m at the end of each row
so that all areas of the silicon receive uniform exposure to the

laser. After irradiation, samples are placed in an ultrasonic bath
of methanol for 30 min to remove any powder residue. We ther-
mally annealed samples in a vacuum oven at 775 K for 30 min to
analyze changes in morphology, composition, and absorptance
that occur with heating. The base pressure of the annealing oven
never exceeded 4.0 × 10−4 Pa.

To evaluate the optical properties of the samples, we mea-
sured the infrared absorptance with a UV–vis–NIR spectropho-
tometer equipped with an integrating sphere detector. The
reflectance (R) and transmittance (T) were measured for wave-
lengths in the range of 0.25–2.5 �m, in 1-nm increments to
determine the absorptance (A = 1 − R − T) at each wavelength.

To measure the composition of the substrates after irradia-
tion, we used Rutherford backscattering spectrometry (RBS).
Before each measurement, we dipped the samples for 10 min in
a 10% HF solution to remove any oxide layer. The backscatter-
ing measurements were taken with 2.0-MeV alpha particles and
an annular solid-state detector. We fitted our data to simulated
spectra to determine the composition of the samples.

3. Results

Fig. 1 shows scanning electron microscope images of surfaces
irradiated in the presence of sulfur, selenium and tellurium pow-
der. For comparison, Fig. 1d shows the surface after irradiation in
sulfur hexafluoride gas (taken from Ref. [1]). The conical struc-
tures formed in the presence of a powder are roughly twice as
large and half as dense as those formed in sulfur hexafluoride gas.
The height of the structures is between 9 and 14 �m; the width
on the long axis varies from 6 to 9 �m; and the width on the short
axis ranges from 2 to 3 �m. The sulfur and tellurium microstruc-

Fig. 1. Scanning electron microscope images of irradiated surfaces using (a) sulfur powder, (b) selenium powder, (c) tellurium powder and (d) sulfur hexafluoride
gas as a dopant source. In each image the surface is at a 45◦ angle and the long axis of the structures’ elliptical base is parallel to the plane of the image. Subpart (d)
is taken from Ref. [1].
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Fig. 2. Absorptance spectra for a sample doped with sulfur before annealing
(solid line), and after annealing to 775 K for 30 min (dashed line). The absorp-
tance of an untreated silicon wafer is included for comparison.

tures have some nanoscale texture; the selenium microstructures
are smooth in comparison. There is no change in morphology
after annealing to the resolution of the scanning electron micro-
scope.

Figs. 2–4 compares the absorptance for samples created
in sulfur, selenium and tellurium to that of crystalline silicon
before and after the samples are annealed. All samples have
90% absorptance at wavelengths from 1.2 to 2.5 �m before
annealing; the absorptance for a non-irradiated crystalline sil-
icon wafer at these wavelengths is below 15%. The increase in
both visible and infrared absorptance exhibited by these samples
is nearly identical to the increase of absorptance we reported
for sulfur hexafluoride and hydrogen sulfide gas [1]. In each
figure the dashed curves show the absorptance of the chalcogen-
doped substrates after annealing for 30 min at 775 K in vacuum.
For all three samples the absorptance of visible wavelengths is
largely unaffected by annealing; however, annealing reduces the
absorptance at wavelengths between 1.2 to 2.5 �m by a different
amount depending on the chalcogen dopant used. The absorp-
tance changes from an initial value of 0.9 for all three dopant

Fig. 3. Absorptance spectra for a sample doped with selenium before annealing
(solid black line), and after annealing to 775 K for 30 min (dashed line). The
absorptance of an untreated silicon wafer is included for comparison.

Fig. 4. Absorptance spectra for a sample doped with tellurium before annealing
(solid black line), and after annealing to 775 K for 30 min (dashed line). The
absorptance of an untreated silicon wafer is included for comparison.

Table 1
Rutherford backscattering analysis results

Sample Layer Thicknessa (nm) Concentration (at.%)

Sulfur 1 200 1
Sulfur, annealed 1 200 1
Selenium 1 200 0.7
Selenium, annealed 1 200 0.7

Tellurium 1 20 7
2 200 1.5

Tellurium, annealed 1 200 1.3

a Layer thickness is qualitative. Transmission electron microscopy results
indicate that the damaged layer is about 300 nm thick [22].

types to 0.48, 0.8 and 0.89, for sulfur, selenium and tellurium
dopants, respectively.

The results of the Rutherford backscattering analysis are
summarized in Table 1. The samples doped with sulfur con-
tain about 1 at.% sulfur in a layer that is 200 nm thick, before
and after annealing. The selenium doped samples both contain
approximately 0.7% selenium. Prior to annealing, the tellurium
spectrum is best fit by a simulated spectrum of two surface layers.
The outermost layer is approximately 20 nm thick and contains
7% tellurium; the next layer is 200 nm thick and contains 1.5%
tellurium. After annealing the spectrum can be simulated with
only one layer that is 200 nm thick and contains 1.3% tellurium.

4. Discussion

The morphology of the microstructured samples (Fig. 1)
evolves by ablation with several hundred femtosecond-laser
pulses and is similar in appearance to our previous research on
samples made in different background gases [1,24]. The phys-
ical mechanism governing the formation of conical structures
after irradiation with several hundred femtosecond-laser pulses
is addressed elsewhere [28,29].

For each of the chalcogen-doped substrates, the absorptance
of visible wavelengths is increased to ∼0.95 after femtosecond-
laser irradiation. We have observed this same result in all our
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previous work using many different gases as the dopant source
(e.g. SF6, H2S, Cl2, H2, air, N2) [1,23–25] regardless of whether
the doped substrates do or do not exhibit below band gap infrared
absorptance. When irradiation is performed in vacuum, the
absorptance of visible light is increased to the same value of
0.95 [28]. In all cases, the enhanced visible absorptance is unaf-
fected by annealing [1,23,25,28]. Based on these results, we
attribute the enhanced visible absorptance to amplification of
the intrinsic visible absorptance of ordinary silicon by multiple
reflections on the textured surface. The mechanism governing
below band gap infrared absorptance will be discussed below.

The RBS data in Table 1 indicates that our doping process,
using a powder source, does indeed form a thin highly doped
surface layer on the silicon wafer for each of the chalcogen
dopants just as in the case of sulfur hexafluoride and hydrogen
sulfide gas [1,23]. The estimated thickness of the layer agrees
well with the laser-modified thickness of other silicon samples
irradiated in gas using similar laser conditions as determined by
cross-section transmission electron microscopy [23]. The RBS
data of the tellurium doped sample before annealing shows an
extremely high concentration of tellurium (7%) in a 20 nm thick
layer, which disappears after annealing. We attribute this layer to
a tellurium powder residue left after irradiation, which desorbs
upon annealing.

Whether the dopant source is a background gas or a solid pow-
der, the mechanism for trapping the dopant atoms in the silicon
substrate is likely the same. During irradiation with ultrashort
laser pulses above the ablation threshold, the top layer of silicon
is ablated away and the next layer below melts. This thin molten
layer solidifies with an extremely high resolidification velocity
[30]. As a result it is possible to trap a high concentration of
dopant species in the newly crystallized silicon layer resulting
in a supersaturated solution. Solute trapping in this manner is
known to occur after short pulsed laser annealing of silicon [31]
and germanium [32] ion-implanted with impurity species. Ion
implantation deposits a high concentration of dopants in the sur-
face layer (orders of magnitude above the solubility limit) but
also disorders the material leaving it mostly amorphous. Irradi-
ation with short laser pulses recrystallizes the material, trapping
the high concentration of dopants in the lattice. Solute trap-
ping in this manner has been investigated extensively [33,34].
We propose that upon femtosecond-laser irradiation of silicon
coated with the chalcogen dopant, the thin molten layer left
behind contains a high concentration of chalcogens and this
high concentration persists in the nanometer-sized grains after
resolidification via a similar mechanism to short pulse laser irra-
diation of ion-implanted material. Another result of the rapid
resolidification is a high density of point defects (vacancies and
interstitials) [35]. The end result is a polycrystalline surface layer
with a supersaturated concentration of dopants and point defects.

We believe that the supersaturated concentration of dopant
atoms and point defects in the silicon lattice gives rise to the
near-unity absorption of below band gap radiation exhibited in
Figs. 2–4. Previous studies have shown that doping silicon with
a chalcogen using thermal diffusion, which inherently restricts
the concentration to the solubility limit, creates discrete states
in the band gap [18,36]. The number and energy of these states

vary with the chalcogen used. However, they all create deep lev-
els in the band gap of silicon, where the deepest-lying state is
0.614, 0.593 and 0.411 eV below silicon’s conduction band edge
for the dopants of sulfur, selenium, and tellurium, respectively.
The highest measured solubility limit of either sulfur, selenium
or tellurium in silicon is approximately 1017 cm−3 for selenium
[14,16,19]. In contrast, we measure chalcogen concentrations
of 0.7–1.3% or about 1020 cm−3. Results from our past work
using sulfur hexafluoride gas as the dopant source, indicate that
20–70% of the sulfur atoms implanted with our process are sub-
stitutional in the lattice [22]. If 20% of the chalcogen dopant
atoms are substitutionally located in the lattice, we obtain a solu-
ble concentration of chalcogen atoms of about 1019 cm−3 which
is still several orders of magnitude higher than the solid solubility
limit. We propose that this supersaturated solution of chalcogen
dopants in the silicon lattice creates one or more impurity bands
[37] around the discrete states observed in the thermal doping of
crystalline silicon [18] and these impurity bands are responsi-
ble for the absorption of below band gap radiation. In addition,
a recent theoretical study shows that various combinations of
sulfur atoms and point defects in the silicon lattice – such as
vacancies, dangling bonds and floating bonds – result in several
mid-band gap states [38]. Therefore, the absorption of below
band gap radiation exhibited by our samples is likely caused by
the formation of mid-band gap impurity bands created by a high
concentration of dopant atoms and other lattice defects.

Our annealing data supports our proposed explanation for
the absorption of below band gap radiation. After irradiation,
the silicon lattice is in a highly non-equilibrium state due to the
high concentration of defects. During annealing, the material
moves to a more thermodynamically favorable state. The super-
saturated dopants and defects diffuse out of the crystalline grains
to the grain boundaries. As the defects reach the grain bound-
aries they no longer contribute to impurity bands in the silicon
and the absorption of below band gap radiation is reduced. After
annealing, the absorptance for near infrared wavelengths of sam-
ples doped with sulfur, selenium and tellurium decreases from a
high value of 0.9 to a lower value of 0.48, 0.8 and 0.89, respec-
tively. This trend correlates well with the diffusivity, D, of each
dopant in a crystalline silicon lattice at 775 K as seen in Table 2
(i.e. higher diffusivity results in a greater diffusion length, and
therefore has a greater impact on the optical properties). The
listed values of the diffusivities at 775 K are linearly extrapolated
from an Arrhenius plot (log D versus 1/T) of data from various
experimental studies showing the diffusivity of sulfur, selenium
and tellurium over the temperature range 1100–1600 K (data
obtained from Fig. 3 of Ref. [19]). In this temperature range,
bulk diffusion is the dominant mechanism. At lower tempera-

Table 2
Diffusion data for chalcogens in silicon

Dopant
element

Bulk diffusivity in c-Si
at T = 775 K (cm2 s−1)

Estimated diffusion
length (nm)

S 4 × 10−15–7 × 10−15 27–35
Se 8 × 10−19–3 × 10−17 0.4–2.3
Te 1 × 10−22 0.004
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tures, bulk diffusion data are usually not valid as other diffusion
mechanisms, such as grain boundary diffusion, contribute to
mass flow resulting in a higher diffusivity. However, we believe
that this extrapolation is valid, as it is the bulk diffusion of the
dopant atoms through the bulk of the crystalline grains to the
grain boundaries that reduces the infrared absorptance. Although
grain boundary diffusion may occur, once the defects reach the
grain boundary they no longer contribute to the infrared absorp-
tance, and therefore grain boundary diffusion would not affect
infrared absorptance. The approximate diffusion length, d, for a
dopant atom after annealing can be estimated using, d = (Dt)1/2,
and resulting values for t = 30 min at 775 K are listed in Table 2.
Given that the grain size is 10–50 nm [23], these diffusion lengths
are the right order of magnitude to support that diffusion of
dopant atoms and defects to the grain boundaries is the cause of
the observed decrease in near infrared absorption.

The above analysis is consistent with the unchanged concen-
tration of dopant atoms (as measured by RBS) after annealing,
even though the absorption of below band gap radiation is
decreased. The RBS measurement detects dopant atoms both
inside the grain and at grain boundaries. While annealing does
result in microscopic diffusion of dopant atoms out of grains,
there is not enough time and energy for macroscopic diffusion
of dopants out of the probe depth of the RBS measurement.

The tellurium and selenium samples have great potential for
use in infrared photodetectors that require an annealing step dur-
ing manufacture. We have previously shown that samples doped
with sulfur using femtosecond-laser irradiation can be success-
fully used in an infrared photodetector [2]. A key manufacturing
step is a thermal anneal that enhances the diodic nature of the
detector; however, this anneal decreases the detector’s absorp-
tion in the infrared. Samples doped with selenium or tellurium
offer the potential to increase the responsivity of silicon-based
photodetectors even further than samples doped with sulfur.

5. Conclusion

In conclusion, doping of silicon using sulfur, selenium, and
tellurium powder leads to near-unity absorption of below band
gap radiation. We attribute the near-unity absorptance to a
supersaturated solution of trapped chalcogen dopants and point
defects in the silicon lattice, which modifies the electronic struc-
ture of the surface layer. Annealing the samples results in diffu-
sion of chalcogen dopants and point defects out of the crystalline
grains to the grain boundaries. As a result of this annealing
the absorptance of below band gap radiation is reduced by an
amount that correlates to the diffusivity of the dopant atom in
silicon. Samples doped with tellurium and selenium show the
least reduction of infrared absorptance upon annealing and offer
the potential for high responsivity silicon-based photodetectors,
where annealing is often a necessary manufacturing step.
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Abstract. Room temperature visible and near-infrared photoluminescence from black silicon 
has been observed. The black silicon is manufactured by shining femtosecond laser pulses on 
silicon wafers in air, which were later annealed in vacuum. The photoluminescence is 
quenched above 120 K due to thermalization and competing nonradiative recombination of 
the carriers. The photoluminescence intensity at 10K depends sublinearly on the excitation 
laser intensity confirming band tail recombination at the defect sites. 

Keywords: band tail recombination, black silicon, laser spectroscopy, luminescence, optical 
communication, photoluminescence, quenching, recombination, silicon photonics. 

1 INTRODUCTION 
Silicon is the most widely available semiconducting material, since it is the second most 
abundant material on earth after oxygen. Silicon has been the material of choice for the 
microelectronics industry for more than half-a-century [1] since it is a relatively inexpensive, 
and well understood material for producing microelectronic devices [2]. Silicon based electro-
photonic integrated circuit (EPIC), i.e., optoelectronic IC (OEIC) [3] is the natural evolution 
of the microelectronic IC with the added benefit of photonic capabilities.  

Although silicon photonics is less well developed as compared to the direct bandgap III-V 
semiconductor photonics; silicon is poised to make a serious impact on the optical 
communications [4]. Silicon, with a near-infrared indirect bandgap of 1.1 eV is transparent in 
the optical communication wavelengths greater than 1.1 µm, and is a suitable high refractive 
index optoelectronic group IV material. Therefore, silicon photonics [5] is experiencing a 
rapid growth, [6] which is in part driven by the need for low cost photonic devices [7] and the 
need for high speed intrachip communication [8,9]. Recent progress in silicon photonics is 
being heralded by the observation of first the Raman gain [10,11] then stimulated Raman 
scattering (SRS) [12] in a crystalline silicon waveguide, SRS “lasing” first in pulse [13,14] 
modulated [15] and later in CW [16] silicon Raman “lasers,” and finally the hybrid silicon 
Raman “laser” [17]. Additionally, silicon modulators [18,19] have been developed first using 
a metal-oxide-semiconductor (MOS) capacitor [20], a Mach-Zehnder [21] configuration, SRS 
[22], and a microring [23] configuration. Recently, a silicon microring based wavelength 
converter has been realized [24]. Racetracks [25], microrings [26], waveguides with feedback 
[27, 28], and microspheres [29] are some of the resonator geometries pursued for silicon 
lightwave circuits (SLC's). With well established CMOS processing techniques, it will be 
possible to integrate lasers, waveguides, modulators, switches, wavelength converters, and 
photodetectors into silicon motherboards [30] for long haul, metro, local area, interchip, and 
even intrachip optical communication applications [31]. 
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However, most of these discrete or integrated optoelectronic devices are fabricated using 
crystalline silicon. Black silicon [32] is a relatively novel material, which is obtained by 
femtosecond  [33]  or nanosecond [34] laser processing of crystalline silicon surfaces in the 
presence of a halogen containing gas such as SF6 or a variety of ambient gases such as Cl2, N2, 
air [35], H2S, H2 [36], and SiH4 [37], or immersed in water [38], or coated with other group 
VI elements (chalcogens) such as selenium and tellurium [39]. In this process the flat, mirror-
like surface of a silicon wafer is transformed into a forest of microscopic spikes. 

 Black silicon has increased absorbance of approximately 90% from the near-ultraviolet to 
the near-infrared [40]. This absorbance resulted in high sensitivity infrared photodetectors 
[41], high quantum efficiency avalanche photodiodes (APDs) [42], and high sensitivity 
infrared photodiodes [43]. Additionally, black silicon has potential applications such as 
magnetizeable biodetectors [44], superhydrophobic surfaces [45], and microfluidic devices 
[46]. Regular arrays of black silicon has been produced for other potential device applications 
[47]. Black silicon also exhibits visible and near-infrared luminescence [48]. In this paper, we 
are reporting on the temperature and laser intensity dependence of the visible and near-
infrared photoluminescence from black silicon in order to fully characterize and optimize the 
material in the pursuit of obtaining novel nanophotonic devices.  

2 SAMPLE FABRICATION AND MORPHOLOGY 
Black silicon samples, which are used in our experiments, are manufactured by shining a 
series of very short, very intense laser pulses at a silicon surface in air. In the presence of the 
laser light, air reacts with the silicon surface and etches away some of it, leaving a pattern of 
conical spikes behind. The spiked surface is strongly light-absorbing: the surface of silicon, 
normally gray and shiny, turns deep black; hence the name black silicon.  

Ordinarily, silicon absorbs a moderate amount of visible light, but a substantial amount of 
visible light is reflected as well, and infrared and ultraviolet light are transmitted through 
silicon or reflected from it with very little absorption. Spiked silicon surfaces, in contrast, 
absorb nearly all light at wavelengths ranging from the ultraviolet to the infrared. 
 

 
Fig. 1a. Low resolution SEM of the black silicon surface. 

 

20 µm
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Fig. 1b. High resolution SEM of the black silicon surface. 
 
In the femtosecond laser etching setup, the laser is aligned so that it is incident 

perpendicular to the (111) silicon wafer surface. An x-y translation stage was used to scan the 
(111) silicon wafer surface with the focused laser beam. The laser used was a Ti:sapphire 
pulse laser, with 100 fs pulse duration, 800 nm wavelength, 1 kHz repetition rate, and 22 
kJ/cm2 fluence. After laser microstructuring, the black silicon sample was annealed at 900o for 
3 hours in vacuum. 

Scanning electron microscopy (SEM) has been performed on the black silicon samples to 
characterize the morphology of the surface and to analyze origin of the luminescence. Figure 
1 shows SEM pictures of the black silicon surface. Tens of micrometers tall blunt conical 
microstructures are observed. These microstructures are covered with dendritic nanostructures 
roughly 10–100 nm in size, which disappear upon annealing. Room temperature visible and 
near infrared luminescence has previously been observed in these annealed samples [48]. 

3 EXPERIMENTAL PHOTOLUMINESCENCE SETUP 
Figure 2 shows a schematic of the experimental photoluminescence (PL) setup. The black 
silicon sample is attached to copper holder, which is placed in a closed cycle cryostat system. 
The closed cycle cryostat system is used to control the sample temperature from 10 K to 300 
K. The pump laser is the second harmonic of a multimode Nd:YAG laser operating at a 
wavelength of 532 nm with a pulse duration of 10 ns and a repetition rate of 10 Hz. The pump 
laser is incident on the sample at an angle of incidence of 17º. The PL signal is collected with 
a telescope through a holographic notch filter operating at 532 nm. The collected PL signal is 
imaged onto an optical fiber bundle, which acts as the entrance slit of the spectrometer, whose 
output is fed to a sensitive GaAs photomultiplier tube (PMT). A lock-in-amplifier operating at 
10 Hz provides the necessary electronic gain to the PMT output in phase with the laser pulse. 
The digital oscilloscope is used for monitoring and optimizing the PMT signal. All of the 
measurement and test devices are computer controlled and the data is acquired digitally.  

2 µm 
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Fig. 2. The schematic of the experimental setup. 

4 TEMPERATURE DEPENDENCE OF THE LUMINESCENCE 
Figure 3 shows the PL spectra of the black silicon measured in the 550 - 850 nm wavelength 
and in the 10 – 300 K temperature range at a constant excitation laser intensity of 0.1 W cm-2. 
A broad PL band centered at 630 nm (Ep = 1.968 eV) at 10 K is observed. The PL spectra 
have approximately Gaussian lineshapes. The noise in the PL spectra is due to the intensity 
fluctuations of our multimode pulse Nd:YAG laser operating at 532 nm. The PL intensity 
decreases with increasing temperature indicating that there is a quenching process through 
nonradiative recombination [49]. 
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Fig. 3. PL spectra of black silicon in the 10 - 300 K range. 

 
The variation of the PL intensity with respect to temperature is plotted in the Fig. 4. In the 

10 - 120 K range, the PL intensity decreases slowly. Above 120 K, however, the PL intensity 
decreases at a larger rate due to thermal quenching by nonradiative recombination processes 
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[50]. The thermal quenching is associated with the mobility induced quenching of the band 
tail states. These band tail states of black silicon are associated with the presence of structural 
defects and impurities [51]. 
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Fig. 4. Temperature dependence of black silicon PL intensity at the emission band 
maximum. Intensive quenching starts at 120 K. 

5 INTENSITY DEPENDENCE OF THE LUMINESCENCE 
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Fig. 5. PL spectra of black silicon at 0.05 – 0.2 W cm-2 laser intensities at 10 K. 
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Figure 5 shows the PL spectra for different laser intensities at 10 K. As the laser intensity is 
increased the PL intensity increases. The intensity variation of the emission band versus the 
excitation laser intensity at T = 10 K is investigated and plotted in the Fig. 6. The 
experimental data can be fitted by a simple power law, I ~ L γ , where I is the PL intensity, L 
the excitation laser intensity, and γ a dimensionless exponent. It was found that, the PL 
intensity increases sublinearly (i.e., γ = 0.44) with respect to the excitation laser intensity. For 
an excitation laser photon with an energy exceeding the band gap energy, the coefficient γ is 
generally 1 < γ < 2 for exciton emission; and γ ≤ 1 for free to/from bound or bound to bound 
state recombination [52]. Thus, the obtained value of γ = 0.44 at 10K suggest that the PL in 
black silicon is due to bound to bound band tail recombination.  
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Fig. 6. Dependence of black silicon integrated PL intensity versus excitation laser 
intensity at 10 K. The solid curve gives the theoretical fit using Eq. I = Lγ. 

CONCLUSIONS 
Photoluminescence (PL) properties of black silicon were studied at room temperature and at 
low temperatures. The PL intensity decreases with increasing temperature. Intensive 
quenching due to increased carrier mobility and nonradiative recombination starts at 120K, 
indicating that the PL is due to band tail recombinations in the defect states. Additionally, the 
sublinear variation of the PL intensity versus the excitation laser intensity at 10 K indicates 
that the PL is due to bound to bound state recombination at these band tail defect sites. The 
visible and near-infrared PL spectrum of the black silicon makes it a promising novel material 
for short haul optical communication applications. 
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ABSTRACT:  We apply the technique of extended x-ray absorption fine structure (EXAFS) spectroscopy to measure 

the chemical state of selenium atoms in highly doped silicon.  Coating the surface of crystalline silicon with metallic 

selenium and irradiating it with a femtosecond-laser results in high concentrations of selenium (~1020 atoms cm-3) in 

the near-surface layer.  After laser irradiation, this material demonstrates near unity optical absorption for all 

measurable wavelengths (400-2500 nm) including below the fundamental bandgap of elemental Si.  Further 

annealing results in a decrease of absorption in the infrared portion of the spectrum.  We report on the apparent 

evolution of the chemical state of the Se atoms as the material is annealed.  Comparisons with absorption 

measurements suggest a direct correlation of the optical properties and chemical state of Se in highly doped Si, 

suggesting that the absorption enhancement is related to the local environment of the dopant. 

Keywords: silicon, doping, absorption  

 

 

1 INTRODUCTION 

 

Silicon has many advantages as a base material for 

large scale deployment in photovoltaic energy 

production.  The inherent natural abundance, combined 

with characterized semiconductor properties and well 

established manufacturing capabilities ensure silicon a 

place in photovoltaics of the future.  However, the 

fundamental efficiency of silicon photovoltaic devices is 

limited, in part, because it is transparent to infrared light.   

Highly doped silicon with Group VI atoms (heavy 

chalcogens), frequently referred to as “black silicon”, 

exhibits broadband absorption extending into the infrared 

and below the bandgap of elemental silicon [1-5].   

Femtosecond-laser irradiation of the surface of c-Si, in a 

gaseous environment containing sulfur or through a solid 

selenium or tellurium layer on the surface, results in 

doping densities of 1020 atoms cm-3 (1% atomic); orders 

of magnitude greater than room temperature solubility 

limits [2].   In addition to doping, laser fluence above the 

ablation threshold results in the formation of micrometer 

scale structures on the surface of the material.  

Transmission electron microscopy (TEM) and secondary 

ion mass spectroscopy (SIMS) show a 200-500 nm 

chalcogen rich polycrystalline layer lining the surface of 

these microstructures [2].  Possible applications of this 

material include silicon based infrared photodetectors [6-

9], light emitting diodes [10], and photovoltaic cells [11-

13].  The exact mechanism for infrared absorption, 

however, is not well understood. 

After laser doping, the infrared absorption in black 

silicon can be reduced by thermal annealing [2].  Models 

of chalcogen dopant atom diffusion and precipitation at 

grain boundaries were developed to explain this effect 

[14].  In this contribution, we explore the mechanism for 

infrared absorption by probing the local chemical state of 

Se dopant atoms using the technique of extended x-ray 

absorption fine structure (EXAFS) spectroscopy.  Our 

findings demonstrate a correlation of infrared absorption 

to local chemical state of Se dopant atoms, indicating that 

this technique is useful for understanding chalcogen 

ultra-doped silicon materials.  Using these results, we 

explain the absorption as an evolution of chemical state 

of the majority of the Se atoms in the absorbing layer.  

We comment on future experiments and current analysis 

to identify the chalcogen dopant chemical state and the 

relationship to sub-bandgap absorption. 

 

 

2 EXPERIMENTAL 

 

The thinness of the doped layer and the rough surface 

morphology of femtosecond-laser doped silicon make it 

difficult to find a representative area to study using TEM.  

In contrast, synchrotron-based EXAFS spectroscopy is a 

non-destructive technique which probes the chemical 

neighborhood of dopant atoms with high bulk sensitivity. 

 

 
Figure 1.  Top down scanning electron microscopy 

(SEM) image of a Se femtosecond-laser doped silicon.  

The surface features do not change with annealing. 

 

A set of femtosecond-laser irradiated samples was 

prepared with high concentrations of Se atoms.  Of the 

chalcogen atoms, Se was chosen for optimum sensitivity 

at the synchrotron beamline where the measurements 

were performed.  The defect states and characteristics of 

S and Se in silicon are expected to be similar [15].  Due 

to the toxicity of gaseous sources of Se, the dopant was 



introduced from the solid phase.  A thin layer (~70 nm) 

of elemental Se metal was evaporated on the surface of 

high resistivity (3-6 kΩ cm) p-type float zone silicon 

wafers.  Scanning electron microscope (SEM) images 

confirm full coverage of the wafer surface.  These wafers 

were then irradiated with 2 kJ m-2 fluence and 170 

shots/area with an 800 nm Ti:Sapphire regeneratively 

amplified femtosecond-laser in a nitrogen atmosphere. 

After treatment, the wafers were diced into smaller 

samples.  Six samples were annealed at different 

temperatures (325, 450, 575, 700, 825, and 950oC) in a 

nitrogen atmosphere for 30 minutes.   The sample 

annealed at 950oC has approximately 15% relative 

absorption in the infrared.  A seventh sample was not 

annealed and retains approximately 90% infrared 

absorption.   

We performed Auger electron spectroscopy to 

confirm that the solid Se metal film on the surface of the 

wafer had been removed.  The samples were also 

analyzed using a SEM (Figure 1) to confirm that all 

samples had similar microstructure features. 

The samples were cleaned in acetone and methanol 

and mounted in beamline 10.3.2 at the Advanced Light 

Source at Lawrence Berkeley National Laboratory.  A 

germanium detector is positioned perpendicular to the 

incoming beam to collect fluorescence data.  A 

monochromator tunes the incoming photon beam energy 

across the absorption edge of Se (12.6 keV), selectively 

addressing only the Se atoms in the sample.  Multiple 

scans were performed on each sample to obtain 

approximately one million effective counts for each 

energy step, reducing the fundamental shot noise limit in 

the data to less than 0.03%.  

 

 

3 RESULTS AND DISCUSSION 

 

   For similar experimental geometries (sample angle, 

beam size, and detector location), relative fluorescence 

peak intensities are proportional to concentration.  At 

incoming photon energies 50 eV above the absorption 

edge of Se, the fluorescence signals from each sample 

were similar in amplitude (13,000 ± 2000 counts s-1).  

The small variation in bulk concentration of Se atoms 

throughout the sample set is not sufficient to explain the 

decrease in IR absorption.  

  Figure 2 shows the normalized and background 

subtracted EXAFS spectra for all seven samples.  For 

comparison, a 70 nm thick metallic Se film evaporated on 

the substrate but not irradiated with the femtosecond-

laser was also studied.  Se EXAFS spectra for the micro-

structured samples do not match the spectrum for 

metallic Se.  The features in the absorption spectra 

change as a function of increased annealing temperature.  

Development of features can be seen in higher detail in 

Figure 2(a) and 2(b) for two different energy ranges.  

EXAFS spectra are a superposition of the absorption 

spectra of all of the atoms addressed by the beam.  

Therefore the EXAFS spectra shown in Figure 2 can only 

be interpreted as a weighted sum of the chemical states of 

all of the Se atoms in the material.  It is a sensitive probe 

of the nearest neighbor identity, distance to nearest 

neighbors, and disorder in the lattice on the local (~0.5 

nm) scale. The smooth development in EXAFS spectra as 

a function of annealing suggests a thermally activated 

local chemical state change of the majority of Se atoms.   

 

 
Figure 2.  X-ray absorption spectra of highly Se-doped 

samples annealed at various temperatures.  The spectra 

are offset for clarity, but the spectra tails are all 

normalized to 1.  Figures (a) and (b) show detailed views 

of two main spectral features which show variation as a 

function of annealing temperature.   

 

 Principal component analysis (PCA) [16] is 

performed on the spectra using SixPack EXAFS 

processing package [17].  Statistical evaluation of the 

data set using Malinowski indicators [18] suggests that a 

single variable is sufficient to explain the 98% of the 

variance in the data.  Iterative target-factor analysis 

(ITFA) [19] identifies two eigenstates, A and B, which 

can be used to fit the data with residuals of 7% or less.  

Table I is a summary of the outcome of ITFA, fitting each 

spectrum as a linear combination of states A and B, and 

the resulting average residual for each fit.   

 Figure 3 shows the average IR absorption from 1250 

nm to 2500 nm for each anneal as a function of the 

component of state A.  The data reveals a direct 

correlation between the optical absorption and the 

chemical neighborhood of the majority of Se atoms.  The 

same variable can be used to explain the variation in 

absorption and the chemical state change.  Additionally, 

 

 

Table I.  Summary of iterative target-factor analysis 

(ITFA) of the sample set.  Each spectrum can be fit with 

a linear composition of states A and B.  The residual is 

the percentage of data not explained by the fit. 

Anneal 

Temperature 

[°C] 

State A 

(fraction) 

State B 

(fraction) 
Residuals 

No Anneal 0.86 0.14 0.01 

325 0.67 0.26 0.07 

450 0.57 0.42 0.01 

575 0.27 0.70 0.03 

700 0.15 0.84 0.01 

825 0.17 0.80 0.03 

950 0.04 0.92 0.04 



 

the basis states A and B are closely identified with the 

optically active sample (non-annealed) and the less 

absorbing (950°C) sample respectively.  This result 

suggests that the majority of Se atoms in the material 

occupy a similar defect state and that state is related to 

the mechanism for the infrared absorption.  

 

 
Figure 3.  IR absorption versus the component of state A 

determined by principal component analysis.    

 

 

5 CONCLUSION 

 

Through statistical analysis of EXAFS spectra, we have 

shown a strong correlation of incorporated Se chemical 

state and infrared absorption.  Comparison of the EXAFS 

spectra with empirical standards has proven difficult as 

the necessary Si-Se compounds are not commercially 

available and preparation of samples has proven difficult.  

Previous studies of chalcogen atoms in Si at 

concentrations consistent with solubility at room 

temperature have been researched extensively [15, 20, 

21].  However, these concentrations are below the 

sensitivity limits of EXAFS. It has been reported by 

Grimmeiss et al [21] that due to the double donor nature 

of the chalcogen atoms, stable defect levels exist deep in 

the bandgap.  These levels consist of both stable 

substitutional, interstitial and complex defects.  Work is 

currently in progress to identify the chemical state 

signatures in the EXAFS spectra.  Theoretical molecular 

models are being calculated to allow for theoretical 

EXAFS calculation of both the known chalcogen in 

silicon defect states and other unknown defect 

complexes.  In addition, further EXAFS spectroscopy 

and other electro-optical characterization is being 

performed to further illuminate the mechanism of 

absorption.  Optimal application of this material could 

allow for realization of highly efficient silicon-based 

solar cells.  
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Abstract

Sulfur doping of silicon beyond the solubility limit by femtosecond laser irradiation leads to

near-unity broadband absorption of visible and infrared light and the realization of silicon-based

infrared photodetectors. The nature of the infrared absorption is not yet well understood. Here

we present a study on the reduction of infrared absorptance after various anneals of different

temperatures and durations for three chalcogens (sulfur, selenium, and tellurium) dissolved into

silicon by femtosecond laser irradiation. For sulfur doping, we irradiate silicon in SF6 gas; for

selenium and tellurium, we evaporate a film onto the silicon and irradiate in N2 gas; lastly, as a

control, we irradiated untreated silicon in N2 gas. Our analysis shows that the deactivation of

infrared absorption after thermal annealing is likely caused by dopant diffusion. We observe that

a characteristic diffusion length—common to all three dopants—leads to the reduction of infrared

absorption. Using diffusion theory, we suggest a model in which grain size of the re-solidified

surface layer can account for this characteristic diffusion length, indicating that deactivation of

infrared absorptance may be caused by precipitation of the dopant at the grain boundaries.

PACS numbers: 71.55.Cn, 78.30.Am, 61.72.uf
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1. INTRODUCTION

Silicon is often doped with chalcogens to obtain optoelectronic properties not typically

available to silicon-based devices, such as detection of infrared light,1–4 and light emis-

sion (photoluminescence5–8 and, more recently, electroluminescence9,10). In addition, the

presence of the chalcogen atom in the silicon lattice is studied for its potential as a double

donor.11,12

Doping is typically done by vapor diffusion during furnace annealing5,8,12–14 or ion im-

plantation followed by furnace annealing.2,8,15–18 These methods have been used to estab-

lish the bulk diffusivity and equilibrium solubility limit of sulfur,17,19,20 selenium,21–25 and

tellurium14,18,23 in crystalline silicon.

When doping is performed via thermal diffusion, the concentration is restricted to the

solubility limit at the annealing temperature; however, when ion implantation is followed by

nanosecond pulsed laser irradiation,26–29 the dopant concentration can exceed the solubility

limit by several orders of magnitude through a process known as solute trapping.30–32 This

method has recently been used to create supersaturated concentrations of sulfur in silicon.28

Recently, we created in silicon supersaturated concentrations of sulfur, selenium and tel-

lurium, respectively, by femtosecond laser irradiation of silicon coated with a powder film.33

We also doped silicon in this manner using a background gas of sulfur hexaflouride (SF6) or

hydrogen sulfide (H2S).34,35 In these recent studies involving nanosecond and femtosecond

laser pulses, the supersaturated solution of chalcogen dopants exhibits increased infrared

absorptance.28,33–35 When femtosecond laser pulses are used, the infrared absorptance is

near unity out to wavelengths of 2500 nm.33–35

The mechanism by which chalcogen-doped silicon absorbs infrared light is not entirely

understood. Two observations provide insight into how the structural arrangement of the

dopant contributes to the enhanced infrared absorption. First, the infrared absorption de-

creases after thermal annealing, and this decrease becomes larger with increasing annealing

temperature.28,33–35 Second, for the same anneal conditions, the decrease in infrared absorp-

tion depends on the dopant.33 Sulfur-doped samples show the largest decrease in infrared

absorption, followed by selenium-doped samples and tellurium-doped samples, respectively.33

Given that the bulk diffusivity of sulfur in silicon is roughly an order of magnitude larger

than selenium and several orders of magnitude larger than tellurium, the two experimental
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observations indicate that the reduction of infrared absorptance after annealing is related

to diffusion of the dopant.33

In this paper, we explore whether the deactivation of infrared absorption is a diffusion

process by determining the optical properties of supersaturated chalcogen-doped silicon be-

fore and after thermal vacuum anneals. The silicon is doped by irradiation with femtosecond

laser pulses in the presence of a background gas (for sulfur doping) or coated with an evap-

orated film of the dopant (for selenium and tellurium doping). Our analysis shows that

thermal annealing reduces the infrared absorptance in a manner that is consistent with dif-

fusion of the dopant. In addition, the drop in infrared absorptance is associated with a

characteristic diffusion length that is on the same lengthscale for all three dopants (S, Se,

Te). Using diffusion theory, we show that a probable source of this characteristic diffusion

length is the grain size of the re-solidified surface layer.

2. EXPERIMENTAL SETUP

For all experiments, we used boron-doped Si (100) wafers (ρ = 1 − 20 Ω·cm), ultrason-

ically cleaned in methanol for 10 minutes. For sulfur doping, the wafers were placed on

a translation stage in a stainless steel vacuum chamber that was evacuated to less than 2

Pa using a mechanical pump. The chamber was filled with SF6 at a pressure of 6.7 × 104

Pa. For selenium and tellurium doping, the wafers were first placed into a resistive thermal

evaporator that was evacuated to 2×10−4 Pa. A film thickness of 150 nm was deposited for

both selenium and tellurium using solid selenium (99.95%) and tellurium (99.95%) pellets,

respectively, in tungsten boat sources. The coated wafers were loaded into the stainless steel

vacuum chamber, which was then evacuated to less than 2 Pa and filled with 6.7 × 104 Pa

of N2. Femtosecond laser ablation in a gas of near-atmospheric pressure results in different

hydrodynamics for melting and ablation than irradiation performed in a vacuum.36 In order

to keep the hydrodynamics of doping the same for all samples, we irradiated the selenium-

and tellurium-coated samples in a background gas of N2 at the same pressure as the samples

irradiated in SF6.

We irradiated the wafers with a 1-kHz train of 100-fs, 800-nm laser pulses with a fluence

of 8 kJ/m2 focused to a full-width at half-maximum spot size of 150µm. The wafer’s surface

was perpendicular to the incident laser and translated in the plane of the surface with a
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speed of 1.5 mm/s; thus we expose every point on the surface to 100 laser pulses. A 33 mm

x 33 mm area was irradiated on each wafer by translating 33 mm vertically, stepping 75 µm

horizontally and repeating.

After irradiation, the wafers were removed and cut into 8 mm x 11 mm samples for

annealing in a thermal vacuum oven evacuated to less than 2 × 10−4 Pa. We evaluated

the optical properties of the samples before and after annealing by measuring the infrared

absorptance with a UV-VIS-NIR spectrophotometer equipped with an integrating sphere

detector. The diffuse and specular reflectance (R) and transmittance (T ) were measured

for the wavelength range of 0.9–2.5 µm, in 1-nm increments to determine the absorptance

(A = 1−R− T ) at each wavelength.

We performed twenty-five thermal vacuum anneals covering a matrix of five temperatures

(575 K, 675 K, 775 K, 875 K, 975 K) and five durations (10 min, 30 min, 100 min, 6 h,

24 h) for each of the four types of samples: Si wafers irradiated in SF6; Si wafers coated

with selenium or tellurium and irradiated in N2; and Si wafers irradiated in N2. To explore

the high temperature behavior, the four types of samples were annealed to temperatures

between 975 K and 1175 K for 100 min. Lastly, as a control, an untreated Si wafer was

annealed to 1175 K for 100 min.

3. RESULTS

After irradiation, the surface of each sample is transformed from a flat, mirror-finished,

light gray wafer into a visibly matte black or dark gray surface. Inspection with a scanning

electron microscope reveals that the surface is covered with a forest of micrometer-sized

spikes. The formation of this surface morphology is a function of the laser wavelength,

fluence, and pulse duration, as well as the gas chemistry and pressure; the mechanism

behind its formation has been well documented elsewhere.37,38

Figure 1 compares the infrared absorptance of each of the four types of samples after

laser irradiation to the absorptance of the initial silicon wafer. The initial silicon wafer is

largely transparent to wavelengths of light greater than 1.1 µm due to the band gap energy of

crystalline silicon. The chalcogen-doped samples exhibit near unity absorptance of infrared

light and samples irradiated in N2 show some infrared absorptance, which decreases with

increasing wavelength.
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Figure 2 shows the infrared absorptance of the chalcogen-doped samples after annealing

at 775 K for the five different time durations. The infrared absorptance of all three samples is

reduced after annealing; this reduction increases with annealing time. Sulfur-doped samples

show the largest decrease in infrared absorptance, followed by selenium-doped samples; the

absorptance of tellurium-doped samples changes the least.

Figure 3 displays the mean infrared absorptance between 1.2 µm and 2.5 µm after anneal-

ing for each of the four types of samples: sulfur-doped (circles) selenium-doped (squares),

tellurium-doped (triangles) and samples irradiated in N2 (diamonds). The size of the marker

indicates the length of each anneal, with the largest size equaling 24 h and the smallest,

10 min. Additionally, data for an unprocessed silicon wafer annealed at 1175 K is shown

(black dot). Between 575 K and 875 K, the change in absorptance has the same trend for all

three chalcogen-doped samples; absorptance drops with increasing anneal temperature and

at a given temperature, a longer annealing time results in a further decrease in absorptance.

At 875 K, the absorptance of the sulfur-doped samples and the samples irradiated in N2

have been reduced to the infrared absorptance of the original unirradiated silicon substrate.

Above 875 K, the change in absorptance of each sample has a different trend. The absorp-

tance of sulfur-doped samples and those irradiated in N2 begins to increase with increasing

temperature. The absorptance of selenium-doped samples stays at approximately the same

value as at 875 K and the absorptance of tellurium-doped samples continues to decrease.

4. DISCUSSION

Crystalline silicon is mostly transparent to light wavelengths longer than 1.1 µm due to

its band gap. The absorptance of light wavelengths shorter than 1.1 µm depends on the

roughness of the silicon surface. All samples that we irradiate in this study exhibit enhanced

absorption of light wavelengths shorter than 1.1 µm (see Figure 1)34,35,37,39. This observation

is also true for samples irradiated in vacuum37; the enhanced absorption in this wavelength

region is caused by multiple reflections on the textured surface.

If irradiation is performed in the presence of certain dopants, such as sulfur, selenium or

tellurium, the absorptance of infrared light between 1.1–2.5 µm is enhanced to near-unity

(see Figure 1). However, this behavior is not observed for all dopants, such as the samples

irradiated in N2 gas (see Figure 1). The N2 samples exhibit a non-uniform absorptance
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of infrared light, which decreases with increasing wavelength. This same behavior is seen

when silicon is irradiated in many other gases34,35,37,39 (H2, Cl2, and air) as well as when

irradiation is performed in a vacuum.37 Because the optical behavior of silicon irradiated in

the presence of non-chalcogens is similar to vacuum, we attribute this infrared absorptance

to structural defects present in the nanocrystalline grains and not to doping of the silicon

with species in the background gas.

In order to understand the mechanism of the near-unity infrared absorptance between

1.1 and 2.5 µm, we begin by reviewing what is known about the structure and composition

of femtosecond laser-doped silicon. During irradiation of silicon with ultrashort laser pulses

above the ablation threshold40 (3 kJ/m2) the top surface layer is ablated away and the next

layer below the surface melts. This thin molten layer resolidifies extremely quickly due to

its contact with the cold bulk substrate. Cooling rates are estimated to be as high as 1015

K/s.41 When a gas or surface dopant is present during irradiation it is atomized by the high

intensity of the ultrashort laser pulse and mixes with the molten silicon. Rutherford back

scattering measurements33–35 show that these gas or surface dopant species are incorporated

at a concentration on the order of 1 atomic percent and that 20–70% of the dopants are

located on substitutional lattice sites.35 This concentration is orders of magnitude above

the equilibrium solubility limit and the dopants are therefore in a supersaturated solution.33

The high concentration of dissolved atoms become trapped in the lattice during the ex-

tremely fast resolidification in a process that is similar to the solute trapping that occurs

after pulsed laser irradiation of ion implanted semiconductors.29 Cross-sectional transmission

electron microscopy reveals that the resolidified surface layer is an approximately 300-nm

thick polycrystalline layer with nanometer-sized grains (10–50 nm).35 It is this surface layer

that contains the supersaturated concentration of dopants and is responsible for the resulting

optical properties.

We previously proposed that the broadband absorptance of infrared light is caused by the

high concentration of chalcogen dopants in the nanometer sized grains of the polycrystalline

surface layer.33–35 An equilibrium concentration of sulfur, selenium or tellurium atoms creates

deep level donors in the band gap of silicon.12,13 A supersaturated concentration of chalcogen

atoms creates a densely populated impurity band around one or more of those deep levels.

Below, we provide support for this mechanism by suggesting a simple diffusion model that

demonstrates that, upon annealing, the decrease in absorptance scales with the fraction of
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dissolved dopants that diffuse out of the nanometer-sized grains to the grain boundaries.

Diffusion of the dopants out of the grains reduces the number of impurity levels in the

band gap and thus reduces the infrared absorption. Because the grains are on the order of

nanometers in size, thermal anneals that cause diffusion on the order of nanometers decrease

the absorptance.

Precipitation of the dopant within the crystalline grains via clustering of dopant atoms

could also lead to deactivation of infrared absorption. With the analysis described below, it

is difficult to distinguish whether clustering or diffusion to the grain boundaries is responsible

for the observed drop in infrared absorptance because both processes involve diffusion of the

dopant on a length scale on the order of nanometers through the crystalline grains. The

current work identifies diffusion as the relevant process regardless of whether clustering or

relocation to a grain boundary is the appropriate boundary condition.

For every thermal anneal, we can estimate the diffusion length d =
√
Dt for each dopant

(sulfur, selenium and tellurium), where t is the annealing time; D is the bulk diffusivity for

each dopant in silicon given by D = D0 exp(−Ea/(kT )); T is the annealing temperature; k

is the Boltzmann constant; and D0 and Ea are temperature-independent constants obtained

from the literature on the bulk diffusivity of sulfur, selenium and tellurium in silicon. For

each anneal, the temperature and annealing time is known; the diffusivity of the dopant can

be calculated using the temperature and a diffusion length can be obtained for each anneal for

sulfur, selenium and tellurium, respectively. It is important to note that, when considering

diffusion length, our annealing data set contains redundant data points: for example, a

long low-temperature anneal yields the same diffusion length as a short higher temperature

anneal. If the decrease in infrared absorptance is a diffusion-related phenomenon, we should

observe similar results from time-temperature data points that correspond to the same

diffusion length; we will see that this is indeed the case.

Slightly different values for D0 and Ea for each dopant have been reported in the

literature.14,17–25 For our analysis, we chose diffusivity constants determined from studies

that used the lowest temperature range and a similar silicon substrate (see Table I). For

tellurium, the referenced study fit its data as the sum of two Arrhenius curves, giving high

temperature and low temperature values for D0 and Ea; in that case we used the low tem-

perature values. Although our analysis is carried out with one set of diffusion constants for

each dopant, all reported diffusivities yield similar results and lead to the same conclusions.

7



In Figure 4, we again plot the infrared absorptance from Figures 3; however, now the

data for sulfur-doped (circles), selenium-doped (squares) and tellurium-doped (triangles)

samples are plotted versus the diffusion lengths of sulfur, selenium and tellurium atoms,

respectively (these diffusion lengths are calculated using the constants in Table I). In addi-

tion, the infrared absorptance is normalized so that the maximum value is the preannealed

infrared absorptance from Figure 1 and the minimum value is the infrared absorptance of

the unirradiated silicon wafer.

We can draw several conclusions from Figure 4. First, the infrared absorptance decreases

monotonically with diffusion length with some exceptions at large diffusion length, which

we address below. Second, the infrared curve for each chalcogen-doped sample decreases

at diffusion lengths that are of the same order of magnitude as the observed grain size of

femtosecond laser irradiated silicon (10−50 nm).35 Third, all anneals that yield a particular

diffusion length, but are performed with varying time-temperature combinations, result in

roughly the same decrease in infrared absorptance. For example, 24 h at 575 K yields roughly

the same diffusion length and decrease in infrared absorptance as 10 min at 675 K, for all

three dopants (similarly for 24 h at 675 K and 10 min at 775 K, or 24 h at 775 K and 10 min

at 875 K). Finally, when the data is normalized to the diffusion length of each sample dopant,

the infrared absorptance decreases at the same rate for all three samples; in other words, the

data suggests a characteristic diffusion length associated with the deactivation of infrared

absorptance. These observations are strong evidence that the reduction of absorptance is a

diffusion related process.

We believe the increase of infrared absorptance in some samples at high temperature an-

neals is caused by impurities introduced during the high temperature process. The evidence

for this conclusion is the manifestation of this infrared absorptance in the unprocessed silicon

wafer (black dot in Figure 3). The high temperature data points showing increased infrared

absorption at high temperatures are, for the rest of our analysis, considered anomalous and

not presented. Even if the increase were a more meaningful phenomenon, it falls outside the

bounds of our current analysis and model, and is presented only for completeness.
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4.1. Diffusion theory

If the decrease in infrared absorptance is caused by the diffusion of dopants out of the

crystalline grains, we can use diffusion theory to estimate how the concentration of dopant

atoms in the grains should decrease with thermal annealing, and compare this decrease to

our data. We begin by making the following simplifying assumptions: the crystalline grains

are spherical with a fixed radius R0 and an initial dopant concentration C0 spreads uniformly

throughout the grains; diffusion occurs radially out from the center; the grain boundaries

are perfect sinks (i.e., once a dopant atom reaches the grain boundary, it does not diffuse

back into the grain); the diffusivity of the dopant is only a function of temperature and does

not vary with concentration.

In order to treat the grain boundaries as a perfect sink for the dopant, we set the bound-

ary condition C(R0) = Ce for all t, where Ce is the equilibrium dopant concentration at

the annealing temperature (which is several orders of magnitude below the initial dopant

concentration); the dopant concentration in the grain does not drop below this value during

the anneal. We make an additional assumption that the equilibrium dopant concentration

is not sufficient to bring about enhanced broadband infrared absorption, which is consistent

with research on silicon doped with chalcogens at or below the equilibrium concentration.13

Because the concentration in the grain cannot decrease below Ce, we treat this value as a

background concentration and express our concentration profile as C̃(r, d) = C(r, d)− Ce.

With these assumptions the concentration profile, C̃(r), in the grain is given by

C̃(r, d) = −2R0C̃0

πr

∞∑
n=1

(−1)n

n
sin

(
nπr

R0

)
exp

[
−
(
nπd

R0

)2
]
, (1)

where C̃(r, d) = C(r, d) − Ce is the increased concentration above the equilibrium value at

a distance r from the center of the sphere after a thermal anneal that produces a dopant

diffusion length of d =
√
Dt; and C̃0 = C0 − Ce is the initial increased concentration above

the equilibrium value. Equation 1, divided by C̃0, is equivalent to 1−C(r, d)/C0 for a sphere

that is absorbing solute from a large volume of well-stirred liquid with a fixed concentration

of C0.
42

We can determine the number of dopant atoms, Ñ = N−Ne, above the equilibrium value

in the sphere after a thermal anneal with diffusion length, d, by integrating Eq. 1 over the

volume of the sphere (radius R0). If we then divide by the initial number of dopant atoms in
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the sphere that exceeds the equilibrium value, Ñ0 = 4
3
πR3

0C̃0, to obtain the fraction, Ñ/Ñ0,

of supersaturated dopant atoms remaining in the sphere after annealing (a dimensionless

number between 0 and 1), we obtain:

Ñ(d)

Ñ0

=

∫ R0

0
C̃(r, d)4πr2dr
4
3
πR3

0C̃0

=
6

π2

∞∑
n=1

1

n2
exp

[
−
(
nπd

R0

)2
]
. (2)

The resulting fraction is only a function of diffusion length, d, and the radius of the sphere,

R0. The grain sizes are likely to follow a lognormal distribution:42

y(R0) = A exp

(
−
(

ln(R0/p)

w

)2
)
, (3)

where y is the number of grains with radius, R0; p is the peak radius with height, A, and

width, w. To account for this lognormal distribution of grain sizes, we perform a summation

of curves calculated from Eq. 2 for grain sizes ranging from R0 = 1 to 5000 nm at 1 nm

increments. The summation is weighted by volume,

(
Ñ(d)

Ñ0

)
lognormal

=

∑5000
R0=1

(
Ñ(d)

Ñ0

)
R0

y(R0)(
4
3
πR3

0)∑5000
R0=1 y(R0)(

4
3
πR3

0)
. (4)

where y(R0) is the number of grains with radius, R0, and
(

Ñ(d)

Ñ0

)
R0

is the fraction of super-

saturated dopants remaining in a sphere of radius, R0, as a function of diffusion length. The

sum,
∑5000

R0=1 y(R0)(
4
3
πR3

0), is the total volume of all the grains in the lognormal distribution.

Equation 4 is plotted in Figure 5 for a monodisperse distribution of 5-nm radius grains

and four lognormal distributions with A = 150, p = 5 nm and w = 0.5, 0.75, 1 and 1.25. As

the width, w, of the lognormal distribution increases, the slope of the curve becomes smaller,

more closely matching the slope of the data. This result is reasonable as larger grains lose

dopants more slowly than smaller grains; therefore, adding larger grains to the distribution

decreases the slope of the fraction of supersaturated dopants remaining in the grains.

4.2. Comparison to diffusion theory

The six curves in Figure 4 were obtained from Eq. 2 using radii that are similar to the

grain sizes observed in femtosecond laser irradiated silicon.35 In spite of the simplicity of

10



our theoretical model, the qualitative agreement is remarkably good. The general shape

and order of magnitude of these data agree well with our model for all three dopants. Our

model does not take into account the possibility of grain growth, changes in diffusivity with

concentration, or a change in activation energy when diffusing from the grain to the grain

boundary. Below we discuss the deviations between the data and our theoretical model and

speculate on possible explanations.

At large diffusion lengths (> 100 nm), the infrared absorptance of sulfur-doped samples

begins to increase. This increase is also exhibited by samples irradiated in N2 and untreated

silicon wafers after annealing. The cause of this increase is not known, but it is related to the

original substrate and not the presence of the sulfur dopants. The samples annealed at high

temperatures could have absorbed contamination from the vacuum furnace, altering their

infrared absorptance. This contamination is likely to contribute to the deviation of selenium-

and tellurium-doped samples from the theory by slowing their decrease in absorptance.

At small diffusion lengths, the absorptance data does not decrease as fast as theory

predicts, and the deviation increases as diffusion length increases. One potential reason for

this behavior is buildup of dopants at the grain boundaries. As more dopants diffuse from

the crystalline grains to the grain boundaries, less surface is available, causing diffusion from

the grains to be increasingly more difficult. We can estimate the number of dopants that

can fit in the free space available at the grain boundary as,

NGB =
1

2
ρia(4πR2

0), (5)

where ρi is the atomic density of the dopant (on the order of 3–4 ×1022 cm−3 for sulfur,

selenium, and tellurium), a is the width of the grain boundary (on the order of the lattice

parameter of silicon, 0.54 nm, and 4πR2
0 is the surface area of the grain. The factor 1/2

in Eq. 5 accounts for the fact that that each grain boundary is shared by two grains. We

compare this value to the number of dopant atoms in the grain which can be expressed as,

NG =
4

3
πR3

0Ci, (6)

where Ci is the dopant concentration (∼ 5×1020 cm−3) and 4
3
πR3

0 is the volume of the grain.

For a grain size of R0 = 10 nm, NG/NGB is 0.16. This value increases as grain size increases.

For a grain size of R0 = 60 nm, NG/NGB already exceeds 1, indicating that buildup at the
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grain boundaries could slow diffusion for grains of size R0 ≥ 60 nm for concentrations on

the order of 1 atomic percent.

5. CONCLUSION

Our analysis shows that the decrease in near-unity broadband infrared absorptance of super-

saturated chalcogen-doped silicon after thermal annealing is most likely caused by dopant

diffusion. We observe that a characteristic diffusion length of about 50 nm common to all

three dopants leads to the deactivation of infrared absorption. If we assume the diffusivity

of each dopant in our samples is similar to the bulk diffusivity reported in the literature, the

grain size of the re-solidified surface layer probably sets this characteristic diffusion length,

especially for a lognormal distribution of grain sizes. We propose that a probable cause of

the deactivation of infrared absorption is precipitation of the dopant at the grain bound-

aries. It is possible that other mechanisms, such as precipitation of dopant particles within

the grains in the form of clustering, also lead to the deactivation of infrared absorption.

Further work on annealing studies of supersaturated chalcogen-doped silicon with different

grain size distributions as well as in single crystalline silicon will help determine the relative

contribution of each mechanism as a function of the silicon’s microstructure and the dopant

concentration.
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TABLE I: Diffusivity constants

Dopant Element D0(cm2/s) Ea(eV)

S (Ref. 20) 0.92 2.2

Se (Ref. 22) 2.47 2.84

Te (Ref. 18) 0.048 3.04
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FIG. 1: Absorptance spectra for samples irradiated in the presence of sulfur hexafluoride (solid

line), selenium (dashed line), tellurium (dotted line), and nitrogen gas (solid line) prior to thermal

annealing. The absorptance of the untreated, crystalline silicon wafer is included for comparison.
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FIG. 2: Absorptance spectra for sulfur-, selenium-, and tellurium-doped silicon after annealing to

775 K for increasing lengths of time (from top to bottom: 10 min, 30 min, 100 min, 6 h, 24 h).
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FIG. 3: Average absorptance from 1250–2500 nm for sulfur-doped (circles), selenium-doped

(squares), tellurium-doped (triangles) silicon and samples irradiated in N2 (diamonds) after various

thermal anneals at T ≤ 975 K. A larger marker indicates a longer anneal (from smallest to largest:

10 min, 30 min, 100 min, 6 h, 24 h).
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tellurium-doped (triangles) silicon after various thermal anneals versus diffusion length of the

respective dopant. The average infrared absorptance from Figures 3 has been renormalized so

that the maximum is the preannealed value and the minumum is the infrared absorptance of the

unirradiated silicon wafer (see Figure 1).
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FIG. 5: Plot of Equation 4 for the five grain size distributions shown in the inset, overlaid on the

data from Fig. 4 (A = 150, p = 5 nm, y0 = 0 and w = 0.5, 0.75, 1 and 1.25). The solid black line

represents a monodisperse distribution of grains with R0 = 5 nm.
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Infrared transmittance and hemispherical-directional reflectance data from 2.5 to 25 μm on microstruc-
tured silicon surfaces have been measured, and spectral emissivity has been calculated for this wave-
length range. Hemispherical-total emissivity is calculated for the samples and found to be 0.84 before a
measurement-induced annealing and 0.65 after the measurement for the sulfur-doped sample. Second-
ary samples lack a measurement-induced anneal, and reasons for this discrepancy are presented.
Emissivity numbers are plotted and compared with a silicon substrate, and Aeroglaze Z306 black paint.
Use of microstructured silicon as a blackbody or microbolometer surface is modeled and presented,
respectively. © 2010 Optical Society of America

OCIS codes: 240.6490, 040.6808, 300.6340, 300.6470.

Recently, samples of microstructured or “black” sili-
con were fabricated and reported upon at Harvard
University [1,2]. In this paper, the samples’ hemi-
spherical-directional reflectance and transmission
were measured to calculate the microstructured sili-
con’s emissivity. Thus, these measurements extend-
ed the wavelength range of previous measurements
[3] into the infrared region, out to 25 μm. The emis-
sivity data shows the potential for microstructured
silicon as a blackbody source for use in infrared cam-
era testing or as a possible surface for pyroelectric or
microbolometer detectors. These structures would
take the place of the traditional high-emissivity
black paint used on traditional blackbodies in the
laboratory or high-emissivity surfaces used in pyro-
electric and microbolometer detectors.
Samples included here are sulfur-doped silicon,

selenium-doped silicon, tellurium-doped silicon, and
a standard silicon substrate used for creating these

samples. Electron micrographs of the sulfur-doped
silicon sample can be seen in Figs. 1(a) and 1(b),
which show the effects of ameasurement-induced an-
neal. Samples were characterized using Surface
Optics Corporation’s SOC 100 hemispherical-direc-
tional reflectometer. The reflectometer is attached
to a Nexus 870 Fourier transform infrared spectro-
meter that allows for collection of reflectance and
transmission data from 2.5 to 25 μm using the
SOC 100’s external blackbody source and the inter-
nal deuterated triglycine sulfate detector. Upon vis-
ual inspection of the sample and its black color, it was
assumed that there would be high absorption, at
least in the visible and possibly in the infrared; thus,
the original measurements were taken with the in-
frared source at 473K to avoid the possibility of sam-
ple damage. Later measurements were made with
the infrared source temperature at 825 and 973K,
and the 973K measurements show changes in the
sample’s structure and emissivity. Using this meth-
odology, the trade-off between signal-to-noise ratio
and sample damage was made to yield better experi-
mental results.

0003-6935/10/071065-04$15.00/0
© 2010 Optical Society of America
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The data in Fig. 2, which was taken using the low-
est source temperature, reveals a great deal of noise
below 5 μm. This is not surprising, since the spectral
exitance,MBB, of a blackbody is given by Planck’s law
of blackbody radiation:

MBBðλ;TÞ ¼
2hc2

λ5
�
ehc=λkT − 1

�
Z2π

0

Zπ=2

0

εh;dðλ; θ;ϕÞ

× cos θ sin θdθdϕ; ð1Þ

where h is Planck’s constant, c is the speed of light in
a vacuum, k is Boltzmann’s constant, λ is the wave-
length, and T is the blackbody’s temperature. In this
equation, the hemispherical-directional emissivity,
εh;d, of a perfect blackbody is equal to 1. The spectral
exitance of a 473K blackbody at a wavelength of 5 μm
is 274W=μmm2, while a 973K blackbody gives an
exitance of 6563W=μmm2 at the same wavelength.
This difference in exitance gives a greater signal-
to-noise ratio during the measurement.

Reflectance measurements were made by increas-
ing theSOC100’sangle of reflectanceat5° increments
from 10° to 80° over the sample, and the experiment’s
geometry is best explained elsewhere [4]. The normal
incidence transmission was collected in the same
geometry, with the mirror rotating underneath the
sample during measurement. Using Kirchoff ’s law
of thermal radiation, the hemispherical-directional
emissivity is calculated from the data taken:

εh;dðλ; θ;ϕÞ ¼ 1 − ðRh;dðλ; θ;ϕÞ þ Tðλ; θ ¼ 0°;ϕÞÞ; ð2Þ

where θ is the directional angle specified by the SOC
100 user, φ is the azimuthal angle and remains fixed
during all measurements, Rh;d is hemispherical-
directional reflectance, andT is transmittance at nor-
mal incidence. All of the data are normalized using
either a gold mirror standard during reflectance
or an empty sample holder during transmittance
measurements.

Using Eq. (2), εh;d is calculated from our measure-
ments and substituted into Eq. (1), integrating out
the angular dependence so that the spectral exitance
of our sample, MsampleBB, can be calculated. Spectral
emissivity, εðλÞ, and emissivity in general is a unit-
less number and is calculated by normalizing the
sample’s spectral exitance with the perfect black-
body spectral exitance, MsampleBB=MBB. Finally, the
hemispherical-total emissivity is calculated by
integration with respect to wavelength:

εh;Total ¼
Zλ1

λ2

MSampleBBðλ;TÞdλ=
Zλ2

λ1

MBBðλ;TÞdλ: ð3Þ

Figure 1 shows the effect of a measurement-
induced anneal with the overall sample surface
morphology changing when comparing the before-
and-after measurement electron micrographs. This
is further supported with the data in Fig. 2, which

Fig. 1. Electron micrograph of sulfur-doped black silicon
(a) beforemeasurement and (b) aftermeasurement with the source
at 973K.

Fig. 2. (Color online) Emissivity versus wavelength given differ-
ent blackbody source temperatures.
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show the emissivity versus wavelength of the various
samples given different SOC 100 blackbody source
temperatures. It has been shown [5] that annealing
of microstructured silicon samples reduces the sam-
ples’ absorption. However, it was also revealed that
the overall structure does not change when annealed
at 775K in a vacuum [4]. Our measurements show
that there has been a measurement-induced anneal
in atmosphere as well as a morphology change with
the blackbody source at 973K. Thus, the absorption
change is determined to be either a diffusion of car-
riers and defects out to the grain boundaries or a dif-
fraction/scattering effect based on the morphology
change of the material. The sample was remeasured
with the source at 473K and approximately overlaid
the measurement made at 973K, thus verifying that
it is a material change and has nothing to do with the
measurement system. The calculated hemispherical-
total emissivity using Eq. (3) for the annealed and
original samples are 0.65 and 0.84, respectively,
when these curves are integrated using a simple tra-
pezoidal method for wavelengths beyond 4 μm. The
standard silicon substrate’s measured emissivity
data also are included in the results as a comparison
to the sulfur-doped microstructured silicon samples.
Given these results, secondary samples were ob-

tained and tested in a similar fashion by varying
the SOC 100 blackbody temperature at three differ-
ent steps: 473, 825, and 973K. The tellurium- and
selenium-doped emissivity versus wavelength re-
sults are presented in Fig. 3. These samples show
less of a measurement-induced anneal than the pre-
vious sulfur-doped sample, and the original emissiv-
ity measurement using a 473K blackbody yields
0.499 and 0.455 for the tellurium- and selenium-
doped samples, respectively. The emissivity results
using 825K blackbody illumination are 0.498 and
0.456, while those using 973K illumination are
0.489 and 0.446 for the tellurium- and selenium-
doped samples. These results give a change of
approximately 2% for both tellurium- and selenium-

doped samples as compared to the original sulfur
sample, which had an almost 23% change before
and after measurement.

Surprisingly, our secondary sulfur sample had
much better results, which are presented in Fig. 4(b).
The emissivity results using 473, 825, and 973K for
the sulfur-doped sample are 0.815, 0.824, and 0.804,
respectively. Given the increase in emissivity, this
shows the possibility of a measurement-induced an-
neal taking place at an optimal temperature [6]. In
contrast to the selenium- and sulfur-doped samples,
we see an increase of approximately 1% between tem-
perature steps 1 and 2, while the overall decrease be-
tween steps 1 and 3 is also approximately 1%, and
between temperature steps 2 and 3 is 2.4%. These re-
sults add some discrepancy to the measurements, as
the original sulfur-doped sample yielded a 23% emis-
sivity change under 973K illumination, and the sec-
ondary sample gives a 2.4% change in emissivity.
Because of a lack of test samples, further measure-
ments could not be completed, thus it is necessary
to speculate on two possibilities: that the original
sample was an anomaly in either the sample or mea-
surement process or that the microstructured silicon
samples are more robust to annealing-equivalent
temperatures after an optimized anneal. Looking at
the second possibility, the optimized anneal would al-
low the lattice’s thermal relaxation to a more stable
form, thereby reducing the number of defects in an op-
timized way. In this more stable form, it is possible
that the lattice would be much more robust to an an-
neal-equivalent temperature, therefore, the overall
emissivity change was much less than our original
sample measurement.

Electron micrographs of the secondary samples
were taken after each measurement and seemed to
show very little, if any, morphology change when
stepping through the three temperature changes.
Thus, it is still unclear if the absorption is part of dif-
fraction or scattering processes or if there is an ab-
sorption mechanism taking place due to dopant
impurities and lattice defects. The donor centers
for sulfur [7], selenium[6], and tellurium [8] in silicon
have been studied previously with the conclusion
that it is probable that a whole series of centers re-
lated to sulfur and selenium can be created in silicon
by variations of diffusion temperatures and anneal-
ing. These centers will be closely spaced in binding
energies based on these variations. Indeed, this
may be the case in the creation of microstructured
silicon with femtosecond-laser pulses. Neglecting
any morphology effects, it would appear that the con-
tinuum of energy states, or Rydberg series, exists to a
greater extent in the sulfur-doped sample as opposed
to the tellurium- and selenium-doped versions. In the
latter case, it seems that there is less absorption at
much longer wavelengths and that the highest ab-
sorption is centered around the wavelengths of char-
acteristic ground-state binding tellurium [8] energies
and midgap and shallow selenium [6] donors. This
may be due to the way in which the samples are

Fig. 3. (Color online) Emissivity versus wavelength of (a) a
tellurium-doped sample and (b) a selenium-doped sample using
different blackbody temperatures.

1 March 2010 / Vol. 49, No. 7 / APPLIED OPTICS 1067



created or the physical nature of the atomic levels as
they substitute into the lattice.
Considering these absorption characteristics, mod-

eling of blackbody emittance is presented in Fig. 4(a)
for all the samples used as blackbody surfaces, as
well as for Aeroglaze Z306 black paint and a perfect
blackbody for use as a reference. As measured, the
Aeroglaze Z306 has an overall emissivity of approxi-
mately 0.90, but when comparing the emittance le-
vels for the sulfur-doped microstructured silicon,
both of these samples nearly overlay one another.
Each sample presents its own benefits: the sulfur-
doped microstructured silicon sample exhibits a
spectral emissivity “flatness” in the midwave infra-
red from 3 to 5 μm, while the Aeroglaze Z306 has
some spectral features in this range, as presented
in Fig. 4(a). However, in the longer wavelength infra-
red region, the Aeroglaze Z306 shows superior per-
formance with its higher spectral emissivity values.
Further, microstructured silicon could be used as a

surface for upgrading microbolometer detectors. Gi-
ven the VO2 average integrated emissivity of 0.80
from 8 to 12 μm [9] and the average emissivity from
8 to 12 μm of about 0.5 for polycrystalline silicon [10],
it is clear that microstructured silicon with its higher
emissivity of 0.89 from 8 to 12 μm could be used to
enhance microbolometer detector performance.
In summary, we have measured the hemispheri-

cal-directional reflectance of microstructured silicon
with dopants of sulfur, selenium, and tellurium.
Using these measurements, we have calculated the
spectral emissivity of our samples and shown their

variations in emissivity. An emissivity change has
transpired during the measurement, which can only
be logically explained by a measurement-induced an-
neal in the atmosphere. Given the robust nature of
the further supplied samples, we can only conclude
that the one sample was exposed to a measure-
ment-induced anneal with a blackbody shutter left
open for an unspecified period of time, thus creating
an anneal oven. Further questions about the absorp-
tion mechanisms are presented, and, in the future, it
would be beneficial for photoconductivity spectra to
be taken of microstructured silicon samples similar
to those presented herein. It also would be beneficial
to obtain photoconductivity as a function of tempera-
ture, especially if special samples can be prepared
where the complication of surface morphology can
be removed from the measurement process. Finally,
applications of microstructured silicon have been
presented for further research.
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Femtosecond Laser Ablation of Silicon: Nanoparticles,

Doping and Photovoltaics

Eric Mazur Brian R. Tull

Abstract

In this thesis, we investigate the irradiation of silicon, in a background gas of near

atmospheric pressure, with intense femtosecond laser pulses at energy densities exceeding

the threshold for ablation (the macroscopic removal of material). We study the resulting

structure and properties of the material ejected in the ablation plume as well as the laser

irradiated surface itself.

The material collected from the ablation plume is a mixture of single crystal silicon

nanoparticles and a highly porous network of amorphous silicon. The crystalline nanoparti-

cles form by nucleation and growth; the amorphous material has smaller features and forms

at a higher cooling rate than the crystalline particles. The size distribution of the crys-

talline particles suggests that particle formation after ablation is fundamentally different

in a background gas than in vacuum. We also observe interesting structures of coagulated

particles such as straight lines and bridges.

The laser irradiated surface exhibits enhanced visible and infrared absorption of

light when laser ablation is performed in the presence of certain elements—either in the

background gas or in a film on the silicon surface. To determine the origin of this enhanced

absorption, we perform a comprehensive annealing study of silicon samples irradiated in the

presence of three different elements (sulfur, selenium and tellurium). Our results support

that the enhanced infrared absorption is caused by a high concentration of dopants dissolved

in the lattice. Thermal annealing reduces the infrared absorptance of each doped sample

at the same rate that dopants diffuse from within the polycrystalline grains in the laser

irradiated surface layer to the grain boundaries.



iv

Lastly, we measure the photovoltaic properties of the laser irradiated silicon as

a function of several parameters: annealing temperature, laser fluence, background gas,

surface morphology and chemical etching. We explore the concept of using thin silicon

films as the irradiation substrate and successfully enhance the visible and infrared absorp-

tion of films ≤ 2 µm thick. Our results suggest that the incorporation of a femtosecond

laser modified region into a thin film silicon device could greatly enhance its photovoltaic

efficiency.
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Chapter 1

Introduction

Over the past several decades ultrashort pulsed laser irradiation of silicon surfaces

has been an active area of materials science research [1–21]. The ultrashort duration of the

laser pulses leads to extremely high energy densities in the material. A 100 femtosecond

(1 fs = 10−15 s) laser pulse with a pulse energy of 100 µJ, focused to a 100-µm diameter

area results in a peak energy density on the order of 104 J/m2 and a peak intensity of 1017

W/m2. Under these conditions, silicon is estimated to reach temperatures of ∼ 104–105

K [22], equivalent to the surface temperature of the nearest star, while still retaining the

density of a solid. This high energy density is achieved because the laser energy is deposited

before any thermal diffusion or mechanical removal of material occurs. The evolution of

this superheated and superpressurized material as the initial energy redistributes can lead

to non-equilibrium processes as well as the formation of new materials [1–3,6–8].

Numerous studies exploring the interaction of ultrashort pulses with silicon have

been performed since the 1980’s [1–21]. Picosecond laser pulses were used to induce phase

transformations in silicon [1–7] resulting in the formation of non-equilibrium phases, in-

cluding amorphous silicon [1–3,6,7] and Nb-Si solid solutions [8]. Pump-probe experiments

1



Chapter 1: Introduction 2

using picosecond [9–15] and femtosecond [16–21] laser pulses have explored the time evo-

lution of the material processes that occur during ultrashort laser irradiation. An initial

pump pulse excites the material and a delayed, weaker probe pulse measures the time-

resolved reflectivity or second harmonic generation [17, 18] to identify the structural state

of the material. Using this technique, many processes, including, electron-hole plasma for-

mation [9, 10, 13, 14], melting [5, 9, 10, 12], ablation [19–21], and ultrafast melting [16–18],

were studied in detail. These examples are a small subset of a much larger field of research.

Section 1.1 discusses specific research from the literature that are relevant to the work

performed in this thesis. Section 1.2 summarizes the organization of this dissertation.

1.1 Femtosecond laser irradiation of silicon

In this section, we review the processes involved in the absorption of the femtosec-

ond laser pulse, and the subsequent heating, melting and ablation of the material.

1.1.1 Absorption of the pulse

When a femtosecond laser pulse is incident on the silicon surface the electrons are

the first to respond. Absorption of visible and near infrared wavelengths occurs through

the promotion of electrons from the valence band (where the electrons reside in spatially

localized “bonding” states) to the conduction band (where they are mobile and more “free”

like in a metal). A minimum amount of energy is required to excite the electron from the

valence to the conduction band; this energy is known as the band gap energy. In the case

of silicon, if this energy were to come solely from the incident light and no other source,

3.43 eV would be required; as a consequence, only wavelengths of light ≤ 362 nm would

be absorbed in this way. Excitation of an electron in this manner is known as a direct

band transition. At a nonzero temperature, silicon has a distribution of phonons which
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Figure 1.1: Direct (solid arrows) and indirect (dashed arrows) electron transitions across
the band gap of silicon during absorption of a photon. For the indirect transitions shown,
phonons of similar energy but two different momenta are needed. Band diagram obtained
from [23].

can participate in the absorption of photons. For a photon absorption process in silicon

that is mediated by a phonon, the minimum energy required is 1.1 eV, which extends the

absorption spectrum of light to wavelengths as large as 1.1 µm. This process is known as

an indirect band transition. Figure 1.1 shows direct and indirect band gap transitions of

electrons with respect to the electronic band diagram of silicon.

The indirect band transition of an electron requires the simultaneous annihilation

of a photon and a phonon and therefore has a far lower probability of occurring than

the direct band transition. As the energy of the absorbed photon approaches the minimum

energy needed for absorption in silicon (1.1 eV) a phonon with a larger and larger momentum

is needed. As a result, the closer the photon energy is to 1.1 eV, the lower the probability

of absorption. A measure of the probability of absorption is the absorption depth, which
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Figure 1.2: Absorption coefficient and absorption length of intrinsic silicon at 300 K as a
function of wavelength of the absorbed photon. Data obtained from [24].

is the depth in the material where the intensity of the light has been reduced to 1/e of

its original value. Due to the low probability of indirect band transitions in silicon, the

absorption depth of 800 nm light is 13 µm while the absorption depth of 300 nm light is

6 nm. In Figure 1.2, absorption depth is plotted as a function of the wavelength of the

incident light for intrinsic silicon at 300 K.

The above description of light absorption is valid in most cases. However, for

ultrashort laser pulses, absorption is observed to occur at much shallower depths than

is indicated by Figure 1.2. In a study using 532-nm, 25-ps laser pulses, absorption was

determined to occur in a depth much less than 1 µm [5]. In pump-probe studies using

femtosecond laser pulses (620-nm, 90-fs), surface melting was observed for energy densities

that were too small if standard linear absorption depths were assumed [16, 17]. In another

study using 620-nm, 100-fs laser pulses, researchers observe the reflectivity of the incident

pulse increases to metallic (liquid) values within the duration of the pulse. They propose a
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model where the initial edge of the laser pulse is absorbed deep into the material, but the

rest of the pulse is absorbed at depths on the order of ∼ 10 nm when sufficient electrons

are promoted to the conduction band to allow for free-carrier absorption [25]. This level of

electron excitation is described as an electron-hole plasma [26–28].

Various absorption mechanisms have been proposed to account for the creation of

an electron-hole plasma at shallow depths in the material. For 620-nm, 100-fs laser pulses,

researchers found that two-photon absorption (the simultaneous absorption of two photons

to promote an electron in a direct band transition) is the dominant mechanism [29], while for

800-nm, 100-fs laser pulses, absorption is found to be governed by avalanche ionization [30].

Avalanche ionization is a process where a conduction band electron directly absorbs addi-

tional photons, and then collides with a valence electron resulting in two electrons at the

bottom of the conduction band which begin the process again [30]. Two-photon absorption

and avalanche ionization are non-linear absorption mechanisms that become relevant at

large intensities of light. For non-linear absorption, absorption no longer increases linearly

with intensity of the light but rather intensity raised to a power. Regardless of the specific

nonlinear process controlling absorption, an electron-hole plasma forms early in the absorp-

tion of the pulse [26–28] and absorbs the rest of the laser light in an absorption depth of

∼ 100 nm [22] (like a metal).

So far, the processes discussed above all take place within one pulse duration

(∼ 100 fs) after irradiation. At this point, we have a highly energetic electron-hole plasma

and a relatively cold lattice of ions. Subsequent processes are highly dependent on intensity,

or for a constant pulse duration of 100 fs, the processes are highly dependent on fluence.

We can separate the subsequent processes as the energy redistributes and dissipates into

two regimes: thermal and non-thermal.
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1.1.2 Melting and ablation: thermal regime

In the thermal regime, melting (loss of long range order) and ablation (macroscopic

material removal) occur after the excited electrons redistribute energy to the lattice and

the entire material reaches a common temperature. The excited electrons redistribute their

energy to the lattice through electron-phonon interactions. The time scale for the material

to reach a common temperature is determined by the electron-phonon coupling constant

(in silicon this is 1 ps [21]). Depending on the laser fluence, the resulting temperature of

the material may exceed the melting point and melting will begin at the surface and move

inward. At a higher fluence, the boiling point is exceeded and the gas phase will nucleate

homogeneously in the superheated liquid. If the rate of gas bubble formation is high in

comparison to the cooling rate of the liquid, material will be explosively ejected from the

surface resulting in ablation.

In the thermal regime, ablation occurs on the order of 1 ns [19, 21]. The fluence

thresholds for thermal melting and thermal ablation of silicon in a vacuum for 620-nm,

120-fs laser light have been determined as 1.5 kJ/m2 and 3 kJ/m2, respectively [19, 21].

The fluence regime for thermal melting and ablation ranges from the point of their onset

(1.5 kJ/m2 and 3 kJ/m2) to less than the threshold for ionic plasma formation (10 kJ/m2),

where electrons are ionized from the lattice and material removal is governed by coulomb

repulsion [21].

1.1.3 Melting and ablation: non-thermal regime

At higher fluences than those required for thermal melting, non-thermal melting of

the lattice was observed by pump-probe studies [16,17,25]. Non-thermal melting is a term

used to describe the loss of long range order in the lattice well before 1 ps (typically a few

100 fs) and, therefore, before the material has come to a common temperature. Theoretical
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studies support that melting can occur in this manner. Disordering of the lattice is predicted

to occur after 100 fs due to covalent bond weakening upon excitation of more than 15%

of the valence electrons [31–34]. The lattice disorders within the period of one atomic

vibration [34].

At extremely large fluences (40–120 kJ/m2), particle formation after femtosecond

laser ablation of silicon (800-nm, 200-fs) in vaccum has also been reported to occur in a

manner that is not consistent with thermal processes [35, 36]. Solid particles were found

to form within the ablation plume after only 50 ps [36], much faster than the typical time

required for thermal ablation (∼ 1 ns, [21]). In addition, the size of the particles was

determined to be set by a mechanical fragmentation process and not through condensation

from the vapor phase [36].

1.1.4 Resolidification of the surface

After melting and ablation, the thin molten layer cools quickly through thermal

conduction into the cold bulk. Cooling rates are predicted to be as high as 1013–1015

K/s [22]. The molten layer resolidifies on the order of nanoseconds [12]. As a result of the

high cooling rate of ultrashort pulsed laser irradiation, the formation of amorphous silicon

has been observed [1–3,6, 7].

In addition to new phases, unusual surface morphologies can develop during reso-

lidification. Picosecond laser irradiation of silicon near the melting threshold revealed that

ripples formed on the surface with a wavelength related to the wavelength of the laser [4,37].

These features have been named Laser Induced Periodic Surface Structures (LIPSS) [38–41]

and have been observed on a variety of materials after irradiation with one or more pulses

from a wide range of laser systems (including femtosecond, picosecond and nanosecond

pulses) [38]. When the laser pulse is energetic enough to fully melt the surface, the latter-
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half of the incident pulse interferes with light scattered from defects at the surface, setting

up a spatially non-uniform melt depth. The non-uniform melt depth induces standing cap-

illary waves which can freeze in place if their lifetime is long compared to the resolidification

time [41]. The phenomenon of LIPSS is the initiating process of spike formation on silicon

after femtosecond laser irradiation [42].

After the molten silicon resolidifies, cooling continues as heat diffuses out of the

irradiated region into the surrounding material and the silicon returns to room temperature.

1.1.5 Comparison to this thesis

The experiments in this thesis are performed with 800-nm, 100-fs laser pulses, fo-

cused onto a silicon surface at fluences ranging from 2–10 kJ/m2. The two main experiments

discussed in this thesis involve particle formation and elemental doping during solidification

of molten silicon after irradiation of macroscopically large areas of the silicon on the order

of 10 mm × 10 mm.

In contrast to a majority of the research discussed before, which deals with single

shot experiments, we irradiate the silicon with greater than 100 pulses per area. After a

few pulses, the surface is no longer flat due to the development of laser induced periodic

surface structures. The surface structures continue to evolve into micrometer-size conical

structures through material removal with each laser pulse.1

Due to the non-flat surface, the fluence is effectively increased in the valleys be-

tween the micrometer-sized cones due to reflection from the sides of the cones. Consequently,

we see evidence for ionic plasma formation at any fluence greater than the ablation thresh-

old (3 kJ/m2, [21]) even though the threshold for ionic plasma formation is considerably
1The final surface morphology is a function of laser fluence and the chemistry and pressure of any

background gas that is present. The physical mechanism behind its formation has been well documented
elsewhere [42,43] and will not be discussed in this thesis.
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higher (∼ 10 kJ/m2). As a result, the physics of melting and ablation in our experiments

may be dertermined by fluences greater than 10 kJ/m2.

It is difficult to draw exact comparisons between the processes of melting and

ablation discussed in the previous sections and those processes which govern melting and

ablation in our experiments. All of the experiments in this thesis are performed in a back-

ground gas of near atmospheric pressure (500 Torr). The fundamental work determining

the physics of melting and ablation after femtosecond laser ablation has been performed in

vacuum. The extent to which the physics changes in a background gas of varying reactivity

has yet to be determined.2 A main result of Chapter 3 is that the mechanism of ablation

in vacuum and a background gas at similar fluences is fundamentally different.

In this thesis, we hope to give the reader an impression of the exciting materials

science processes (e.g. the formation of non-equilibrium phases and compositions) that are

possible with femtosecond laser irradiation in a background gas.

1.2 Organization of the dissertation

Chapter 2 reviews the previous work on femtosecond laser irradiation of silicon in

a background gas and describes the femtosecond laser system and the main experimental

methods used in the thesis.

Chapter 3 presents the results of nanoparticle formation after femtosecond laser

ablation of silicon in a background gas of H2 and H2S. Transmission electron microscopy

shows the that both crystalline and amorphous material form in the ablation plume. The

results indicate that the background gas affects the fundamental mechanism of particle

formation.
2In addition, with each laser pulse the surface is changed structurally and chemically, and melting and

ablation of this new material may be very different than pure single crystal silicon
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Chapter 4 deals with the mechanism behind the near-unity absorptance of infrared

wavelengths of chalcogen-doped femtosecond laser irradiated silicon. We show that the

infrared absorptance decreases with thermal annealing at the same rate that the dopants

diffuse from within the crystalline grains to the grain boundaries for all three chalcogen

dopants.

Chapter 5 discusses using femtosecond laser irradiated silicon as a solar cell. We

present results on the photovoltaic properties of sulfur-doped silicon wafers. In addition,

we explore using Chemical Vapor Deposition (CVD) grown thin films of silicon as the

femtosecond laser irradiated substrates.

Chapter 6 summarizes the main results obtained in this thesis and proposes future

avenues of research to address several still unanswered questions regarding femtosecond

laser irradiated silicon.

Appendix A offers a basic tutorial on the operation of a solar cell.



Chapter 2

Background

Nearly a decade ago, the Mazur group published the first report of femtosecond

laser irradiation of silicon in a background gas of sulfur hexaflouride, SF6, at near atmo-

spheric pressure (500 Torr) [44]. Researchers found that the gray mirror finish of the silicon

wafer changed to a deep matte black color wherever the laser irradiated the surface (see

Figure 2.1). As a result, this material is referred to as “black silicon.” Since then, the

surface morphology [42, 43, 45], structure [46, 47], composition [46, 48–50], optical proper-

ties [46, 49–51] and optoelectronic applications [52] of the laser modified surface have been

extensively investigated. In Section 2.1, we summarize the major findings from the previous

work and review those unanswered questions that this thesis aims to address. In Section

2.2, we discuss the experimental methods used in this thesis and most of the previous work

as well.

11
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Figure 2.1: Left: Femtosecond laser irradiation of silicon inside a vacuum chamber filled
with SF6. Right: Visual appearance of the silicon after irradiation.

2.1 Previous work on femtosecond laser irradiation of silicon

in a background gas

Closer inspection of the irradiated surface using a scanning electron microscope

reveals that the flat silicon surface has been transformed into a forest of micrometer-sized

spikes (see Figure 2.2). This surface morphology evolves after irradiation of the silicon with

several hundred laser pulses focused to a typical fluence of 8 kJ/m2, well above the ablation

threshold of silicon (3 kJ/m2). The size and shape of the surface features is a function of

the laser fluence, wavelength and pulse duration as well as the background gas chemistry

and pressure. The initial surface morphology after a few pulses is a result of non-uniform

absorption of the laser light due to interference of the incident beam with a surface diffracted

beam. The non-uniform absorption sets up a dynamic molten silicon layer of varying depth

that ripples with capillary waves. The interaction of this non-uniform molten silicon layer

with the background gas and then with subsequent pulses after it freezes determines the

final surface morphology. A detailed description of this formation mechanism is addressed

elsewhere [42,43].
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5 µm 1 µm

Figure 2.2: Scanning electron microscope images of the silicon surface after irradiation with
100 fs laser pulses focused to a fluence of 8 kJ/m2 in a background gas of SF6. Each area of
the surface was irradiated by approximately 500 pulses. Images taken from reference [46].

Researchers in the Mazur group soon discovered that black silicon had unique

optical properties. When the process is performed in a background gas of SF6 [51] or H2S

[49], the surface absorbs nearly all incident light from 0.25–2.5 µm, which is the wavelength

range of our spectrophotometer (see Figure 2.3. In contrast, irradiation was performed in

a variety of other environments including H2 [49], N2, Cl2, air [48] and vacuum [43] and

broadband near-unity absorptance is not observed. What is most evident from Figure 2.3,

is that sulfur appears to be a key ingredient in producing a surface that has near-unity

infrared absorptance.

Enhanced absorptance at wavelengths less than 1 µm is exhibited by all samples

in Figure 2.3. This increased absorptance is attributed to the natural linear absorption of

silicon enhanced by multiple reflections due to the roughened surface.

The samples irradiated in N2, H2, Cl2, and air exhibit a similar absorptance to

samples irradiated in vacuum. Between 1.2–2.5 µm, the absorptance curve for these samples

starts at near unity and then decreases with increasing wavelength. As all the samples

resemble vacuum this absorptance spectrum is attributed to structural disorder in the laser
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Figure 2.3: Absorptance spectra of silicon irradiated in different environments: SF6 and
H2S (left) and N2, H2, Cl2, air and vacuum (right).

1 µm

300 nm

Figure 2.4: Cross-sectional transmission electron microscopy analysis of silicon irradiated
with 100 fs laser pulses focused to a fluence of 8 kJ/m2 in a background gas of SF6. Left
and upper right: bright field images showing the laser modified surface layer. Lower right:
Selected area diffraction analysis of the laser modified surface layer. Images obtained from
reference [46].

modified surface brought about by the trapping of defects during resolidification.

In order to understand the role sulfur plays in the infrared absorptance, the
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structure and composition of the laser modified surface layer was investigated using cross-

sectional transmission electron microscopy (TEM) and Rutherford backscattering spectrom-

etry (RBS) respectively [46,49,50]. Figure 2.4 shows bright field TEM images and selected

area diffraction of the laser modified surface layer. The diffraction pattern indicates that

the single crystal substrate has a polycrystalline surface layer. Close inspection of the bright

field images shows that the grains are extremely small, well less than 100 nm. The changes

in contrast in the bright field image indicate changes in orientation of each grain of the

polycrystalline material. Based on these observations the grain size of the polycrystalline

material ranges from 10–50 nm [46].

Dopant source Fluence Pulses/area Anneal T Conc. of S, Se,

or Te (at. %)

SF6 gas [46] 8 kJ/m2 500 – 0.7 ± 0.1

SF6 gas [46] 8 kJ/m2 500 725 K 0.5 ± 0.1

SF6 gas [46] 8 kJ/m2 500 875 K 0.5 ± 0.1

SF6 gas [49] 10 kJ/m2 600 – 1.0 ± 0.2

H2S gas [49] 10 kJ/m2 600 – 1.0 ± 0.2

H2S gas [49] 10 kJ/m2 600 900 K 1.0 ± 0.2

Ar + 1% SF6 gas [49] 10 kJ/m2 600 – 0.6 ± 0.2

sulfur powder [50] 10 kJ/m2 600 – 1.0 ± 0.2

sulfur powder [50] 10 kJ/m2 600 775 K 1.0 ± 0.2

selenium powder [50] 10 kJ/m2 600 – 0.7 ± 0.2

selenium powder [50] 10 kJ/m2 600 775 K 0.7 ± 0.2

tellurium powder [50] 10 kJ/m2 600 – 1.5 ± 0.2

tellurium powder [50] 10 kJ/m2 600 775 K 1.3 ± 0.2

Table 2.1: Summary of three previous RBS studies on femtosecond laser irradiated silicon.

Analysis of the surface with Rutherford backscattering spectrometry shows that

the surfaces irradiated in SF6 contain a large concentration of sulfur. Selected results are

summarized in Table 2.1. These concentrations exceed the solid solubility by several orders
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Figure 2.5: Left: Absorptance spectra of silicon irradiated in SF6 after annealing at different
temperatures for 30 minutes. Right: Selected area diffraction analysis of the laser modified
surface layer after annealing at 875 K for 30 minutes. Spectra and images obtained from
reference [46].

of magnitude. In one study, the percentage of sulfur atoms that are substitutional was

estimated at 20–70% [46]. Based on these results researchers in the Mazur group proposed

that the high concentration of sulfur atoms in the polycrystalline surface layer created a

densely populated donor impurity band in the band gap of silicon. Promotion of electrons

from this impurity band into the conduction band allows for the increased absorption of

infrared light.

Along with exploring the structure and composition of the surface layer, researchers

discovered that the absorption of infrared light decreases after thermal annealing [46]. Fig-

ure 2.5 shows how the infrared absorptance decreases with increasing annealing temperature.

To explain this decrease, researchers investigated changes to the laser-modified polycrys-

talline surface layer with cross-sectional TEM and RBS analyses. Table 2.1 shows that

annealing has only a small effect on sulfur concentration, and in some instances has no

effect. Based on cross-sectional TEM analysis performed on annealed samples (Figure 2.5),

there does not seem to be any structural change to explain the decrease in absorption of

infrared light. The surface layer is still polycrystalline with an extremely small grain size.



Chapter 2: Background 17

A

front gold 

electrode

back gold electrode

bias (V)

c
u

rr
e

n
t 

(m
A

)

–4 –2 0 2 4

10

5

0

–5

–10

structured surface, no anneal

30 min @ 725 K

30 min @ 825 K

30 min @ 1075 K

Back bias 

V < 0

Forward bias 

V > 0

Figure 2.6: Left: Cartoon depicting the electrode configuration used to measure I–V curves
of sulfur-doped femtosecond laser irradiated silicon. Right: Changes in I–V curves with
annealing. Silicon substrate is Si(111), n-type (ρ = 800–1200 Ω-cm). Data obtained from
reference [52].

At this point the most likely source of the infrared absorptance was thought to

be sulfur atoms coordinated with the highly disordered silicon lattice in such a way that

they were optically active immediately after irradiation [46, 49]. The sulfur atoms were

not in the most energetically favorable equilibrium configuration; they were trapped in this

configuration as a result of the extremely fast resolidifcation rate following ultrashort pulse

laser irradiation [12]. Therefore, when annealing was performed, the sulfur-silicon network

relaxed to a more favorable configuration where the sulfur atom was no longer optically

active.

In addition to studying femtosecond laser irradiated silicon from a materials sci-

ence viewpoint, various applications have been pursued including field emission [43], drug

delivery, manipulation of biological species [53], photoluminescence [54], infrared light de-

tection [52] and photovoltaics [43]. We will discuss the latter two as they are relevant to

this thesis.

Annealing was discovered to have another effect on sulfur-doped femtosecond laser

irradiated silicon. Figure 2.6 shows how current-voltage (I–V ) measurements were made
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Figure 2.7: Left: Responsivity versus wavelength of incident light for sulfur-doped fem-
tosecond laser irradiated silicon at different reverse bias voltages. Right: Current versus
voltage graph showing the photovoltaic properties of sulfur-doped femtosecond laser irradi-
ated silicon when illuminated with 100 mW/cm2 of solar radiation (AM 1.0). The lower 4th
quadrant shows a maximum power generation of 1.5 mW, resulting in a conversion efficiency
of ∼ 1.5 %. Silicon substrate is Si(111), n-type (ρ =800–1200 Ω-cm) for the photodiode
and p-type (ρ =1–10 Ω-cm) for the solar cell. Data obtained from references [43,52].

through the plane of a sample. Immediately following irradiation, the entire wafer acts

as a resistor; however with increasing annealing temperature a diodic junction is formed.

Researchers proposed that after irradiation, the incorporated sulfur atoms did not contribute

additional free carrier electrons and therefore the electrical response is determined by the

substrate (Si(111), n-type, ρ = 800–1200 Ω-cm). However, after annealing, the coordination

of the sulfur atoms changes and the extra valence electrons of sulfur increase the free carrier

concentration in the surface layer. In addition, the annealing removes lattice defects that act

as traps for charge carriers. The result is that the surface layer becomes heavily n-doped;

this is supported by Hall measurements [52]. The gradient in free carrier concentration

between the surface layer and the bulk sets up a static electric field that forms a diodic

junction.

Under a reverse bias, this diodic junction was found to be highly responsive to

visible and infrared light in comparison to commercial silicon photodetectors. Under zero
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Figure 2.8: Absorptance spectra of silicon irradiated with 100 fs laser pulses focused to 10
kJ/m2 in the presence of a powder dopant of sulfur, selenium or tellurium before left and
after right annealing at 775 K for 30 minutes. Silicon substrate is Si(111), n-type (ρ =
800–1200 Ω-cm). Data obtained from reference [50].

bias, the junction behaved as a photovoltaic device with a maximum efficiency of ∼ 1.5 %

(see Figure 2.7).

Recently, several other elements have been incorporated into silicon during fem-

tosecond laser irradiation resulting in near-unity absorptance of infrared light. Figure 2.8

shows the absorptance spectra obtained when silicon is coated with sulfur, selenium or tel-

lurium powder prior to irradiation in N2 gas. Based on the results obtained after annealing

a new theory was proposed for the origin of the infrared absorptance [50]. The author of this

thesis contributed to the development of that theory. We proposed that the absorptance

was due to a supersaturated concentration of dopant atoms in the polycrystalline grains of

the laser modified surface region forming a densely populated impurity band. This is similar

to the previous theory, however, we proposed that the reduction of infrared absorptance is

caused by diffusion of the supersaturated dopants from out of the bulk of the polycrystalline

grains to the grain boundaries. This theory is consistent with the preliminary data in Figure

2.8 as sulfur diffuses the fastest in silicon, selenium diffuses less fast and tellurium diffuses

the slowest.
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This thesis covers several areas that add to the knowledge base of the previous

work. Chapter 3 covers the formation of particles in the ablation plume during femtosecond

laser irradiation of silicon in a near atmospheric pressure background gas which has not been

explored before to the author’s knowledge. The data and models presented in Chapter 4

provide strong evidence that the proposed mechanism for the infrared absorptance of fem-

tosecond laser irradiated silicon is valid. Chapter 5 expands on the current understanding

of the photovoltaic and light detection properties of femtosecond laser irradiated silicon.

2.2 Experimental methods: femtosecond laser system

The intense, high energy, untrashort laser pulses were produced by a home-built

regeneratively amplified femtosecond laser system. Although the laser system evolved over

the years, it was originally built in 1993 [55–57]. At that time it was one of the first of its

kind.

Starting with the creation of the femtosecond laser pulses in the Ti:sapphire os-

cillator we will describe the journey that the pulses take as they travel through the various

components of the laser system until they ultimately arrive at the silicon wafer for our

experiment.

2.2.1 Creating the femtosecond laser pulses

The femtosecond laser pulses are initially created by pumping a titanium-doped

sapphire crystal mounted in a Kapteyn-Murnane Labs oscillator kit using a Verdi solid

state laser—532-nm, 5-W, CW (continuous wave, i.e. non-pulsed). The 532-nm pump

laser produces 800-nm fluorescence in the Ti:sapphire crystal. The fluorescence wavelength

is determined by the energy levels of the Ti:sapphire crystal. The 532-nm light excites

electrons in the crystal to a high energy state. These electrons decay quickly to a slightly
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lower metastable state where their lifetime is longer. Eventually they decay from this level

to the ground level and a photon of wavelength ∼ 800 nm is emitted for each electron that

decays.

The end mirrors of the oscillator kit are aligned so that the fluorescence leaving

both sides of the crystal are directed back through the crystal along the same path . By

aligning the end mirrors in this fashion we can initiate lasing in the cavity. Lasing occurs

when at any given instant a majority of the electrons available for excitation in the crystal

are in the excited state (this is known as population inversion). Rather than these excited

electrons decaying randomly, they are stimulated to decay by photons (which have already

been created by fluorescence also called spontaneous emission) passing back through the

crystal. This causes the stimulated photons to have the same phase as the photon which

initiated their decay. The result is a self-perpetuating beam of photons that bounces back

and forth in the cavity with the same phase. This is a continuous wave (CW) laser.

The oscillator is passively mode-locked to produce pulses of light rather than a CW

laser. Passive mode-locking is achieved by aligning the pump laser and oscillator to produce

the optimal spatial mode of the laser in the cavity and then introducing a disturbance. We

accomplish this by moving one of the prisms in the oscillator kit in a step-wise fashion. The

pulses leave the oscillator cavity through one of the end mirrors (called an output coupler),

which allows a few percent of transmittance to escape. When mode-locked, and using a

typical pump power of 3 W, the oscillator produces 100-fs laser pulses centered about a

wavelength of 800 nm at 90 MHz with an average power of 350 mW at the exit of the

output coupler. Each pulse contains only 4 nJ of energy. This energy alone is not sufficient

to ablate silicon and we therefore amplify these pulses.
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2.2.2 Amplifying the femtosecond laser pulses

The pulses are amplified inside a second laser cavity with a second Ti:sapphire

crystal. This laser cavity is called the amplifier cavity. This crystal is pumped by a 1-kHz,

527-nm, 200-ns pulsed laser system. The nanosecond laser has a neodymium-doped yttrium

lithium fluoride (Nd:YLF) crystal pumped by a flash lamp (as a result we refer to this laser

as the “YLF”, pronounced “yulf”).

The pulses coming from the oscillator cavity cannot be amplified directly. Their

short pulse duration would cause extreme intensities and would damage the optics in the

amplifier cavity. The femtosecond pulses leaving the oscillator cavity are therefore stretched

to picoseconds using a grating-based stretcher.

The amplifier cavity, pumped by the YLF, is a laser by itself that emits 200-ns

pulses of 800-nm light at 1-kHz. One out of every 90,000 pulses from the oscillator cavity

(this matches the pulse rate of the YLF, 1-kHz) is overlapped inside the amplifier crystal so

that it occupies the same time and space as the 800-nm, 200-ns laser pulses. The timing can

be adjusted so that the picosecond oscillator pulse arrives just before each 800-nm, 200-ns

pulse forms. By doing this, the picosecond oscillator pulse causes stimulated emission of the

electrons that were excited inside the amplifier crystal by the YLF pulse. The picosecond

pulse in effect “steals” the energy that would have gone into the 800-nm, 200-ns pulse.

In this scenario, the picosecond pulse is referred to as the seed pulse, because it seeds

the stimulated emission of the amplifier cavity. The 200-ns pulse, which is not created,

is referred to as the Amplified Stimulated Emission (ASE), since it would be the normal

emission that would occur if the seed pulse was not present. When aligning an amplifier

cavity the goal is always to reduce the magnitude of the ASE, as this is lost energy that

cannot be added to the seed pulse.

In our system, the round trip time of light in the amplifier cavity is 11 ns. Therefore
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Figure 2.9: Layout of amplifier cavity. The polarization of the laser light in each section of
the cavity is indicated by an “s” or “p.”

every 11 ns, the seed pulse can gain in energy as it passes through the crystal. Each time the

seed passes through the crystal it prevents the ASE from gaining in energy. The seed pulse

grows to a maximum in energy after 20–23 round trips (depending on optimal alignment of

all the optics). At this point there are no more excited electrons left in the amplifier crystal.

When the seed has reached it’s maximum energy, it is switched out of the amplifier cavity.

2.2.3 Controlling the injection and ejection of the seed pulse

Switching the seed pulse into and out of the amplifier cavity is accomplished by

the following method. The seed pulse enters the amplifier cavity by reflecting off a thin film

polarizer (TFP), which reflects s-polarized light and transmits p-polarized light. Figure 2.9,

shows the relative positions of the optics in the amplifier cavity and necessary components

for switching the seed pulse into and out of the cavity: the Pockels cell and polarizer cube.
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The seed pulse is s-polarized so it reflects off the thin film polarizer and heads

toward the Pockels cell. The Pockels cell contains a material which can rotate the polar-

ization of light when an electric field is applied to the material. This is accomplished by

applying a voltage to the Pockels cell. Our Pockels cell rotates polarization 90◦ from s to

p or from p to s. When the Pockels cell is in a state so that it rotates the polarization of

light, it is said to be “on” or “firing,” when the Pockels cell passes the light unaffected it is

said to be “off” or “not firing.” The polarizer cube in our set up transmits p-polarized light

and diffracts s-polarized light at a right angle out of the side of the cube. The Pockels cell

and the polarizer cube together comprise an electro-optic switch.

When the Pockels cell is off, the s-polarized seed pulse passes through and remains

s-polarized; it then diffracts off the polarizer cube and exits the amplifier cavity never

having passed through the amplifier crystal. This happens to 89,999 pulses out of every

90,000 pulses coming from the oscillator. However for one out of 90,000 pulses the Pockels

cell fires, resulting in an 8 ns window where the polarization of the seed pulse will be rotated

from s to p. The seed pulse is then transmitted through the polarizer cube; back reflects off

the amplifier cavity end mirror; passes through the polarizer cube and Pockels cell again;

passes through the thin film polarizer (because it is now p-polarized); reflects off the folding

mirror; passes through the Ti:sapphire crystal; back reflects off the second end mirror and

repeats the same path for 20–23 round trips. Then after 210–240 ns (20–23 trips), the

Pockels cell is fired again and the polarization of the now amplified seed pulse is rotated

from p to s and it exits the cavity by diffracting off of the polarizer cube.

The timing of the Pockels cell is controlled by an SRS timing box. A small fraction

of the initial seed pulse is reflected with a piece of glass into a photodiode. This 90 MHz

signal is amplified and then sent to a countdown box that outputs 1 electrical pulse for

every 90,000 pulses. This 1-kHz signal is split into two signals. One is used to trigger the
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YLF and the second signal enters the SRS timing box where a delay can be added before

being sent to trigger the firing of the Pockels cell. By performing the timing in this manner

all of the electronics are controlled by the same original signal (so they all have the same

clock) and the delay in the SRS timing box can be varied until the seed pulse arrives inside

the amplifier crystal at the optimal time for amplification.

2.2.4 The amplified femtosecond laser pulses

For our system amplification works best when the YLF pumps the amplifier crystal

at 6.75 W. Then, at the output of the polarizer cube, we obtain picosecond pulses at 1-kHz

with a maximum average power of 1.1 W. The amplified pulses are then compressed to 100

fs by a grating-based compressor. As a result of grating losses, the maximum average power

is reduced to 350 mW.

At this point each femtosecond laser pulse contains 350 µJ of energy, which is

approximately 1000 times larger than the pulse energy at the output of the oscillator cavity

and more than enough energy to ablate silicon.

2.2.5 Aligning the amplifier cavity

Two oscilloscopes are used to monitor the laser. One receives the signal from

the photodiode that looks at the seed pulse and is used to help with mode-locking. A

second one is used to monitor the seed pulse both inside and outside the amplifier cavity.

To view the seed pulse while it is in the amplifier cavity, a photodiode is placed behind

the second amplifier cavity end mirror. This end mirror is an output coupler allowing a

small transmittance. This oscilloscope is used to help align the pointing of the seed pulse;

align the amplifier cavity end mirrors; and adjust the Pockels cell timing to ensure that

amplification is occurring as efficiently as possible. The second oscilloscope needs to be
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triggered by the same common electrical signal that triggers all of the electronics.

The following procedure is used to obtain good amplification of the seed pulse.

With the seed pulse blocked, we observe the YLF pulse and the ASE pulse on the same

photodiode. This can be done essentially from anywhere on the optics table as both the

YLF pulse and the ASE are quite bright and scatter light in all directions off of each of the

optics. While viewing both pulses on the same photodiode, the amplifier cavity end mirrors

are adjusted iteratively in order to shrink the time between the YLF pulse and the ASE

pulse to the minimum value. A typical value for our system is 250 ns. The pointing of the

YLF pulse may require adjusting as well in order to find the minimum time.

Next, we view the photodiode at the output coupler of the amplifier cavity and

inject the seed while disabling the ejection of the seed. By blocking and unblocking the seed,

we can watch the ASE appear and then dissappear (being replaced by the seed signal). The

seed will look like a series of peaks that grow larger and larger. The peaks are separated by

11 ns (the round trip time of the amplifier cavity). The seed signal occurs earlier in time

than the ASE. By monitoring the seed signal we adjust the mirrors that control the pointing

of the seed pulse to cause amplification to happen at the earliest time possible. This ensures

that the most efficient amplification is occurring. Next the timing of the injection is varied

so that amplification occurs at the earliest time. We choose the latest injection time that

results in the earliest amplification, meaning that if we move the injection time earlier and

the amplification stays the same, we use the later injection time. Finally we then enable

ejection of the seed pulse and monitor the power at output of the polarizer cube. We change

the ejection timing in order to get the highest possible power (usually 1.1 W).
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Figure 2.10: Schematic diagram of the system used for femtosecond laser irradiation of
silicon in various environments.

2.3 Experimental methods: irradiation process and vacuum

chamber

The experiments in this thesis were performed inside a stainless steel vacuum

chamber anchored to the optics table on four legs (see Figure 2.10). The main chamber

is an 8-inch welded stainless steel cube. A corrosion resistant roughing pump is used to

evacuate to 10−3 Torr. A convectron gauge monitors the pressure between 10−3–10−1 Torr;

a baratron pressure gauge monitors pressure between 1 and 1000 torr.

Silicon wafers are mounted to a stainless steel magnetic disc with carbon tape.

This disc is then placed inside the chamber on a permanent magnet that is anchored to

a stainless steel arm connected to a 3-axis linear translation system on the back of the
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cube. The two axes that are orthogonal to the laser beam (in the plane of the sample) are

computer controlled; the third axis is manually controlled. The silicon wafer is centered on

the translation stage using a CW Helium-Neon laser that is aligned to take the same path

as the femtosecond laser pulses.

The femtosecond laser pulses are focused through the quartz window with a 25 cm

focal length lens, anti-reflection coated for 800 nm light. The focus of the lens is behind the

sample. The lens is mounted on a single axis linear translation stage with a 2-inch travel.

Spot sizes ranging from 30–250 µm could be reliably achieved. The spot size is measured by

raising a flipper mirror and directing the beam into a CCD camera at a calibrated distance

from the flipper mirror.

Prior to irradiation the chamber is evacuated, and then filled with a specific back-

ground gas. During irradiation, white light shines on the silicon wafer and the reflected

light is collected by a second CCD camera, which allows the reflectivity change of the

silicon surface to be monitored live with a magnification of approximately 60 times.

The number of pulses that are incident on any one area is determined by the spot

size, the repetition rate of the laser (1-kHz) and the translation speed of the wafer. The

maximum translation speed for our motors is 1.5 mm/s. For a spot size of 150 µm, this

equates to a minimum number of pulses/area of 100. A fast mechanical shutter triggered

by the same electrical signal used to the trigger the electronics of the laser system allows

the repetition rate of the laser to be varied from 1–100 Hz which allows for lower numbers

of pulses/area.
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Formation of silicon nanoparticles

by femtosecond laser ablation in a

background gas

3.1 Chapter abstract

We show that the mechanism of nanoparticle formation during femtosecond laser

ablation of silicon is affected by the presence of a background gas. Femtosecond laser abla-

tion of silicon in a H2 or H2S background gas yields a mixture of crystalline and amorphous

nanoparticles. The crystalline nanoparticles form via a thermal mechanism of nucleation

and growth. The amorphous material has smaller features and forms at a higher cooling

rate than the crystalline nanoparticles. The background gas also results in the suspension

of plume material in the gas for extended periods, resulting in the formation (on a thin film

carbon substrate) of unusual aggregated structures including nanoscale webs that span tears

in the film. The presence of a background gas provides additional control of the structure

29
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and composition of the nanoparticles during short pulse laser ablation.

3.2 Introduction

Femtosecond laser ablation is the explosive removal of material excited to extreme

temperatures and pressures through absorption of a high-intensity laser pulse of subpicosec-

ond duration. The femtosecond laser ablation of metals and semiconductors in a vacuum

environment has been investigated extensively [20–22, 35, 36, 58]. Recent research has fo-

cused on the formation mechanism of silicon nanoparticles created by the irradiation of

silicon in vacuum with 800-nm, laser pulses of 80 to 200-fs duration [22, 35, 36, 58]. Hy-

drodynamic models suggest that the nanoparticles form via mechanical fragmentation of a

highly pressurized fluid undergoing rapid quenching during expansion in the vacuum [22].

Experimental studies of the evolution of the ablated silicon support this theoretical predic-

tion and show that the ablated material is composed almost entirely of ejected liquid silicon

with very little vapor [35,36]. In addition, it was found that the nanoparticles form within

50 ps by a non-equilibrium, non-thermal phase transformation rather than by a thermal

nucleation and growth process [36].

In this paper we present work on the irradiation of silicon with 800-nm, 100-fs

laser pulses in a background gas of hydrogen (H2) or hydrogen sulfide (H2S). Our results

indicate that the presence of the background gas during irradiation fundamentally changes

the mechanism for nanoparticle formation. We observe two phases in the collected plume

material: spherical particles of crystalline silicon ranging in diameter from 5–300 nm and a

highly porous network of amorphous silicon with feature sizes ranging from 1–10 nm. We

find that the crystalline nanoparticles form by thermal nucleation and growth; the amor-

phous phase forms from small droplets of liquid that are subjected to a high cooling rate.
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The size distribution of the crystalline nanoparticles is log-normal—that is, the logarithm of

the particle diameter has a Gaussian distribution—suggesting that the ejected material ini-

tially contains a vapor component instead of consisting of just liquid droplets as observed in

vacuum [36]. The presence of the background gas also gives rise to the formation of unusual

webs of nanoparticles on the collection substrate. Our results indicate that the background

gas affords additional control of the structure and composition of the nanoparticles.

3.3 Experimental setup

The ablation plume was generated by irradiating a Si(111) wafer (n-type, ρ =

8–12 Ω-m) with a 1-kHz train of 100-fs, 800-nm laser pulses produced by a regeneratively

amplified Ti:sapphire laser. The silicon wafer was placed in a stainless steel vacuum cham-

ber, evacuated to about 6.7 Pa and then filled with either H2 or H2S to various pressures.

The laser pulses were focused onto the silicon to a diameter of 150 µm yielding a peak

fluence of 10 kJ/m2 and a peak intensity of about 1017 W/m2. The plume material was

collected over the course of 1 hour as the silicon wafer was translated at a speed 250 µm/s

to prevent degradation of the target. This translation speed resulted in an average of 600

pulses delivered to each spot on the surface.

We used transmission electron microscope specimen grids (3-mm diameter, 200

mesh copper grids, coated on one side with a 20-nm thick film of amorphous carbon) to

collect material in the plume. The plane of the grids was perpendicular to the silicon surface

and suspended above and in front of the silicon target with 18 gauge copper wire and carbon

tape. The grids were positioned 10 mm from the target with the carbon-coated side facing

down (see Figure 3.1).
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Figure 3.1: Experimental setup used for collecting nanoparticles.

3.4 Results

We visually observed the ablation plume and collected the ejected material on

transmission electron microscope (TEM) specimen grids positioned 10 mm from the target.

The size, structure and composition of the collected nanoparticles were determined using

bright and dark field imaging, selected area diffraction, and energy dispersive spectroscopy

in a transmission electron microscope.

The background gas influences the shape and trajectory of the ablation plume. At

a 1-kHz pulse rate, the ablation plume appears as a constant stream of ejected material

in the shape of a cone, which expands from the 150-µm diameter laser-irradiated spot to

millimeter dimensions making it readily visible to the eye. In contrast to vacuum, where

the ejected material retains most of its initial kinetic energy until it impacts a surface, the

background gas reduces the kinetic energy of the ejected material to zero. The material
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Figure 3.2: (a) Low magnification TEM bright field image showing particles formed in the
ablation plume of silicon irradiated with trains of femtosecond laser pulses in H2 at 67
kPa. (b) Higher magnification of the highlighted area in (a) reveals a network composed of
spherical particles and porous material.

then remains suspended in the background gas for the duration of the experiment and

travels around the chamber by convection. When H2S is used as the background gas, the

ablation plume is a narrow cone that initially travels perpendicular to the silicon surface

and then curves upward until it comes to a stop and begins to fall back down. When H2 is

the background gas, the ablation plume is a wider cone that remains perpendicular to the

silicon surface until it eventually slows to a stop and then travels around the chamber by

convection.

Although the trajectory of the ablation plume is different for irradiation in both

H2S and H2, the size and the structure of the collected material is the same. The TEM bright

field image in Figure 3.2a shows that the collected material is composed of an extremely

fine network of aggregated material. The network consists of clusters of spherical particles,

ranging in diameter from 5–300 nm, dispersed in a highly porous material with feature

sizes ranging from 1–10 nm (Figure 3.2b). In Figure 3.2b, the spherical particles vary in

brightness from light gray to deep black. In bright field imaging, a low brightness indicates
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Figure 3.3: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in H2 at 67 kPa. Selected area diffraction reveals that (b) the spherical particles
are crystalline and (c) the porous material is amorphous.

that the material is highly diffracting [59]. When imaging the spherical particles, they

alternate between gray and black on the time scale of seconds. This observation supports

that the particles are single crystals; the alternating brightness is caused by the particles

tilting in and out of the diffraction condition when they collect charge in the electron

microscope. In comparison, the brightness of the highly porous material does not vary

with time and appears between light-gray and dark-gray depending on the thickness of

accumulated material.

Figure 3.3a is a TEM bright field image showing the spherical particles on the left
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Figure 3.4: Analysis of the polycrystalline diffraction pattern. The ratio of the size of each
concentric ring in the diffraction pattern matches the allowed reflections of the diamond
cubic crystal structure.

and the highly porous material on the right. Figures 3.3b and 3.3c are electron diffraction

patterns obtained using the selected area diffraction apertures indicated by the correspond-

ing circles in Figure 3.3a. The diffraction pattern in Figure 3.3b is characteristic of a

polycrystalline material and the relative diameters of the rings confirm that the crystal

structure of the spherical particles is diamond cubic (see Figure 3.4). By positioning the

selected area diffraction aperture over an individual particle, we verified that each particle

is actually a single crystal (see Figure 3.5) and that the diffraction pattern in Figure 3.3b

is the result of an ensemble of single crystal particles each at a different orientation. In

contrast, Figure 3.3c shows a diffraction pattern nearly absent of diffraction peaks, indicat-

ing an amorphous structure. The presence of a few diffraction peaks is due to crystalline

particles mixed in with the amorphous material. Closer inspection of the image in Figure

3.3a confirms the presence of a few crystalline particles in the amorphous material.

The bright and dark field TEM images in Figure 3.6 confirm that the highly porous

material is amorphous. Figure 3.6a is a bright field image showing a mixture of spherical
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Figure 3.5: Left: TEM bright field image of nanoparticles. The circle indicates the approxi-
mate size and location of the selected area diffraction aperture. Center: Diffraction pattern
from selected area diffraction aperture positioned over a single nanoparticle. Right: Inverse
of the diffraction pattern. Analysis of the pattern shows the particle is a single crystal and
oriented along a [111]-type axis.
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b

300 nm

Figure 3.6: (a) TEM bright field image of particles generated in the ablation plume of silicon
irradiated in H2 at 67 kPa. (b) Compilation of eight dark field images acquired with the
TEM C2 aperture positioned at eight different locations along the (111) diffraction ring.
The bright areas indicate the locations of crystalline material.

particles and highly porous material. Figure 3.6b is a compilation of eight dark field images

acquired with the TEM C2 aperture positioned at different locations around the first ring of

the diffraction pattern in Figure 3.3b. The first diffraction ring is populated by crystalline

reflections from (111) type planes. In each of the eight images, different spherical particles
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appear bright depending on whether their crystalline orientation produces a (111) type

reflection (e.g., each of the twelve [011] and twenty four [112] orientations in a diamond

cubic crystal produce a (111) type reflection). Crystalline particles that do not appear

bright in Figure 3.6b are likely oriented along a direction that does not produce a (111)

reflection at any of eight locations. In contrast, the highly porous material is a uniform dark

gray in all eight images, confirming that it is amorphous. If the highly porous material were

crystalline, it would be unlikely that no part of that material produces a (111) reflection in

any of the eight orientations.

The dark field images used to form Figure 3.6b were compiled in the following man-

ner. In seven of the eight images, the lower fourth of the brightness scale was subtracted.

This removed the dark gray amorphous material from each image and left the bright crys-

talline particles behind. These images were then summed together and then added to the

eighth image (which was unaltered) to produce Figure 3.6b. By performing the sum in this

manner, the relative brightness between the spherical particles and the amorphous phase

in Figure 3.6b is representative of each of the eight dark field images.

Using energy dispersive spectroscopy we find that the main component of both

the crystalline particles and the amorphous material is silicon. Trace amounts of oxygen,

carbon, and sulfur are detected in the amorphous material, and to a lesser extent in the

crystalline particles. Sulfur is only detected when H2S is used as the background gas. The

presence of oxygen and carbon can be attributed to oxidation and contamination during

transportation of the TEM specimen grids from the vacuum chamber to the TEM.

Figures 3.7 and 3.8 show aggregated material on copper TEM specimen grids

coated with a smooth continuous carbon film. Figure 3.7 shows several strands of particles

over 30 µm in length. The strands also span 10-µm wide rips in the continuous carbon

film like the strands of a web (Figure 3.8a). Higher magnification images show that these
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5 µm

Figure 3.7: TEM bright field image showing that particles aggregate in straight lines mea-
suring over 30 µm in length.

nanoscale webs are composed of both crystalline particles and amorphous material (Figure

3.8b). We find that the collection surface affects the aggregation of nanoparticles and amor-

phous material. For example, TEM specimen grids that are coated with an uneven, holey

carbon film gives rise to small clusters instead of strands of particles. These observations

suggest that it may be possible to control the self-assembly of nanoparticles through the

morphology of the substrate.

We studied the dependence of the size and structure of the ablated material on

pressure by collecting the ablated material at various H2 background pressures. The amount

of amorphous material collected on the TEM grids increases as the pressure decreases. At
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a

3 µm

b

200 nm

Figure 3.8: (a) Low magnification TEM bright field image showing particles forming
nanoscale webs that span 10-µm wide gaps in the collection substrate. (b) Higher magnifi-
cation TEM bright field image showing that the bridges are composed of both crystalline
and amorphous particles.

13 kPa, there is approximately 3 times more amorphous material than at 67 kPa. At

0.27 kPa, the collected material is nearly completely amorphous, intermixed with a few

crystalline particles. The crystalline material, too, changes with pressure. Figure 3.9 shows

the crystalline particle size distribution at two different background pressures: 13 and 67

kPa. The average size of the crystalline particles increases as the pressure decreases. At both

13 and 67 kPa, the size of the crystalline particles fit a log-normal distribution. However,

the geometric mean diameter is greater for particles produced at 13 kPa (18.8 ± 0.2 nm)

than at 67 kPa (16.2 ± 0.2 nm). At 0.27 kPa, the crystalline particles are embedded

in a continuous amorphous film preventing the determination of an accurate particle size

distribution.

3.5 Discussion

Depending on the cooling rate, liquid silicon forms either the energetically favor-

able crystalline phase or a metastable amorphous phase upon cooling [60]. Amorphous
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Figure 3.9: Size distribution of crystalline nanoparticles formed during femtosecond laser
ablation of silicon in H2 gas at 13 kPa (open circles) and 67 kPa (filled diamonds). The
solid and dashed curves are log-normal fits with geometric means of 18.8 ± 0.2 nm and
16.2 ± 0.2 nm, and standard deviations of 0.50 ± 0.02 nm and 0.44 ± 0.02 nm for particles
formed at 13 kPa and 67 kPa, respectively.

silicon is typically formed though vapor deposition processes, although, at high cooling

rates, such as in electrohydrodynamic atomization of silicon in vacuum [61, 62] (106–107

K/s) or after irradiation of a silicon substrate with nanosecond [63] and picosecond [1, 12]

laser pulses (≥ 1010 K/s), a metastable amorphous phase can nucleate and grow from the

liquid phase before crystallization occurs [60]. At lower cooling rates, there is sufficient time

for the more stable crystalline phase to nucleate and grow. The presence of both amorphous

and crystalline silicon in the collected material, indicates that the cooling rate in our exper-

iment is near the threshold cooling rate for formation of the amorphous phase (106 K/s).

This cooling rate is well below the estimated cooling rate for femtosecond laser ablation

of silicon in vacuum (1012–1018 K/s) [22], suggesting that the background gas lowers the
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cooling rate of the ejected silicon. As the background pressure is increased, the amount of

crystalline material increases (Figure 3.9) and the amount of amorphous material—which

requires a higher cooling rate—decreases. The cooling rate within the ablation plume varies,

because the mass of the silicon droplets is distributed over a range. Large liquid droplets

cool by convection and radiation at a slower rate than smaller droplets. Indeed, nearly all of

the crystalline particles we observe are larger in size than the amorphous particles (because

of their larger size they cooled more slowly, providing enough time for crystallization).

The presence of a background gas fundamentally changes the mechanism of nanopar-

ticle formation. In vacuum, the solid-liquid transformation is reported to be nonthermal

and to take place within 50 ps [36]. This time period is too short for particles with crys-

talline order to form. The threshold speed for the crystalline-liquid interface above which

the amorphous phase forms is reported to be 15 m/s [12]. At this speed 100-nm particles

require 3 ns to form; 5-nm particles require 160 ps. We observe crystalline particles as large

as 300 nm. Crystalline particles of this size can only form by a thermal process of crystal

nucleation and growth.

The formation of single-crystal rather than polycrystalline particles is consistent

with what is known about nucleation and growth of crystalline silicon. Multiplying the

volume of the mean particle, 2 × 10−24 m3, by the largest reported [64] value for the

homogeneous nucleation rate, 2 × 1010 m−3s−1, and inverting the result, we find that the

time between two nucleation events within the volume of the mean particle is at least 1013 s,

which is far greater than the solidification time. In other words, the observed nanoparticles

solidify completely before a second nucleation event can occur and therefore they must be

a single crystal.

The log-normal nature of the size distribution of the crystalline particles allows us

to draw conclusions about the process of ablation in a background gas. A log-normal size
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distribution was first associated with the nucleation and growth of small particles during

evaporation of metals in an inert gas [65]. It was recently shown that nucleation and

growth of liquid droplets from the vapor phase produces a log-normal size distribution if

the following four criteria are met [66,67]:

1. nucleus particles (or droplets) only grow in a finite active growth region

2. they travel through it by both drift and diffusion

3. they are collected at a fixed point outside the active zone

4. their size in the active region is a power function of time.

The ablation plume in our experiment meets all of the above criteria if we assume

it is initially composed of vapor or a mixture of liquid and vapor. Liquid droplets in the

ablation plume grow while new droplets nucleate and grow through vapor condensation

until the vapor phase is depleted. The finite amount of vapor establishes a finite active

growth region. The kinetic energy of the ablation plume provides a condition of strong

drift, in addition to diffusion, which is always present. The liquid droplets then solidify as

either crystalline or amorphous depending on their cooling rate and are collected on the

TEM grid. The time dependence of the size of a droplet growing by vapor condensation is

linear (i.e., it is a power function in time where the exponent is unity) [66].

As the background gas pressure is decreased, the peak in the lognormal size dis-

tribution of the crystalline particles shifts to a larger particle size (Figure 3.9). We can

attribute this shift to an increase of the average cooling rate within the plume at lower

pressures. As the cooling rate increases, more of the smaller liquid droplets become amor-

phous and the average size of the crystalline particles increases.

A key difference between femtosecond laser ablation in a background gas and in

vacuum is the evolution of the kinetic energy of the ejected ablation plume. In a vacuum,
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the ejected material retains much of its kinetic energy and is eventually deposited along a

line-of-sight trajectory. Many evaporation-based thin film growth techniques, such as pulsed

laser deposition, rely on this process. However, in a background gas, the kinetic energy of

the ejected material is reduced significantly due to interaction with the background gas. The

initial kinetic energy can be reduced to zero before any deposition occurs and the plume

material moves about the chamber by convection. In H2S, the ejected plume is observed to

turn upward in the opposite direction of gravity. This upward turn is likely brought about

by a density difference between the plume and the background gas resulting in a buoyancy

effect. In H2, the plume remains perpendicular to the target, indicating that the density of

the plume is similar to H2.

We attribute the formation of nanoscale webs to the aggregation of particles sus-

pended in the background gas. As the plume material remains suspended in the chamber

during the length of the experiment, the particles aggregate and form three-dimensional

structures and clusters, which then come to rest on the TEM grids. The strands of the

nanoscale webs are composed of individual aggregated nanoparticles (Figure 3.8b). A re-

cent theoretical report on coagulation of particles suspended in a gas predicts that under

certain conditions particles aggregate into web-like clusters similar in shape to the clusters

we observe [68]. It may be possible to form more complex three-dimensional nanostructures

by controlling the gas type and pressure as well as the morphology, structure and chemistry

of the collection substrate.

3.6 Conclusion

The presence of a gas during femtosecond laser ablation of silicon changes the

fundamental mechanism by which nanoparticles form. The background gas suppresses the
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non-thermal phase transformation observed in vacuum allowing some particles to crystallize

through a thermal nucleation and growth process. The log-normal size distribution of

crystalline particles suggests that the ablation plume contains a vapor component. The

presence of the background gas also results in the suspension of plume material in the

chamber for extended periods of time resulting in the formation of long straight lines and

webs of nanoparticles. The pressure and gas chemistry control the structure, composition

and size distribution of the ejected material. Our results show that it may be possible to

tailor the creation of nanoparticles and control their self-assembly on a collection surface.



Chapter 4

Mechanism of broadband infrared

absorption in chalcogen-doped

silicon

The organization of this chapter is as follows: Sections 4.1 through 4.6 very nearly

represent the as-submitted journal article on the Mechanism of broadband infrared absorp-

tion in chalcogen-doped silicon. Section 4.7 provides supplemental information to the main

arguments developed in Sections 4.1 through 4.6. The information in Section 4.7 is pre-

sented to provide more experimental details and more graphical representations of the data

for future reference.

4.1 Chapter abstract

Sulfur doping of silicon beyond the solubility limit by femtosecond laser irradiation

has lead to near-unity broadband absorption of visible and infrared light and the realization

of silicon-based infrared photodetectors. The nature of the infrared absorption is not yet well

45
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understood. Here we present a detailed study on the reduction of infrared absorptance after

various anneals of different temperatures and times for three chalcogens (sulfur, selenium,

and tellurium) dissolved into silicon by femtosecond laser irradiation. For sulfur doping, we

irradiated silicon in SF6 gas; for selenium and tellurium, we evaporated a film onto the silicon

and irradiated in N2 gas; lastly, as a control, we irradiated untreated silicon in N2 gas. Our

analysis shows that the deactivation of infrared absorption after thermal annealing is likely

caused by dopant diffusion. We observe that a characteristic diffusion length—common to

all three dopants—leads to the reduction of infrared absorption. Using diffusion theory,

we show that the grain size of the re-solidified surface layer is a probable source of this

characteristic diffusion length, indicating that deactivation of infrared absorptance could be

caused by precipitation of the dopant at the grain boundaries.

4.2 Introduction

Silicon is often doped with chalcogens such as sulfur and selenium to obtain op-

toelectronic properties not typically available to silicon-based devices, such as detection of

infrared light [52,69–71], and light emission (photoluminescence [72–75] and, more recently,

electroluminescence [76,77]). In addition, the presence of the chalcogen atom in the silicon

lattice is studied for its potential as a double donor [78,79].

Doping is typically done by vapor diffusion during furnace annealing [72,75,79–81]

or ion implantation followed by furnace annealing [70,75,82–85]. These methods have been

used to establish the bulk diffusivity and equilibrium solubility limit of sulfur [84, 86, 87],

selenium [88–92], and tellurium [81,85,90] in crystalline silicon.

When doping is performed via thermal diffusion, the concentration is restricted to

the solubility limit at the annealing temperature; however, when ion implantation is followed
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by nanosecond pulsed laser irradiation [93–96], the doping concentration can exceed the

solubility limit by several orders of magnitude through a process known as solute trapping

[97–99]. This method has recently been used to create supersaturated concentrations of

sulfur in silicon [95]. Recently, we created supersaturated concentrations of sulfur, selenium

and tellurium, respectively, by femtosecond laser irradiation of silicon coated with a powder

film [50]. We have also doped silicon in this manner using a background gas of sulfur

hexaflouride (SF6) or hydrogen sulfide (H2S) [46, 49]. In these recent studies involving

nanosecond and femtosecond laser pulses, the supersaturated solution of chalcogen dopants

exhibits increased infrared absorptance [46, 49, 50, 95]. When femtosecond laser pulses are

used, the infrared absorptance is near unity out to 2500 nm [46,49,50].

The mechanism by which chalcogen-doped silicon absorbs infrared light is not

entirely understood. Two observations provide insight into how the dopant contributes to

the enhanced infrared absorption. First, the infrared absorption decreases after thermal

annealing, and this decrease becomes larger with increasing annealing temperature [46, 49,

50, 95]. Second, for the same thermal anneal, the infrared absorption decreases a different

amount depending on the dopant [50]. Sulfur-doped samples show the largest decrease

in infrared absorption, followed by selenium-doped samples and tellurium-doped samples,

respectively [50]. Given that the bulk diffusivity of sulfur in silicon is roughly an order of

magnitude larger than selenium and several orders of magnitude larger than tellurium,1 the
1This large variation in diffusivity is related to the diffusion path of each dopant [100]. Fast diffusers in

silicon, such as copper and iron [100], are dissolved interstitially and diffuse interstitially without the need for
point defects in the lattice. Slow diffusers like the group III and V elements (boron and phosphorous [100])
are dissolved substitutionally and diffuse more slowly as substitutional diffusion relies on point defects such
as vacancies and self-interstitials. The diffusivity of sulfur is closer to that of iron, while the diffusivity of
tellurium is similar to the group III and V elements; selenium is in between. Research suggests that the
large difference in diffusivity between sulfur, selenium and tellurium is due to the percentage of diffusion
that occurs interstitially versus substitutionally [90]. Although, sulfur, selenium and tellurium dopants are
predicted to occupy substitutional sites [101–103], diffusion can occur interstitially through either the Frank-
Turnbull mechanism [104] (the substitutional dopant jumps into an interstitial site creating a vacancy) or the
kick-out mechanism [105] (a silicon self-interstial takes the place of the substitutional dopant which jumps
to an interstitial site).
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two experimental observations seem to indicate that the reduction of infrared absorptance

after annealing is related to diffusion of the dopant [50].

In this chapter, we further explore whether the deactivation of infrared absorption

is a diffusion process by determining the optical properties of supersaturated chalcogen-

doped silicon before and after numerous thermal vacuum anneals. The silicon is doped

by irradiation with femtsecond laser pulses in the presence of a background gas (for sulfur

doping) or coated with an evaporated film of the dopant (for selenium and tellurium doping).

Our analysis shows that thermal annealing reduces the infrared absorptance in a manner

that is consistent with diffusion of the dopant. In addition, the infrared absorption is

observed to decrease the same amount after a similar diffusion length for all three dopants.

Using diffusion theory, we show that a probable source of this characteristic diffusion length

is the grain size of the re-solidified surface layer.

4.3 Experimental setup

For all experiments, we used boron-doped Si (100) wafers (ρ = 1−20 Ω-cm, dia. =

50 mm). Wafers were ultrasonically cleaned in methanol for 10 minutes. For sulfur doping,

the wafers were placed on a translation stage in a stainless steel vacuum chamber that was

evacuated to less than 1 × 10−2 Torr using a mechanical pump. The chamber was filled

with 500 Torr of SF6. For selenium and tellurium doping, the wafers were first placed into a

resistive thermal evaporator that was evacuated to 1×10−6 Torr. A film thickness of 150 nm

was deposited for both selenium and tellurium using solid selenium (99.95%) and tellurium

(99.95%) pellets, respectively, in tungsten boat sources (for additional information on using

an evaporated film as the dopant source see Section 4.7.1). The coated wafers were loaded

into the stainless steel chamber, which was then evacuated to less than 1× 10−2 Torr and
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filled with 500 Torr of N2. Femtosecond laser ablation in a gas of near-atmospheric pressure

results in different hydrodynamics for melting and ablation than irradiation performed in

a vacuum [106]. In order to keep the hydrodynamics of doping the same for all samples,

we irradiated the selenium- and tellurium-coated samples in a background gas of N2 at the

same pressure as the samples irradiated in SF6.

We irradiated the wafers with a 1-kHz train of 100-fs, 800-nm laser pulses with a

fluence of 8 kJ/m2 focused to a spot size of 150-µm full width half maximum, FWHM .

Fluence equals the pulse energy/area, where the area (radius that intensity is 1/e of the peak

value) is π(FWHM)2/(4 ln(2)). The wafer’s surface was perpendicular to the incident laser

and translated in the plane of the surface with a velocity of 1.5 mm/s; each area received

100 shots. A 33 mm x 33 mm area was irradiated on each wafer by translating 33 mm

vertically, stepping 75µm horizontally and repeating.

After irradiation, the wafers were removed and cut into 8 mm x 11 mm samples

for annealing in a thermal vacuum oven evacuated to less than 1×10−6 Torr. We evaluated

the optical properties of the samples before and after annealing by measuring the infrared

absorptance with a UV-VIS-NIR spectrophotometer equipped with an integrating sphere

detector. The diffuse and specular reflectance (R) and transmittance (T ) were measured

for the wavelength range of 0.9–2.5 µm, in 1-nm increments to determine the absorptance

(A = 1−R− T ) at each wavelength.

Initially, we performed twenty-five thermal vacuum anneals covering a matrix of

five temperatures (575 K, 675 K, 775 K, 875 K, 975 K) and five times (10 min, 30 min, 100

min, 6 hr, 24 hr) for each of the four types of samples: Si wafers irradiated in SF6 (Type

I); Si wafers coated with selenium (Type II) or tellurium (Type III) and irradiated in N2;

and Si wafers irradiated in N2 (Type IV). To explore the high temperature behavior, the

four types of samples were annealed to temperatures between 975 K and 1175 K for 100
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minutes. Lastly, as a control, an untreated Si wafer was annealed to 1175 K for 100 min.

4.4 Results

After irradiation, the surface of each sample is transformed from a flat, mirror-

finished, light gray wafer into a visibly matte black or dark gray surface. Closer inspection

with a scanning electron microscope reveals that the surface is covered with a forest of

micrometer-sized spikes. The formation of this surface morphology is a function of the laser

wavelength, fluence, and pulse duration, as well as the gas chemistry and pressure; the

mechanism behind its formation has been well documented elsewhere [42,43].

Figure 4.1 shows the infrared absorptance (0.9–2.5 µm) of each of the four types

of samples after laser irradiation compared to the absorptance of the initial silicon wafer.

The initial silicon wafer is largely transparent to wavelengths of light greater than 1.07 µm

due to the band gap energy of crystalline silicon (1.1 eV). The chalcogen-doped samples

exhibit near unity absorptance of infrared light and samples irradiated in N2 show some

infrared absorptance, which decreases with increasing wavelength.

Figure 4.1 also shows the infrared absorptance of the chalcogen-doped samples

after annealing at 775 K for the five lengths of time used in the annealing experiment. The

infrared absorptance of all three samples is reduced after annealing; this reduction increases

with annealing time. Sulfur-doped samples show the largest decrease in infrared absorp-

tance, followed by selenium-doped samples; the absorptance of tellurium-doped samples

changes the least.

Figure 4.2 displays the mean infrared absorptance (between 1.2–2.5 µm) after the

initial twenty-five anneals performed at 575–975 K for each of the four types of samples:

sulfur-doped (circles) selenium-doped (squares), tellurium-doped (triangles) and samples
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Figure 4.1: Left: Absorptance spectra for samples irradiated in the presence of sulfur
hexaflouride (solid red line), selenium (dashed blue line), tellurium (dotted green line), and
nitrogen gas (solid gray line) prior to thermal annealing. The absorptance of the untreated
silicon wafer is included for comparison. Right: Absorptance spectra for sulfur-, selenium-,
and tellurium-doped silicon after annealing to 775 K for increasing lengths of time (from
top to bottom: 10 min, 30 min, 100 min, 6 hr, 24 hr).
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Figure 4.2: Average absorptance from 1250–2500 nm for sulfur-doped (circles), selenium-
doped (squares), tellurium-doped (triangles) silicon and samples irradiated in N2 (dia-
monds) after various thermal anneals at T ≤ 975 K. A larger marker indicates a longer
anneal (from smallest to largest: 10 min, 30 min, 100 min, 6 hr, 24 hr).
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Figure 4.3: Average absorptance from 1250–2500 nm for sulfur-doped (circles), selenium-
doped (squares), tellurium-doped (triangles) silicon and samples irradiated in N2 (dia-
monds) after thermal anneals at T ≥ 875 K for 100 min. The infrared absorptance of an
unirradiated silicon wafer annealed to 1175 K for 100 minutes is also shown (open circle).

irradiated in N2 (diamonds). The size of the marker indicates the length of each anneal,

with the largest size equaling 24 hours and the smallest, 10 minutes. The results of the high

temperature annealing study are shown in Figure 4.3. Between 575 K and 875 K (Figure

4.2), the change in absorptance has the same trend for all three chalcogen-doped samples;

absorptance drops with increasing anneal temperature and at a given temperature, a longer

annealing time results in a further decrease in absorptance. At 875 K, the absorptance of

the sulfur-doped samples and the samples irradiated in N2 have been reduced to the infrared

absorptance of the original un-irradiated silicon substrate. Above 875 K (Figures 4.2 and

4.3), the change in absorptance of each sample has a different trend. The absorptance of

sulfur-doped samples and those irradiated in N2 begins to increase with increasing temper-

ature. The absorptance of selenium-doped samples stays relatively the same as the value

at 875 K and the absorptance of tellurium-doped samples continues to decrease.
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4.5 Discussion

Crystalline silicon is mostly transparent to wavelengths of light longer than 1.07 µm

due to its band gap. The absorptance of wavelengths of light shorter than 1 µm depends

on the roughness of the silicon surface. Every sample [43, 46, 48, 49] that we irradiate

exhibits enhanced absorption of wavelengths of light shorter than 1 µm (see Figure 1). This

observation is also true of samples irradiatied in vacuum [43]; the enhanced absorption of

wavelengths of light in this region is caused by multiple reflections on the textured surface.

If irradiation is performed in the presence of certain dopants, such as sulfur, se-

lenium or tellurium, the absorptance of infrared light between 1.0–2.5 µm is enhanced to

near-unity (see Figure 4.1). However, this behavior is not observed for all dopants, such as

the samples irradiated in N2 gas (see Figure 4.1). The N2 samples exhibit a non-uniform

absorptance of infrared light, which decreases with increasing wavelength. This same trace

shape is seen when silicon is irradiated in many other gases [43, 46, 48, 49] (H2, Cl2, and

air) as well as when irradiation is performed in a vacuum [43]. Because they are all sim-

ilar to vacuum, we attribute this infrared absorptance to structural defects present in the

nanocrystalline grains and not doping of the silicon with species in the background gas.

In order to understand the mechanism behind our samples’ near-unity infrared

absorptance (between 1.0–2.5 µm), we begin by reviewing what is known about their struc-

ture and composition. During irradiation of silicon with ultrashort laser pulses above the

ablation threshold [21] (3 kJ/m2) the top surface layer is ablated away and the next layer

below melts. This thin molten layer resolidifies extremely quickly due to its contact with

the cold bulk substrate. Cooling rates are estimated to be as high as 1015 K/s [22]. When

a gas or surface dopant is present during irradiation it will be atomized by the high in-

tensity of the ultra short laser pulse and mix with the molten silicon. Rutherford back
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scattering measurements [46, 49, 50] show that these species are incorporated at a concen-

tration on the order of 1 atomic percent and that 20–70% of the dopants are located on

substitutional lattice sites [46]. This concentration is orders of magnitude above the equi-

librium solubility limit and the dopants are therefore in a supersaturated solution [50]. The

high concentration of dissolved atoms become trapped in the lattice during the extremely

fast solidification in a process that is likely similar to the solute trapping that occurs after

pulsed laser irradiation of ion implanted semiconductors [96]. Cross-sectional transmission

electron microscopy reveals that the resolidified surface layer is an approximately 300-nm

thick polycrystalline layer with nanometer-sized grains (10–50 nm) [46]. It is this surface

layer that contains the supersaturated concentration of dopants and is responsible for the

resulting optical properties.

We previously proposed that the broadband absorptance of infrared light is caused

by the high concentration of chalcogen dopants in the nanometer sized grains of the poly-

crystalline surface layer [46, 49, 50]. An equilibrium concentration of sulfur, selenium or

tellurium atoms each create deep level donors in the band gap of silicon [79, 80]. A su-

persaturated concentration of chalcogen atoms creates a densely populated impurity band

around one or more of those deep levels. Below, we provide support for this mechanism by

showing that the infrared absorptance decreases with annealing at the same rate that dis-

solved dopants diffuse out of the nanometer-sized grains to the grain boundaries. Diffusion

of the dopants out of the grains reduces the number of impurity levels in the band gap and

thus reduces the infrared absorption. Because the grains are on the order of nanometers in

size, thermal anneals that result in diffusion lengths on the order of nanometers are required

to decrease the absorptance. Below we show that this is the case for all three chalcogen

dopants.

It is also possible that precipitation of the dopant within the crystalline grains (in
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the form of clustering) could lead to deactivation of infrared absorption. This process will

also involve diffusion of the dopant on the order of nanometers through the crystalline grains.

With the current analysis, it will be difficult to distinguish whether clustering or diffusion

to the grain boundaries is responsible. Here, we offer that it is plausible that diffusion of

the dopants to the grain boundaries leads to deactivation of the infrared absorption.

For every thermal anneal, we can estimate the diffusion length, d, for each dopant

(sulfur, selenium and tellurium) using the equation d =
√
Dt, where t is the annealing time;

D is the bulk diffusivity for each dopant in silicon given by D = D0 exp(−Ea/(kT )); T is

the annealing temperature; k is the Boltzmann constant; and D0 and Ea are temperature

independent constants obtained from the literature on the bulk diffusivity of sulfur, selenium

and tellurium in silicon. For each anneal, the temperature and time is known; the diffusivity

of the dopant can be calculated using the temperature and a diffusion length can be obtained

for each anneal for sulfur, selenium and tellurium, respectively. Because diffusion length

incorporates both time and temperature, it describes the amount of thermal energy each

anneal imparts on the sample. For example, a very long low temperature anneal can impart

the same thermal energy as a very short higher temperature anneal.

Slightly different values for D0 and Ea for each dopant have been reported in the

literature [81, 84–90, 90–92]. For our analysis, we chose diffusivity constants determined

from studies that used the lowest temperature range and a similar silicon substrate (see

Table I). For tellurium, the referenced study fit its data as the sum of two Arrhenius curves,

giving high temperature and low temperature values for D0 and Ea; in that case we used

the low temperature values. Although the analysis below is carried out with one set of

diffusion constants for each dopant, all reported diffusivities give similar results and do not

change our conclusions.

In Figure 4.4, we re-plot the infrared absorptance graphed in Figures 4.2 and 4.3;
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Figure 4.4: Normalized absorptance for sulfur-doped (circles), selenium-doped (squares),
and tellurium-doped (triangles) silicon after various thermal anneals versus diffusion length
of the respective dopant. The average infrared absorptance from Figures 4.2 and 4.3 has
been renormalized so that the maximum is the preannealed value and the minumum is the
infrared absorptance of the unirradiated silicon wafer (see Figure 4.1). The six solid curves
are plots of Equation 4.4 for sphere radii from left to right of 5 nm, 10 nm, 20 nm, 40 nm,
80 nm, and 160 nm.

however, now the data for sulfur-doped (circles), selenium-doped (squares) and tellurium-

doped (triangles) samples are plotted versus the diffusion lengths of sulfur, selenium and

tellurium atoms, respectively (these diffusion lengths are calculated using the constants in

Table I). In addition, the infrared absorptance is normalized so that the maximum value is

the preannealed infrared absorptance from Figure 4.1 and the minimum value is the infrared

absorptance of the unirradiated silicon wafer.

We can draw several conclusions from Figure 4.4. First, the data points—each rep-

resenting a different sample and a different anneal condition—form a continuous curve when

plotted versus the dopant’s diffusion length. Second, the infrared curve for each chalcogen-
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Dopant element D0 (cm2/s) Ea (eV)

S [87] 0.92 2.2

Se [89] 2.47 2.84

Te [85] 0.048 3.04

Table 4.1: Diffusivity constants used to determine the diffusion length of each dopant after
a thermal anneal in order to create Figure 4.4.

doped sample decreases at diffusion lengths that are on the same order of magnitude as the

observed grain size of femtosecond laser irradiated silicon. Third, longer lower temperature

anneals which have roughly the same decrease in infrared absorptance as shorter higher

temperature anneals result in roughly the same diffusion length for each dopant (e.g., 24

hr at 575 K roughly equals 10 min at 675 K, 24 hr at 675 K roughly equals 10 min at 775

K, and 24 hr at 775 K roughly equals 10 min at 875 K, for all three dopants). Finally,

when the data is normalized to the diffusion length of each samples’ respective dopant, the

infrared absorptance decreases at the same rate for all three samples; in other words, there

appears to be a characteristic diffusion length associated with the deactivation of infrared

absorptance. These observations are strong evidence that the reduction of absorptance is a

diffusion related process.

4.5.1 Diffusion theory

If the decrease in infrared absorptance is caused by the diffusion of dopants out

of the crystalline grains, we can use diffusion theory to estimate how the concentration of

dopant atoms in the grains should decrease with thermal annealing and compare this to

our data. To start, we make the following assumptions: the crystalline grains are spherical

with a radius of R0 and an initial dopant concentration of C0 spread uniformly throughout;

diffusion occurs radially out from the center; the grain boundaries are perfect sinks (i.e.,
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once a dopant atom reaches the grain boundary it does not diffuse back into the grain);

the diffusivity of the dopant is only a function of temperature and does not vary with

concentration.

In order to treat the grain boundaries as a perfect sink for the dopant, we set the

boundary condition C(R0) = Ce for all t, where Ce is the equilibrium dopant concentration

at the annealing temperature (which is several orders of magnitude below the initial dopant

concentration); the dopant concentration in the grain will not drop below this value during

the anneal. We make an additional assumption that the equilibrium dopant concentration

is not sufficient to bring about enhanced broadband infrared absorption, which is consistent

with research on silicon doped with chalcogens at or below the equilibrium concentration

[80]. Because the concentration in the grain will not decrease below Ce, we treat this value as

a background concentration and express our concentration profile as C̃(r, d) = C(r, d)−Ce.

With these assumptions the concentration profile, C̃(r), in the grain is given by

C̃(r, d) = −2R0C̃0

πr

∞∑
n=1

(−1)n

n
sin
(
nπr

R0

)
exp

(
−
(
nπd

R0

)2
)
, (4.1)

where C̃(r, d) = C(r, d)− Ce is the increased concentration above the equilibrium value at

a distance r from the center of the sphere after a thermal anneal that produces a dopant

diffusion length of d =
√
Dt. C̃0 = C0 − Ce is the initial increased concentration above the

equilibrium value. Equation 4.1, divided by C̃0, is equivalent to 1 minus the equation for

C(r, d)/C0 for a sphere that is absorbing solute from a large volume of well-stirred liquid

with a fixed concentration of C0 (Chapter 6 of reference [107]).

We can determine the number of dopant atoms, Ñ = N−Ne, above the equilibrium

value in the sphere after a thermal anneal with diffusion length, d, by integrating Equation

4.1 over the volume of the sphere,
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Ñ(d) =
∫ R0

0
C̃(r, d)4πr2dr. (4.2)

Then we can divide by the initial number of dopant atoms in the sphere that exceeded the

equilibrium value, Ñ0 = 4
3πR

3
0C̃0, to obtain the fraction, Ñ/Ñ0, of supersaturated dopant

atoms remaining in the sphere after annealing (a unit-less number between 1 and 0),

Ñ(d)
Ñ0

=

∫ R0

0 C̃(r, d)4πr2dr
4
3πR

3
0C̃0

. (4.3)

After integration the result is,

Ñ(d)
Ñ0

=
6
π2

∞∑
n=1

1
n2

exp

(
−
(
nπd

R0

)2
)
. (4.4)

This equation is only a function of diffusion length, d, and the radius of the sphere, R0.

Equation 4.4 is plotted versus diffusion length in Figures 4.4 and 4.5 for six radii, R0, (5,

10, 20, 40, 80, and 160 nm).

4.5.2 Comparison to diffusion theory

The six curves in Figure 4.4 were calculated with Equation 4.4 using radii that

are similar to the grain sizes of femtosecond laser irradiated silicon [46]. In spite of the

simplicity of our theoretical model, agreement is quite good. The theory and data agree

well in general shape and order of magnitude for all three dopants. Our model does not take

into account the possibility of grain growth, changes in diffusivity with concentration, or a

change in activation energy when diffusing from the grain to the grain boundary. Below we

discuss the deviations between the data and our theoretical model and speculate on possible

explanations.

At large diffusion lengths (> 100 nm), the infrared absorptance of sulfur-doped

samples begins to increase. This increase is also exhibited by samples irradiated in N2 and
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Figure 4.5: Plot of Equation 4.4, the fraction of supersaturated dopant atoms remaining
inside a sphere of radius, R0, versus diffusion length.

untreated silicon wafers after annealing. The cause of this increase is not known, but it

is related to the original substrate and not the presence of the sulfur dopants. The sam-

ples annealed at high temperatures could have absorbed contamination from the vacuum

furnace altering their infrared absorptance. This factor is likely to contribute to the devia-

tion of selenium-and tellurium-doped samples from the theory by slowing their decrease in

absorptance.

At small diffusion lengths, the absorptance data does not fall as fast as the theory

curves and this deviation increases as diffusion length increases. One potential reason for

this behavior is buildup of dopants at the grain boundaries. As more dopants diffuse from

the crystalline grains to the grain boundaries, less space will be available causing diffusion

from the grains to be increasingly more difficult. We can estimate the number of dopants

that can fit in the free space available at the grain boundary as,
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NGB =
1
2
ρia(4πR2

0), (4.5)

where ρi is the atomic density of the dopant (on the order of 3–4 ×1022 cm−3 for sulfur,

selenium, and tellurium), a is the width of the grain boundary (on the order of the lattice

parameter of silicon, 5.4 ×10−8 cm), and 4πR2
0 is the surface area of the grain. The factor

of 1/2 indicates that each grain boundary is shared by two grains. We compare this value

to the number of dopant atoms in the grain which can be expressed as,

NG =
4
3
πR3

0Ci, (4.6)

where Ci is the dopant concentration (∼ 5 × 1020cm−3) and 4
3πR

3
0 is the volume of the

grain. For a grain size of R0 = 10 nm, NG/NGB is 0.16. This value will increase as grain

size increases. For a grain size of R0 = 60 nm, NG/NGB is already greater than 1, indicating

that buildup at the grain boundaries could slow diffusion for grains of this size and larger

for concentrations on the order of 1 atomic %.

The infrared absorptance of the tellurium-doped samples decreases less steeply

than the sulfur- and selenium-doped samples. The explanation for this behavior could be

related to the diffusion path of each dopant. In single crystal silicon, tellurium atoms diffuse

almost entirely substitutionally through the lattice while sulfur and selenium atoms diffuse

both interstitially and substitutionally [90]. A theoretical study predicts that a high con-

centration of point defects (vacancies and self-interstitials) would become trapped during

resolidification after femtosecond laser irradiation due to the high velocity of the resolidifi-

cation front [108]. The greater concentration of defects in the nanocrystalline grains would

allow for more substitutional diffusion of tellurium, effectively increasing its diffusivity. The

increased number of defects could allow tellurium to also diffuse interstitially as well, low-

ering the activation energy of diffusion. The diffusion of sulfur and selenium may not be
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affected by the presence of defects as they already diffuse much quicker and only partially

along a subsitutional path. If the actual diffusivity of tellurium were larger and the actual

activation energy lower, the data in Figure 4.4 would shift to the right and the slope would

increase; both of these corrections would be in the right direction to bring the tellurium

data in line with the sulfur and selenium data.

4.5.3 Diffusion theory using a lognormal distribution of grains

In the previous section, our model assumed that all grains are the same size. A

more realistic approximation is a lognormal distribution of grain sizes,

y(R0) = y0 +A exp

(
−
(

ln(R0/p)
w

)2
)
, (4.7)

where y is the number of grains with radius, R0; p is the peak radius with height, A, and

width, w; and y0 is an offset that can account for the lognormal distribution approaching

a nonzero value at large grain sizes. y0 can also be thought of as a background number of

grains present at all sizes.

In order to take a lognormal distribution of grain sizes into account, we perform

a summation of theory curves calculated from Equation 4.4 for grain sizes ranging from

R0 = 1 to 5000 nm at 1 nm increments. The summation is weighted by volume,

(
Ñ(d)
Ñ0

)
lognormal

=

∑5000
R0=1

(
Ñ(d)

Ñ0

)
R0

y(R0)(4
3πR

3
0)∑5000

R0=1 y(R0)(4
3πR

3
0)

. (4.8)

where y(R0) is the number of grains with radius, R0, and
(
Ñ(d)

Ñ0

)
R0

is the fraction of

supersaturated dopants remaining in a sphere of radius, R0, as a function of diffusion

length. The sum,
∑5000

R0=1 y(R0)(4
3πR

3
0), is the total volume of all the grains in the lognormal

distribution.
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Figure 4.6: Left: Several log normal grain size distributions with A = 150, p = 5 nm, y0 = 0
and w = 0.5, 0.75, 1 and 1.25. The solid black line indicates a monodisperse distribution
of R0 = 5 nm grains. Right: Plot of Equation 4.8 for the five distributions in the graph on
the left.

Equation 4.8 is plotted in Figure 4.6 for a monodisperse distribution of 5-nm radius

grains and four lognormal distributions with A = 150, p = 5 nm, y0 = 0 and w = 0.5, 0.75,

1 and 1.25. As the width, w, of the lognormal distribution increases, the slope of the curve

becomes smaller, more closely matching the slope of the data. This result is reasonable as

larger grains will lose dopants slower than smaller grains; therefore, adding larger grains to

the distribution decreases the slope of the fraction of supersaturated dopants remaining in

the grains versus diffusion length.

Figure 4.7 shows the effect of adding a small offset, y0, or background to one of

lognormal distributions in Figure 4.6 (A = 150, p = 5 nm, and w = 0.5). The result is

very sensitive to the magnitude of the background as the curve changes significantly for

offsets ranging from ∼ 6 × 10−7 to 4 × 10−5 of the peak value (A = 150 grains). Adding

a background magnifies the effect of adding larger grains to the distribution. In Figure

4.7, the summation in Equation 4.8 is only performed from R0 = 1 nm to 200 nm, as this

more closely approximates the grain sizes observed in the resolidified surface layer. When

y0 = 0, the curve is similar to Equation 4.4 for R0 = 5 nm and as y0 becomes very large, the
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Figure 4.7: A comparison between the data and Equation 4.8 plotted for A = 150, p = 5
nm, w = 0.5 and y0 = 0, 0.0001, 0.0002, 0.0004, 0.0008, 0.0016, 0.0032, and 0.0064. In this
case, Equation 4.8 was summed over R0 = 1 nm to 200 nm.

curve approximates Equation 4.4 for R0 = 200 nm. From this analysis, we see that adding

of a lognormal distribution of grains sizes to the theory further supports that diffusion of

dopants to the grain boundaries is a plausible mechanism for the deactivation of infrared

absorptance.

4.5.4 Diffusion theory with grain growth

At large diffusion lengths, the infrared absorptance of selenium-doped samples

stops decreasing and levels off at 0.4 resulting in a marked departure from our model’s

prediction. In this section, we explore the effect that grain growth has on dopants diffusing

to the grain boundaries. If the grain is growing, the dopants need to diffuse to a boundary

that is moving away. If grain growth occurs at the same rate as diffusion or faster, it is
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plausible that a concentration of dopant may become trapped in the grain. Actual grain

size measurements before and after annealing would be needed to confirm that grain growth

is responsible for the shape of the absorptance data of the selenium-doped samples.

In order to quantitatively assess the effect of grain growth on dopant diffusion we

simplify the model for diffusion that we introduced in section 4.5.1. Equation 4.1 describes

the concentration profile inside a grain if the grain boundary is treated as a perfect sink

(at the grain boundary the concentration is held constant at Ce). To determine the new

concentration profile, this boundary would need to move with the velocity of grain growth.

In order to avoid complications with applying a moving boundary condition, we will as-

sume the grain resides in an infinite medium with the same properties as the grain. This

assumption reduces the grain boundary to an imaginary boundary, which can move with

the velocity of grain growth without changing the shape of the concentration profile. Below

we show that this assumption only slightly changes the shape and scale of the curves in

Figure 4.5.

For a sphere of radius, R0, and an initial uniform concentration, C0 the concen-

tration profile (from Chapter 3 of reference [107]) is given by,

C(r, d) =
C0

2

{
erf
(
R0 + r

2d

)
+ erf

(
R0 − r

2d

)}

− C0

r

d√
π

{
exp

(
−(R0 − r)2

4d2

)
− exp

(
−(R0 + r)2

4d2

)}
, (4.9)

where C is the concentration at a distance, r, from the center of the sphere after a thermal

anneal that results in a diffusion length of d =
√
Dt. We can determine the total number of

dopant atoms, N , left in the imaginary sphere by integrating Equation 4.9 over the volume

of the sphere,
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N(d) =
∫ R0

0
C(r, d)4πr2dr. (4.10)

Then we can divide by the number of dopant atoms initially in the sphere, N0 = 4
3πR

3
0C0,

to obtain the fraction, N/N0, of dopant atoms remaining in the sphere after annealing (a

unit-less number between 1 and 0),

N(d)
N0

=

∫ R0

0 C(r, d)4πr2dr
4
3πR

3
0C0

. (4.11)

After integration the result can be simplified to,

N(d)
N0

=
−2d√
πR0

+ erf
(
R0

d

)
+
d(R2

0 − 2d2)√
πR3

0

[
exp

(
−R2

0

d2

)
− 1
]
. (4.12)

Equation 4.12 is plotted in Figure 4.8. We see that the result is very similar to Figure

4.5. The major difference is that the curves for the same size sphere have moved to larger

diffusion lengths.

We now include grain growth. Normal grain growth [109] behaves the following

equation,

R =
√
R2

0 + αMt, (4.13)

where R is the radius after time, t; R0 is the initial radius; M is the grain boundary mobility

of the form M0 exp(−Q/(kT )) with a frequency of M0 and an activation energy of Q; and

α is a constant related to the grain boundary energy and geometric factors.

In order to include grain growth in our model, we assume the activation energy for

the grain boundary mobility, Q, is approximately equal to the activation energy of diffusion

of selenium, Ea. This approximation is valid as the value of Q has been reported [109,110]

on the order of 2.4 eV. By making this assumption, the mobility of the grain boundary and
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Figure 4.8: Plot of Equation 4.12 for various size spheres.

the diffusivity of selenium in silicon are proportional to each other by a constant, M = βD.

We can now replace grain boundary mobility with selenium diffusivity in Equation 4.13,

R =
√
R2

0 + αβDt, (4.14)

and make the following substitution, d =
√
Dt, yielding,

R =
√
R2

0 + γd2. (4.15)

Which gives the approximate grain growth as a function of the diffusion length of selenium

in silicon, d. All of the constants have been collected into a new constant, γ.

Next we incorporate the grain growth formula into our calculation of N/N0 in

Equation 4.11:
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(
N(d)
N0

)
gg

=

∫ R
0 C(r, d)4πr2dr

4
3πR

3
0C0

. (4.16)

The radius in the equation for C(r, d) is kept at the initial sphere size, R0, as this is the

initial distribution of the dopant, but the volume integration is now performed from 0 to

R; R being the new grain size as a result of grain growth (Equation 4.15). The subscript,

gg indicates grain growth.

The result of the integration is,

(
N(d)
N0

)
gg

=

1
2
√
πR3

0

[
2d
(

1− exp
(
RR0

d2

))
(R2 +RR0 +R2

0 − 2d2)− 4dRR0

]
exp

(
−(R+R0)2

4d2

)

+
R3

0 −R3

2R3
0

erf
(
R−R0

2d

)
+
R3

0 +R3

2R3
0

erf
(
R+R0

2d

)
(4.17)

which is a function of the initial sphere radius, R0, the diffusion length of the dopant, d,

and the constant, γ.

Despite many assumptions, our model—modified for grain growth—now matches

the selenium data quite well. Equation 4.17 is plotted in Figure 4.9 for R0 = 4 nm. The

dotted lines represent different values of γ. The solid line is the best fit of the data,

at γ = 3.3. The magnitude of γ determines the relative impact of grain growth on the

diffusion of dopants out of the sphere. All curves begin to approach a different constant

value of (N/N0)gg at a diffusion length of 4 nm, which is determined by the initial grain

size. For larger γ, (N/N0)gg approaches a larger constant value.
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Figure 4.9: Comparison of normalized infrared absorptance for selenium-doped silicon to
the theory curve for R0 = 4 nm (from Figure 4.5) modified for grain growth (Equation 4.17)
using various values of γ. The data matches the theory best for γ = 3.3.

Attempting to estimate γ based on the literature is difficult as the rate of grain

growth in silicon varies greatly depending on the type of dopant and its concentration.

Dopants can inhibit grain growth (as in the case of oxygen or chlorine [111]), have no effect

(boron [109]) or greatly increase the growth rate (phosphorous [109]). It is possible the

presence of tellurium may inhibit grain growth or other processes within the substrate at

high temperature are altering the data. To our knowledge no grain growth studies have

been performed using sulfur, selenium or tellurium-doped silicon. The grain growth shown

by our model for γ = 3.3 is well within the observed ranges of grain growth for boron- and

phosphorous-doped silicon [109]. The effect of grain growth is only apparent in the data

for selenium-doped samples and not for sulfur or tellurium. In the case of sulfur, its fast

diffusivity may wash out any effect of grain growth resulting in a value of γ close to 0.
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4.6 Conclusion

Our analysis shows that the decrease in near-unity broadband infrared absorptance

of supersaturated chalcogen-doped silicon after thermal annealing is likely caused by dopant

diffusion. We observe that a characteristic diffusion length—common to all three dopants—

leads to the deactivation of infrared absorption. If we assume the diffusivity of each dopant

in our samples is similar to the bulk diffusivity reported in the literature, the grain size

of the re-solidified surface layer is a probable source of this characteristic diffusion length,

especially for a log normal distribution of grain sizes. We propose that a probable cause of

the deactivation of infrared absorption is precipitation of the dopant at the grain boundaries.

It is possible that other mechanisms, such as preciptiation of dopant particles within the

grains in the form of clustering, also lead to the deactivation of infrared absorption. Further

work on annealing studies of supersaturated chalcogen-doped silicon with different grain

size distributions as well as in single crystalline silicon will help determine the relative

contribution of each mechanism as a function of the silicon’s microstructure and the dopant

concentration.

4.7 Supplemental information

This section provides more experimental details, further clarification on the finer

arguments in the earlier sections as well as more graphical representations of the data and

theory for future reference.

4.7.1 Using an evaporated film as the dopant source

Previous to this work, the two methods used to incorporate dopants into the silicon

substrate during femtosecond laser ablation was to perform the irradiation in a background
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gas or disperse a powder film on the silicon with a solvent that then evaporates. Each of

these methods has drawbacks. Due to expense and toxicity, it is difficult to obtain gaseous

sources of many elements. In the case of a powder film, the resulting laser-structred surface

is often nonuniform. By evaporating a film, we are able to expand the types of elements

we can incorporate into the silicon. In the below sections, we discuss: the evaporation

method, the effect that the film has on the resulting surface morphology, and the effect of

film thickness and laser fluence on the resulting optical properties.

Details on the evaporation

Selenium and tellurium films were evaporated in a resistive thermal evaporator

specifically set aside for use with ”dirty” materials. Due to their extremely low vapor

pressure, they are considered contaminants in vacuum systems; they can sublimate from

the inside walls and contaminate future sample substrates. Their evaporation rate is also

extremely sensitive to the resistive current flowing through the tungsten boat (R. D. Mathis,

S3.005W). The general procedure for obtaining a relatively uniform film thickness was to

slowly increase resistive current until an evaporation rate was detected by the crystal rate

monitor, then increases in current proceeded extremely slowly and frequent adjustments

were made to keep the evaporation rate between 10–20 A/s. If the current was not carefully

monitored, the evaporation rate could increase to several hundred A/s within a few seconds

resulting in a very nonuniform deposition.

Surface morphology

The surface morphology that results when irradiating a stationary spot on a sample

coated with a film is very similar to the surface morphology that forms when irradiation is

performed in a background gas. Figure 4.10, shows scanning electron microscope images of
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Figure 4.10: A series of scanning electron microscope images showing the evolution of surface
morphology with an increasing number of shots. A 150-nm film of tellurium on silicon was
irradiated with a fluence of 8kJ/m2 in 500 Torr of N2

a silicon substrate after irradiation with an increasing number of laser pulses in a stationary

spot (each image is of a different spot on the silicon). The silicon substrate was coated with

a 150-nm film of Te and irradiated in 500 Torr of N2 with a fluence of 8kJ/m2.

How doping happens when a film is used as the dopant source

We observed that the film in the center of the spot was broken and ablated away

after only a single laser pulse. This observation sheds some illumination on how doping is

achieved when a film is used. During irradiation the film is not driven into the substrate,

but rather it is ablated away at the center of the irradiated spot due to the high fluence.

However, since the beam is gaussian in space, there will be regions of lower fluence around

the edges of the spot. The ablation threshold and therefore the melting threshold of tel-

lurium is less than silicon. In regions of lower fluence the tellurium will evaporate but not

ablate (there will be no net kinetic energy away from the surface) and at even lower fluences
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Figure 4.11: Left: The effect of film thickness on the infrared absorptance of silicon wafers
coated with tellurium and irradiated with a fluence of 8kJ/m2 in 500 Torr of N2. Right:
The effect of fluence on the absorptance of silicon wafers coated with a 150-nm thick film
of tellurium and irradiated in 500 Torr of N2.

the tellurium will melt. This will create an atmosphere just above the silicon wafer that is

rich with tellurium atoms. As the next laser pulse comes it will ablate and melt silicon at

the center of the irradiated spot and the nearby gaseous telllurium atoms will mix with the

molten silicon and become trapped in the polycrstalline grains during solidification.

The effect of film thickness and laser fluence on optical properties

Figure 4.11 shows the absorptance for three film thicknesses of tellurium (12 nm,

75 nm and 150 nm). Irradiation was performed in 500 Torr of N2 with a laser fluence of

8 kJ/m2. The absorptance of the sample that was coated with a 150-nm thick film is very

similar to the absorptance obtained when the irradiation is performed in a background gas

of sulfur hexaflouride (see Figure 4.1), and was therefore used as the standard conditions

in this experiment. The absorptance of the sample coated with only 12 nm of tellurium is

similar to the absorptance of samples irradiated in N2 gas (see Figure 4.1) and we conclude

that minimal tellurium is being incorporated in the silicon substrate.

Figure 4.11 also shows the change in absorptance for a silicon wafer coated with
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a 150-nm film of tellurium as fluence is varied. For fluences between 8 and 3 kJ/m2, the

absorptance is very similar. Although lower than the others, significant absorptance is

still achieved with samples irradiated with a fluence of 1.5–2.5 kJ/m2, which is below the

ablation threshold of silicon (3 kJ/m2). This is quite different than what is observed for

samples irradiated in a background gas of sulfur hexaflouride where fluence has a strong

affect on the infrared absorptance [46]. We attribute this behavior to the lower ablation

threshold of tellurium.

Consider a tellurium coated sample being irradiated at a fluence below the ablation

threshold of silicon. During irradiation, the sample is translated. This fact means that

surface regions that were just irradiated with a low fluence are then subsequently irradiated

with a higher fluence because the beam is gaussian in space. Tellurium at the edge of the

irradiated spot will melt and refreeze with a new surface morphology that is established by

capillary waves in the tellurium melt similar to the laser induced periodic surface structures

discussed in Section 1.1.2. When the fluence exceeds the ablation threshold of tellurium,

these small structures will evolve as more pulses of increasing fluence are incident, similar to

the way all microstructures evolve during ablation as discussed in Section 2.1. Eventually

the structures will grow large enough as the sample translates so that they act to concentrate

the incident laser light in the valleys between the structures, effectively raising the fluence

above the ablation threshold of silicon allowing the tellurium to be incorporated into the

silicon at an average fluence that is below the ablation threshold of silicon.

4.7.2 Diffusion coefficients for sulfur, selenium and tellurium in silicon

The diffusion coefficients available in the literature are listed in Table 4.2.
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Element D0 (cm2/s) Ea(eV ) T range (K) Substrate Method

S [87] 0.92 2.2 1300–1650 Cz p-type measured depth of p-n junction

S [86] 0.0076 1.85 1250–1430 n-type radioactive tracer implantation

S [84] 0.047 1.80 1328–1671 Fz n-type 300 Ω-cm radioactive tracer implantation

Se [89] 2.47 2.84 1073–1523 p-type sheet conductivity

Se [88] 0.95 2.60 1315–1515 sheet conductivity

Se [91] 0.11 2.42 1273–1523 Fz p-type 1–430 Ω-cm sheet conductivity

Se [90] 0.3 2.60 1273–1538 Fz 5000 Ω-cm sheet conductivity

Te [81] 0.5 3.34 1173–1523 Cz n-type secondary ion mass spectroscopy

Te [90] 0.9 3.3 1318–1578 Fz 5000 Ω-cm sheet conductivity

Te [85] 5.53 3.54 1149–1653 Fz n-type and p-type radioactive tracer implantation

Te [85] 6.3× 105 4.86 high T fit of above

Te [85] 0.048 3.04 low T fit of above

Table 4.2: Diffusion coefficients for sulfur, selenium, and tellurium in silicon. The bolded
entries were used for the analysis in Figure 4.4

4.7.3 Absorptance spectra of chalcogen-doped silicon after annealing

Figure 4.12 provides the 75 absorptance spectra of sulfur-, selenium-, and tellurium-

doped samples after the 25 anneals performed at temperatures of 575 K, 675 K, 775 K, 875

K, 975 K and times of 10 min, 30 min, 100 min, 6 hr, 24 hr. These 75 curves were aver-

aged over the wavelengths 1250–2500 nm to create the data in Figure 4.2. The curves are

presented here for future reference to the actual data.

4.7.4 Alternate graphs of optical data versus diffusion length

In this section, additional graphs are provided showing the change in optical prop-

erties versus diffusion length of the dopant.
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Figure 4.12: Absorptance spectra of chalcogen-doped silicon. Each column is the same
dopant. Each row is the same temperature. Within a single graph the solid curve is an
annealing time of 24 hr and the increasingly more dashed curves are annealing times of 6hr,
100 min, 30 min and 10 min.

Transmittance and reflectance versus diffusion length

Absorptance is calculated by measuring the transmittance and reflectance of a

sample. In this section, we look at how these values directly change after the 25 anneals
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Figure 4.13: Transmittance and reflectance averaged over 1250–2500 nm for chalcogen-
doped samples after the 25 anneals performed in Figures 4.2 and 4.12.

performed in Figures 4.2 and 4.12.

Figure 4.13 shows the actual reflectance and transmittance after each anneal versus

diffusion length. At small diffusion lengths both the transmittance and reflectance are close

to zero as the samples are highly absorbing in the infrared. At larger diffusion lengths,

the transmittance and reflectance start to increase. In the case of sulfur, the transmittance

and reflectance rise until they are close to the infrared transmittance and reflectance of the

original unirradiated silicon wafer.

In order to determine whether the transmittance and reflectance are changing at

the same rate with diffusion length, we replot the data from Figure 4.13 and normalize the

values for transmittance and reflectance. We normalize reflectance by setting the minimum

equal to the infrared reflectance after irradiation and setting the maximum equal to the

infrared reflectance of the unirradiated silicon wafer. The same is done for transmittance.

When the data is normalized in this manner, we get Figure 4.15. Figure 4.15 shows that

the change in transmittance and reflectance after annealing occurs at the same rate. The

graphs in Figure 4.15 are equal to one minus the normalized absorptance in Figure 4.4.
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Figure 4.14: Normalized transmittance and reflectance averaged over 1250–2500 nm for
chalcogen-doped samples after the 25 anneals performed in Figures 4.2 and 4.12.
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Figure 4.15: Absorptance spectra of samples irradiated in N2 gas after annealing for 10
minutes at T = 575–975 K.

4.7.5 Absorptance spectra of samples irradiated in N2 after annealing

Figure 4.15 shows the change in absorptance spectra for samples irradiated in N2

gas and annealed for 10 minutes at T = 575–975 K.



Chapter 5

The photovoltaic potential of

femtosecond laser irradiated silicon

In this chapter, we assess the potential of using femtosecond laser irradiated silicon

as a photovoltaic device (i.e. a solar cell). In Section 5.1, we introduce the general field

of photovolatic research. In Section 5.2, we discuss the advantages of using femtosecond

laser irradiated silicon as a photovoltaic material. In Section 5.3, we introduce the basic

electrical characteristics of a solar cell. In Section 5.4 we present the experimental results

obtained from our efforts. The chapter concludes with a summary discussion of the results

in Section 5.5. The reader may also wish to review Appendix A, which gives a more detailed

description of the general operation of a solar cell.

5.1 Photovoltaic research

One of the main factors motivating photovoltaic research is reducing the manufac-

turing cost of solar cell technology. Because the sun is a nearly inexhaustible pollution-free

source of energy, and solar cells have little to no operating cost with lifetimes on the order

79
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of 30 years, the only monetary investment is the initial manufacturing cost. The fact that

this still impedes the widespread use of PV electricity today shows how significant a factor

it is. Once this barrier is removed, PV electricity will likely replace fossil fuels as the main

source for grid-connected power stations. Fossil fuels are expendable with a limited supply,

produce pollution, and have operating costs required to harvest and burn them [112,113].

A typical solar cell array requires the following main systems depending on its

application: solar cell modules, structural hardware (stands), storage system (batteries),

inverter (converts from DC electricity to AC electricity) and connecting wires. The solar

cell modules are estimated to be between forty and fifty percent of the total cost of the

array. The rest of the cost comes from the remaining components which collectively are

referred to as the Balance of Systems (BOS). The high cost of the solar cell modules—which

are made up of several interconnected solar cells—allows scientific researchers who work on

the performance of solar cells to have a major impact on the commercial viability of PV

technology [112,113].

One of the goals of PV research is to reduce the cost per unit of energy produced.

This is estimated in $/kWh. A kilowatt-hour is a unit of energy. It is obtained by taking the

power needed for the application and multiplying it by the hours of operation. The $/kWh

can be estimated for any solar cell system by dividing the manufacturing cost by the energy

produced over the lifetime of the system (20–30 years). This estimation is highly subjective

and depends on the size of the system, the application and the location. Current estimates

vary between 0.17 $/kWh and 0.50 $/kWh. The cost of electricity from power companies

based on fossil fuels is currently at 0.03–0.05 $/kWh. Even for the most favorable estimates,

solar cell technology is not cost effective. In addition, using solar energy requires a huge

investment up front and the pay-back times are on the order to 20–30 years. However, these

numbers are encouraging as solar cell technology is within an order of magnitude of being
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cost effective [112,113].

Research on solar cells falls into two general categories,1 both aimed at reducing the

cost per kilowatt-hour. The first category involves using expensive materials and advanced

processing techniques to obtain the highest possible efficiency. The increased efficiency will

hopefully offset the extra cost. The second category involves using cheaper materials and

cheaper processes. The lower quality material sacrifices efficiency, but this is hopefully offset

by its low cost.

High efficiency, high cost solar cells

Solar cell systems that fall into the first category are single crystalline Si and

GaAs used for space applications. The high purity required for high efficiency makes these

materials very expensive. Nearly 50% of the material is lost when the bulk material is sliced

into wafers. They are cost effective for space applications because weight is the limiting

factor and solar cells are much lighter than any other fuel source. These solar cells are

designed to have the highest efficiency possible, 24–25%, but are too expensive for most

terrestrial applications [112,113].

Lower efficiency, lower cost solar cells

The most prevalent material used in terrestrial applications is polycrystalline sil-

icon wafers. It is cheaper to make than single crystal wafers and therefore falls into the

second category. Their advantage is that they can be grown in thin slabs and less than

10 % of the material is lost to wafer slicing and polishing. Their efficiencies are ∼ 14 %

depending on the manufacturer [112,113].
1In addition to research on different solar cell materials, another active research area is solar cell design.

Concentrator cells use glass or plastic lenses to focus sunlight (with magnifications of up to 1000 times) onto
a small highly efficient solar cell. In tandem or multi-junction cells, different materials with different band
gaps are stacked in series in order to absorb a larger portion of the sun’s spectrum [112,113].
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Thin-film materials fall into the second category as they drastically reduce the

cost of the material at the expense of efficiency. The most promising systems are Si, CdTe,

and CuInSe2. They are grown using many methods including physical and chemical vapor

deposition techniques to a thickness on the order of micrometers. This process also results

in very little loss of material. The thin film materials typically have a large number of

defects resulting in efficiencies on the order of 10% and less. Commercial manufacture of

thin film solar cells has only recently started on large scale [114,115].

5.2 Laser irradiated silicon solar cells

In this section, we review the properties of femtosecond laser irradiated silicon and

discuss the advantages and disadvantages of using it as a solar cell material. The previous

work in Section 2.1, Figure 2.7, has shown that femtosecond laser irradiated silicon can

be used as a photovoltaic device and that as a photodiode, it can convert wavelengths of

light that are not normally absorbed by silicon into an electrical signal. These two results

together indicate it is possible femtosecond laser irradiated silicon will be able to enhance

current silicon-based solar cells by extending their usable spectrum.

From a photovoltaic standpoint, the most attractive property of femtosecond laser

irradiated silicon is that it absorbs nearly all light that is emitted by the sun. The sun’s

spectrum at the earth above the atmosphere (AM 0) spans the range 0.25–2.5 µm (see Figure

5.1). The spectrum can be approximated by a black body radiating at a temperature of

5900 K. The spectral irradiance, M , emitted by a black body in the units of W m−2 µm−1

is given by,

M =
2πhc2

λ5

1
exp[ hc

kTλ ]− 1
, (5.1)
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Figure 5.1: Solar spectrum of the sun at the earth above the atmosphere (solid line). Radi-
ation from a black body at T = 5900 K (dashed line). The colored (grayed) regions under
the curve represent the power/area that is available to amorphous silicon and crystalline
silicon respectively due to their electronic band gaps.

where h is planck’s constant (6.6260 ×10−34 m2 kg/s), c is the speed of light (2.9979 ×108

m/s), k is the Boltzmann constant (1.3807 ×10−23 m2 kg s−2 K−1) , T is the temperature

of the black body in K and λ is the wavelength in µm. Crystalline silicon solar cells are

transparent to wavelengths of light longer than 1.12 µm, due to their electronic band gap

of 1.07 eV. By integrating Equation 5.1 from 1.12 µm to ∞ and dividing the result by the

integration from 0 to ∞, we see that crystalline silicon solar cells are transparent to 23

% of solar energy. Thin film amorphous silicon solar cells have a larger bang gap of 1.75

eV [114] and are transparent to light longer than 0.71 µm. This value amounts to an even

larger loss of solar energy, 53 %. These losses represent energy that is unavailable to typical

silicon-based solar cells no matter how efficient they become. Because femtosecond laser

irradiated silicon absorbs nearly all light emitted by the sun, it offers a chance to tap into
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that lost energy.

Based on the above, femtosecond laser irradiated silicon would appear to be an

attractive option for solar cells; however, absorption alone does not convert the photon into

usable energy. Many materials, such as coal, absorb a large amount of sunlight. The key

is that the absorption of the light needs to create current in an electrical circuit just as a

standard electrochemical battery does. Solar cell operation is discussed in greater detail in

Appendix A. Briefly, photon energy is used to create electron-hole pairs. These electron-

hole pairs are separated by an electric field that is located internally within the solar cell

due to a chemical composition gradient. The electron-hole pairs separate by either being

created within the region of the internal electric field or by being created outside this region

and then randomly diffusing into the region of the electric field. The separation of electron-

hole pairs creates a current in the material which produces a current in an external circuit.

The current is reduced by defects within the material that trap the electrons or holes before

they are accelerated by the internal electric field [116].

By its very nature femtosecond laser irradiated silicon contains a high density of

defects. Transmission electron microscopy shows the grain size is less than 50 nm. This

is orders of magnitude smaller than for typical polycrystalline silicon solar cells, where

the grain size is on the order of the thickness of the cell. In addition, after femtosecond

laser irradiation, a high density of point defects (such as vacancies and dangling bonds)

can become trapped in the resolidified crystalline material [108]. Point defects and grain

boundaries can trap charge carriers and reduce the current that can be generated by the

absorption of photons.

Because of the many defects in the laser modified surface, it is unlikely that fem-

tosecond laser irradiated silicon will be able to improve upon the already high efficiency

of single crystal silicon solar cells (∼ 25 %) or even the lower efficiency of polycrystalline
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silicon solar cells (∼ 14 %). However, since thin film silicon already contains a large number

of defects and exhibits a much lower efficiency (typically ≤ 10 %), it would seem to be a

good candidate for use with our femtosecond laser irradiation process. We take a closer

look at this material, in the next section.

5.2.1 Thin film silicon

Thin films of amorphous and microcrystalline silicon are typically produced by

plasma-enhanced chemical vapor deposition using a mixture of silane (SiH4) and hydrogen

gases. The final film can contain a substantial amount of hydrogen (5–20 at.%) depending

on the conditions. Amorphous silicon films can be grown using pure silane, but high dilution

with hydrogen allows crystalline grains to form in the film [117]. The degree of crystallinity

is varied by changing the silane concentration from 8% down to 4.5% where the film is

completely crystalline with a grain size of ∼ 25µm [115]. Further dilution leads to larger

grains in the direction perpendicular to the film.

Amorphous and microcrystalline silicon are intrinsic but can be doped with phos-

phorous or boron during the deposition process. A standard p-n junction is not used. Due

to the large amount of disorder (dangling bonds in amorphous silicon and grain boundaries

in crystalline silicon) the diffusion length of charge carriers is typically less than 1 µm [115].

A standard p-n junction relies on the diffusion of photoexcited carriers from outside of

the depletion region to its edge for generation of a portion of the photocurrent [116]. To

reduce the loss of photoexcited carriers, thin film silicon is used in a p-i-n configuration.

Thin highly doped p-type and n-type regions are placed on either side of a thicker intrinsic

region setting up an electric field that spans the entire intrinsic region. The electric field

imparts a drift force on photoexcited carriers reducing their chance of recombination [115].

In amorphous silicon, the hydrogen is needed to passivate dangling bonds which act as
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recombination sites of photoexcited carriers [113].

5.2.2 Combining femtosecond laser irradiation and thin film silicon

The real advantage of femtosecond laser irradiated silicon is not just that it absorbs

nearly all the wavelengths of light emitted by the sun, but that it does so in a laser modified

surface film that is less than 500 nm thick. This makes it ideal for incorporation with thin

film silicon. As we saw in the previous section, both amorphous and microcrystalline silicon

contain a large number of defects, suggesting that the disorder in femtosecond laser irradi-

ated silicon will not necessarily further reduce efficiency. Specifically, the microstructure of

microcrystalline silicon seems to be very similar to femtosecond laser irradiated silicon.

One of the drawbacks of microcrystalline silicon is that it needs to be grown 2–3

times thicker than amorphous silicon in order to increase its light absorption. Even then,

many of the longer wavelengths will not be absorbed as an absorption length of 6 µm is

needed for wavelengths of light longer than 700 nm (see Figure 1.2). By incorporating

a femtosecond laser modified layer on either the front or back of the film, all of these

wavelength could be absorbed. Although the greater density of defects in femtosecond laser

irradiated silicon will result in most of this absorption being lost to recombination in traps,

even an increase in efficiency of thin film silicon solar cells of just several % would have a

large impact on the photovoltaic industry.

Figure 5.2 is schematic representation of how femtosecond laser irradiated silicon

can be incorporated into the p-i-n configuration of a thin film silicon solar cell. The intrinsic

region of the solar cell can be grown thicker and then irradiated to produce the laser modified

surface region.

In Section 5.4.6, we present results on the absorptance of femtosecond laser irra-

diated thin films.
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Figure 5.2: Schematic cross-section of the manufacturing process of a femtosecond laser
irradiated thin film silicon solar cell.
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5.3 The electrical characteristics of a solar cell

In a typical silicon solar cell, the silicon is several hundred micrometers thick. The

n-type side faces the sun and the depth of the p-n junction is several hundred nanometers

[116]. Due to silicon’s indirect band gap, electron-hole pairs are generated throughout the

entire depth of the solar cell when illuminated (see Figure 1.2). Those charge carriers

generated in the depletion region (which is typically on the order of 100 nm thick) and

those that diffuse to the depletion region will be accelerated by the internal electric field

resulting in a generated photocurrent that is proportional to the intensity of the incident

light.2

Dark and illuminated I-V curves of a commercial polycrystalline silicon solar cell

are shown in Figure 5.3.3 The commercial sample measured approximately 1 cm × 1 cm.

The dark I-V curve of a solar cell behaves close to an ideal p-n junction (see Appendix

A). The current approaches a very small and negative saturation current when reverse

biased (V < 0) and increases nearly exponentially when forward biased (V > 0). Negative

biasing increases the size of the depletion region of the p-n junction and likewise increases

the internal voltage barrier. The saturation current comes from electron-hole pairs that are

thermally excited in the depletion region. A forward bias decreases the size of the depletion

region and the internal voltage barrier. As the internal voltage barrier decreases, more and

more electrons can diffuse over the voltage barrier resulting in an exponentially increasing

current [116, 118]. In practical applications, the voltage barrier needs to be decreased to

near zero before any appreciable current flows. The voltage required to shrink the barrier

to near zero is called the “turn on” or threshold voltage of the diode [119].

Several variables characterize the quality of a solar cell and are determined by mea-
2Since photons are generated throughout the bulk of a silicon solar cell, diffusion of excited charge carriers

to the depletion region contributes to the generated current.
3These curves were acquired using the experimental setup described in the Section 5.4.1.
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Figure 5.3: Left: Dark and illuminated current-voltage curves for a commercial polycrys-
talline silicon solar cell. The definitions of short circuit current (Isc), open circuit voltage
(Voc), and the current (Imax) and voltage (Vmax) that results in maximum power gener-
ation are indicated. Right: The generated photocurrent (Iph = Idark − Iilluminated) for a
commercial polycrystalline silicon solar cell.

suring illuminated I-V curves. The open circuit voltage (Voc) is the voltage that develops in

a solar cell—unconnected to an external circuit—due to the separation of photo-generated

electron-hole pairs. This value is measured by determining the voltage that needs to be

applied to the illuminated solar cell in order to prevent the flow of current (see Figure 5.3).

The short circuit current (Isc) is the current that flows when the two sides of an illuminated

solar cell are connected by a zero resistance conductor; this current is measured by forcing

both sides of the illuminated solar cell to be at the same voltage. The two values can be

determined with the same measurement by sweeping the applied voltage from a negative

value to a sufficiently large positive value and recording the resulting current.

The only region of the illuminated I-V that has practical value for a solar cell is the

part that resides in the fourth quadrant, where current is negative and voltage is positive.4

This region represents connecting an illuminated solar cell to a load with a finite resistance

(e.g. a light bulb). Varying the resistance of the load between zero and infinity, is equivalent
4The fact that the current is negative is due to convention and has no physical meaning. The positive

direction of current flow is typically defined as from the p side to the n side and when the solar cell is
generating power, the actual current flow is in the opposite direction.
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to moving along the I-V curve from the point of short circuit current (resistance = 0) to

the point of open circuit voltage (resistance = ∞). The power generated by the solar cell

for any specific resistance is equal to the current in the circuit multiplied by the voltage

in the circuit. We can determine the maximum power that the solar cell can generate by

looking at the largest rectangle that can fit inside the illuminated I-V curve in the fourth

quadrant (see the shaded rectangle in Figure 5.3). The current and voltage associated with

the maximum power are termed Imax and Vmax, respectively.

Another variable that characterizes the quality of a solar cell is the fill factor (FF ),

FF =
ImaxVmax
IscVoc

. (5.2)

The ideal shape of the I-V curve in the 4th quadrant is for the current to remain constant

at Isc until the applied voltage is very close to Voc, where the current reduces quickly to

zero. This allows for the highest power generation. The fill factor is a measure of how close

the actual I-V curve comes to the ideal I-V curve. Graphically, the fill factor is the area of

the shaded rectangle divided by the area of the larger dotted line rectangle in Figure 5.3.

The solar cell’s efficiency, η (%), at converting solar power into electrical power is,

η =
ImaxVmax
TlA

× 100%, (5.3)

where Tl is the intensity of the incoming light (in our case 100 mW/cm2) and A is the area

of the cell (in our case 1 cm2). Substituting for the power, Pl = TlA, of the incoming light

and the using the equation for fill factor (Equation 5.2), we get,

η =
(FF )IscVoc

Pl
× 100%. (5.4)

For the commercial polycrystalline silicon solar cell in Figure 5.3 irradiated with
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100 mW of light, Isc = 30 mA, Voc = 540 mV, Imax = 23 mA, Vmax = 350 mV, FF = 0.5

and η = 8.1 %.

As we see from Equation 5.4 the values of Isc, Voc and FF determine the efficiency

of the solar cell. These variables are affected by many factors. The short circuit current

is the most direct measure of the concentration of defects within the solar cell material. A

higher defect density, results in a larger number of charge carriers becoming trapped before

contributing to an external current. Open circuit voltage is related to the internal voltage

barrier of the p-n junction, which is a direct function of the band gap of the material and

the temperature.5 Open circuit voltage can be reduced by leakage paths of charge through

the junction. This occurs at the edges of the solar cell but also through the center at breaks

in the planar junction (e.g. at the grain boundaries of a polycrystalline silicon solar cell).

These leakage paths can be characterized by the solar cell having a low shunt resistance (or

low parallel resistance). The fill factor is similarly reduced by a low shunt resistance and

high defect concentration [116].

A final parameter that can affect both short circuit current and fill factor is the

diffusion length of the excited charge carriers. As we noted above, charge carriers that are

generated outside the depletion region can diffuse to it and be accelerated by the internal

electric field. In a typical silicon solar cell the diffusion length of charge carriers is much

larger than the size of the depletion region. This is why the current remains nearly constant

for an applied voltage of −1 V to 0 V in Figure 5.3, even though the depletion region is

changing in size. If the diffusion length were equal to or less than the depletion region

width, the measured current would vary greatly as the depletion region grew and shrank

and both Isc and FF would be affected.
5The correlation between the internal voltage barrier of a p-n junction and the band gap of the material

is described in Chapter 4.2 of [116].
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5.4 Photovoltaic experimental results and discussion

As we saw in Section 5.2.2, the ideal material to use for femtosecond laser irradiated

solar cells would be thin film silicon. Here, we investigate the photovoltaic properties of

femtosecond laser irradiated silicon wafers as crystalline silicon is a simpler model system.

At the end of this section we explore the laser parameters needed to irradiate thin films of

intrinsic silicon deposited on glass to show that their absorptance can be enhanced using

femtosecond laser irradiation.

The following experimental results and discussion section will differ from those

presented in Chapters 3 and 4. Our goal here is to create a record of the work performed

for future reference. We include all relevant results, even though concrete conclusions

cannot be drawn in some cases. Studying the photovoltaic properties of femtosecond laser

irradiated silicon is an ongoing research project.

5.4.1 Measuring current-voltage (I-V ) curves

As we learned in Chapter 2, the change in doping between the laser modified

surface region and the bulk silicon substrate can create a diode. We use the following method

to measure the current voltage characteristics of femtosecond laser irradiated silicon.

Following irradiation, samples are typically annealed in a vacuum oven or an inert

gas flowing oven (see Section 5.4.2 for the effect of annealing). After annealing, the samples

are dipped in an aqueous solution of 5 % hydrofluoric (HF) acid for 5 minutes to remove

the 2–3 nm thick native oxide on the silicon. The HF acid terminates the silicon surface

with H atoms and prevents oxide growth for a short period of time. The samples are then

loaded into a thermal evaporator within 30 minutes in order to deposit metal contacts on

the top and bottom of the sample. A 5 nm layer of chromium followed by 80–100 nm of

gold creates a sufficient ohmic contact to the silicon. The chromium layer acts as a diffusion
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Figure 5.4: Left: Experimental setup for measuring dark and illuminated I-V curves. In-
cluding a Keithley multi-source meter, ThermoOriel Solar Simulator and probe station.
Right: A close up of the probe station.

barrier due to the high diffusivity of gold in silicon.

During evaporation the samples are mounted on a metallic mask, so that the

pattern of the top electrode (typically a 4 mm or 2 mm diameter circle) can be deposited on

the irradiated surface. Then the samples are flipped over to deposit the bottom electrode

on the entire back of the silicon wafer. In the latter experiments in this chapter, a special

holder was built for use in the thermal evaporator that allowed samples to be turned over

without breaking the vacuum, reducing the time required for depositing contacts by half.

After removing the samples from the thermal evaporator, they are scribed with a diamond

scribe and mechanically cleaved on all 4 sides to make sure gold does not connect the front

and back of the sample.

Current-voltage curves were measured using a computer-controlled Keithley multi-

source meter, which can source voltage and measure current (see Figure 5.4). A special

probe station was built and placed under the output of a ThermoOriel Solar Simulator.6 The
6The light source in the Solar Simulator is a 150 W xenon arc lamp. The spectrum of the xenon lamp is

a good simulation of sun’s spectrum except for several sharp peaks in the 800–1100 nm range. Filters can
be used to suppress these peaks but not completely. An AM 1.0 filter was used to simulate atmospheric
absorption.
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bottom contact of the probe station is a 100-mm diameter, 500-µm thick, high conductivity

silicon wafer coated with 200 nm of gold. A wire is soldered to the gold surface. The

other end of the wire ends in a banana pin connection for connecting to the Keithley meter.

Contact to the top electrode of the sample is made using a stainless steel probe mounted

to a spring loaded arm. The optics of the Solar Simulator are focused so that an intensity

of 100 mW/cm2 hits the surface of the probe station.

5.4.2 The effect of annealing on the photovoltaic properties of sulfur-

doped femtosecond laser irradiated silicon

Here we present our results on creating solar cells from femtosecond laser irradiated

silicon and the effect of annealing on photovoltaic properties. We irradiated p-type, Si (100)

wafers (ρ = 1–20 Ω-cm), using a fluence of 4 kJ/m2 and 100 pulses/area in 500 Torr of SF6.

The spot size was 150 µm in diameter.

The samples were annealed to various temperatures between 575–1275 K in a gas

flowing oven. After loading the samples into a quartz tube oven, it was heated to ∼ 373

K (100 C) and kept constant for 30 minutes while forming gas (90% N2, 10% H2) was

flowed for 30 minutes to remove oxygen and water vapor. The samples were heated to the

annealing temperature and held for 10 minutes. The gas flow was held constant for the

entire anneal to prevent oxygen diffusion into the surface. After annealing, the samples

were prepared for I-V curve measurement as described in Section 5.4.1. The top electrode

was a 2-mm diameter circle. The samples were scribed and cleaved and the final dimensions

of each sample was approximately 5 mm × 5 mm.

Figure 5.5, shows dark and illuminated I-V curves as well as photocurrent for the

sample annealed for 10 minutes at 1075 K. The illumination intensity was 100 mW/cm2.

Since the sample was 0.25 cm2, the incident light power was 25 mW, resulting in the
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Figure 5.5: Left: Dark and illuminated current-voltage curves for a sample irradiated with
100 pulses/area at a fluence of 4 kJ/m2 in SF6. The sample was annealed for 10 minutes
at 1075 K. Right: Photocurrent as a function of applied voltage. Area of the cell was 0.25
cm2.

following photovoltaic properties: Isc = 3.6 mA, Voc = 420 mV, FF = 0.36 and η = 2.2 %.

These values are significantly lower than the commercial solar cell shown in Figure 5.3, but

the efficiency is comparable to our previous results discussed in Section 2.1.

Figures 5.6 and 5.7 show the dark and illuminated I-V curves for samples imme-

diately after irradiation and after thermal anneals between 575–1208 K. The corresponding

photovoltaic values of Isc, Voc, FF and η are given in Table 5.1. The values of Isc, Voc, and η

all increase with annealing temperature until they reach a maximum at 1075 K. Annealing

at higher temperatures only decreases these values.

Discussion of the effect of annealing

The values for Isc and Voc for our best solar cell (anneal T = 1075 K) are within

less than a factor of two of the commercial polycrystalline silicon solar cell values from

Section 5.4.1 (for 25 mW, Isc ∼ 7.5 mA and Voc ∼ 550 mV). The reduced efficiency of our

samples seems to stem from the low fill factor.

In figure 5.8 we have graphed the values of Isc, Voc, FF and η versus annealing
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Figure 5.6: Dark (upper left) and illuminated (upper right) current-voltage curves for sam-
ples irradiated with 100 pulses/area at a fluence of 4 kJ/m2 in SF6 and annealed between
575–1075 K. Lower left: A closer look at the 4th quadrant. Lower right: Photocurrent as
a function of applied voltage. The dotted line in each graph is the pre-annealed sample.
Anneal temperature for each of the solid curves is listed in Table 5.1. Area of the cell was
0.25 cm2.
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Figure 5.7: Dark (upper left) and illuminated (upper right) current-voltage curves for sam-
ples irradiated with 100 pulses/area at a fluence of 4 kJ/m2 in SF6 and annealed between
1075–1208 K. Lower left: A closer look at the 4th quadrant. Lower right: Photocurrent as
a function of applied voltage. Anneal temperature for each of the solid curves is listed in
Table 5.1. Area of the cell was 0.25 cm2.
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No. Anneal T (K) Isc (mA) Voc (mV) FF η (%)

1 none 1.0 180 0.34 0.25

2 575 1.1 155 0.33 0.22

3 675 1.3 195 0.33 0.35

4 775 1.5 245 0.37 0.53

5 825 1.5 265 0.38 0.59

6 875 1.7 285 0.38 0.74

7 925 1.8 315 0.37 0.84

8 975 2.8 355 0.36 1.42

9 1025 3.4 395 0.35 1.87

10 1075 3.6 420 0.36 2.20

11 1108 2.6 360 0.39 1.49

12 1142 2.5 345 0.40 1.41

13 1175 1.8 210 0.41 0.64

14 1208 0.2 120 0.24 0.02

Table 5.1: Photovoltaic properties of samples irradiated with 100 pulses/area at a fluence
of 4 kJ/m2 in SF6 and annealed between 575–1208 K. The sample number refers to the
number used in Figure 5.6. Area of the cell was 0.25 cm2.

temperature. The values of Isc, Voc, and η have been normalized with respect to the values

obtained for the sample annealed at T = 1075 K. From this figure we can see that even

though Isc and Voc increase with annealing temperature, FF stays roughly the same for

every sample. We will now take a closer look at each of these solar cell parameters.

The observation that Voc increases with annealing agrees well with our previous

work discussed in Section 2.1. Hall measurements determined that the density of free

electrons in the laser modified surface layer of p-type silicon (ρ = 10 Ω-cm) increased

significantly after annealing to T = 1075 K; at this point the majority carriers in the

surface layer was electrons rather than holes. The Voc is a function of the magnitude of the

internal voltage barrier of the p-n junction. The magnitude of the internal voltage barrier

increases as the density of charge carriers increases in either side of the p-n junction (i.e.
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Figure 5.8: Isc, Voc, FF and η versus temperature for samples listed in Table 5.1 and
displayed in Figures 5.6 and 5.7.

the internal voltage barrier of a heavily doped p-n junction is greater than a lightly doped

p-n junction). So for our samples, Voc increases because the internal voltage barrier of the

junction is increasing. Additional evidence that the internal voltage barrier of our junction

increases with anneal temperature can be seen in the dark I-V curves of Figure 5.6. As

anneal T increases, the “turn on” voltage of the junction increases. As we discussed in

Section 5.3, the “turn on” voltage is the voltage that needs to be applied to shrink the

internal voltage barrier to zero.

In order to discuss the Isc and FF exhibited by our samples, let us consider the

nature of the junction. Figure 5.9 is a schematic cross-section of the junction. Based on

our previous work, we know that the laser modified region becomes heavily n-doped upon
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n-doped, laser 

modified region
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Figure 5.9: Schematic cross-section of the junction between femtosecond laser irradiated
silicon and the underlying substrate. The gradient indicates where light absorption occurs.

annealing, creating a depletion region that will extend more into the p-substrate then into

the n-type laser modified surface.7 The region where light is absorbed is indicated by the

gradient; most of the light is absorbed in the laser modified surface layer.8

The laser modified surface layer—where light absorption primarily occurs—contains

a high density of defects (i.e. grain boundaries, vacancies, dangling bonds, etc.). The high

defect density will result in photo-excited carriers having a short lifetime (and a short dif-

fusion length) before they recombine. Only electron-hole pairs formed within a diffusion

length of the depletion region will contribute to the photocurrent. The width of the deple-

tion region grows and shrinks with applied voltage and due to the small diffusion length of
7For a description of this effect see reference [116], Chapter 5.2.
8As we know from Chapters 2 and 4, the laser modified surface layer is responsible for the near-unity

absorptance; therefore, nearly all of the light will be absorbed in this surface layer.
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the photo-excited carriers, the photocurrent will decrease as the applied voltage increases

in the forward bias (reducing the fill factor). As we see in Figures 5.6 and 5.7, photocurrent

is a strong function of applied voltage for all samples. In contrast, the photocurrent of the

commercial cell (see Figure 5.3) is constant when the cell is reverse biased; for the commer-

cial cell the diffusion length of excited charge carriers is much greater than the width of the

depletion region.

Based on the above discussion, our samples’ low fill factor is likely due to an ex-

tremely small diffusion length of carriers excited in the laser modified surface region. The

fact that fill factor remains constant as annealing T increases indicates that the defect den-

sity in the laser modified surface region does not change enough to increase the diffusion

length with respect to the size of the depletion region. Short circuit current, however, does

increase with annealing. The increase in short circuit current could be due to several effects.

As the laser modified surface region becomes more n-type with increased annealing temper-

ature, the equilibrium (applied V = 0) width of the depletion region in the femtosecond laser

modified surface layer might also increase. As a result, a larger volume of laser modified

surface region—where a majority of the light is absorbed—will be present in the internal

electric field and more photo-excited carriers will add to the photogenerated current. Also,

annealing will heal defects within the section of the depletion region that extends into the

laser modified surface layer; removal of defects in this region will increase the number of

charge carriers that do not recombine and likewise the current will be increased.

Although a low shunt resistance in the solar cell would also reduce the fill factor

and result in a back biased current that has a strong dependance on applied voltage, we

do not observe such behavior. For the dark I-V curves shown in Figures 5.6 and 5.7, the

current under reverse bias has very little dependence on applied voltage. If shunt resistance

were responsible, we would expect the back biased current to show a similar dependence on
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applied voltage in illuminated and dark measurements. This is not the case.

Due to the extremely small diffusion length of excited carriers in femtosecond laser

irradiated silicon, it would benefit from being used in a p-i-n configuration such as is used

for thin film silicon solar cells [115]. In Section 5.4.6, we explore irradiating thin films of

silicon.

If we compare the annealing study performed here with the annealing study from

Chapter 4, we see that the annealing temperature that results in the best photovoltaic

properties (1075 K) is 200 K above the temperature at which the infrared absorptance is

reduced to the absorptance of the original silicon wafer (875 K). Based on this, it appears

that improvement in photovoltaic properties does not correlate with the decrease in infrared

absorptance. The change in photovoltaic properties is likely related to changes in the lattice

within the nanometer sized grains. These changes could include grain growth, diffusion of

vacancies, healing of dangling bonds and changes in the coordination of sulfur dopants that

remain in the grains even after annealing.9

5.4.3 The effect of HF acid etching on photovoltaic results

After annealing and before metal contacts are deposited, the samples are dipped

in 5 % hydrofluoric (HF) acid to remove the native silicon oxide. Using the same wafers

and experimental conditions as Section 5.4.2, we varied the etching time and examined

the resulting photovoltaic properties. Listed in Table 5.2 are the values of Isc and Voc for

various etching times. The annealing temperature was 1075 K. Based on the results, the

etch appears to be an important step in manufacturing a good device, but the etching time

is not critical.
9Not all of the sulfur atoms would necessarily diffuse out of the the crystalline grains even though the

infrared absorptance has decreased to the original value; the concentration would remain at least as high as
the solid solubility of sulfur in silicon (∼ 1015/cm3, [87]) at the temperature of the highest anneal.
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Etch time Isc (mA) Voc (mV)

none 0.80 222

15 s 2.93 373

30 s 2.95 373

1 m 3.07 379

2 m 3.10 379

3 m 3.02 376

5 m 2.92 376

10 m 2.82 372

Table 5.2: Photovoltaic properties as a function of HF etching time.

5.4.4 The effect of H2 gas and resulting surface morphology on photo-

voltaic results

As we saw in the Section 5.4.2, the efficiency of sulfur-doped femtosecond laser

irradiated silicon is quite low in comparison to other silicon-based solar cells. This is likely

due to the large number of defects present in the material as discussed in Section 5.2. In an

attempt to passivate defects within the laser modified surface region with hydrogen atoms,

we performed a study irradiating silicon in SF6 gas diluted with various amounts of H2 gas.

We irradiated p-type, Si (100) wafers (ρ = 1–20 Ω-cm), using a fluence of 5 kJ/m2

and 200 pulses/area in six different background gas dilutions at a pressure of 500 Torr. The

ratio of H2:SF6 pressure was varied in the following manner: 0:100, 10:90, 25:75, 50:50,

75:25, 90:10. The samples were then annealed to 1075 K for 30 minutes in a vacuum

oven. The silicon substrate, laser parameters, annealing conditions, and evaporation of

metal contacts were all chosen to be similar to the previous photovoltaic work [43] and is

described in Section 5.4.1. Although in this case, for simplicity, the top contact was a 4-mm

diameter circle, rather than the finger contacts shown in Figure 2.6.
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Figure 5.10: Dark (left) and illuminated (right) current-voltage curves for samples irradiated
in a mixture of H2 and SF6. Samples are irradiated with 200 pulses/area at a fluence
of 5 kJ/m2. The results seem to indicate that incorporation of H improves photovoltaic
properties; however further analysis shows that the effect is caused by a change in surface
morphology, as a larger percentage of H2 gas is used.
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Figure 5.11: Left illuminated current-voltage curves for samples irradiated in a mixture of
H2 and SF6. Right Photocurrent versus voltage curves of samples irradiated in a mixture
of H2 and SF6. Samples are irradiated with 200 pulses/area at a fluence of 5 kJ/m2. The
results seem to indicate that incorporation of H improves photovoltaic properties; however
further analysis shows that the effect is caused by a change in surface morphology, as a
larger percentage of H2 gas is used.

Figure 5.10 shows dark and illuminated current-voltage (I-V ) curves from this

initial study. The dark I-V curve shows that each sample behaves as a diode; the illuminated

I-V curve shows that each sample responds to light. A closer look at the 4th quadrant is

provided in Figure 5.11 along with a graph of the photocurrent versus voltage (photocurrent



Chapter 5: The photovoltaic potential of femtosecond laser irradiated silicon 105

voltage (V)

c
u

rr
e

n
t 

(m
A

)

−1 −0.5 0 0.5 1

20

10

0

−10

−20

pure SF6

40:60, H2:SF6

75:25, H2:SF6

50:50, H2:SF6

90:10, H2:SF6

voltage (V)

c
u

rr
e

n
t 

(m
A

)

−1 −0.5 0 0.5 1

20

10

0

−10

−20

pure SF6

40:60, H2:SF6

75:25, H2:SF6

50:50, H2:SF6

90:10, H2:SF6

Figure 5.12: Dark (left) and illuminated (right) current-voltage curves for samples irradiated
in a mixture of H2 and SF6. Samples are irradiated with 100 pulses/area at a Fluence of 4
kJ/m2. The results show that with these laser conditions, H has no effect on photovoltaic
properties.

= dark current − illuminated current).

Based on these results, it appeared that the incorporation of hydrogen improved

the photovoltaic properties of the solar cells. As the percentage of hydrogen increased, the

open circuit voltage, short circuit current and photocurrent all increased. However, when

the experiment was repeated with slightly different laser parameters (fluence = 4 kJ/m2

and pulses/area = 100) we discovered that the partial pressure of H2 has very little effect

on photovoltaic properties.

Figure 5.12 and 5.13 shows that the dark and illuminated I-V curves as well as

the generated photocurrent are nearly identical for all partial pressures of H2, when the

samples are irradiated with 100 pulses/area at a Fluence of 4 kJ/m2. Although all of the

curves are similar in Figures 5.12 and 5.13 they show a marked improvement in photovoltaic

properties over the same samples made with 200 pulses/area at a Fluence of 5 kJ/m2 shown

in Figures 5.10 and 5.11.

The key difference between 200 pulses at 5 kJ/m2 and 100 pulses at 4 kJ/m2 is

the resulting surface morphology of the sample. Figure 5.14 shows the difference in surface



Chapter 5: The photovoltaic potential of femtosecond laser irradiated silicon 106

voltage (V)

c
u

rr
e

n
t 

(m
A

)

−0.2 0 0.2 0.4 0.6

2

0

−2

−4

−6

−8

pure SF6

40:60, H2:SF6

75:25, H2:SF6

50:50, H2:SF6

90:10, H2:SF6

voltage (V)

c
u

rr
e

n
t 

(m
A

)

−0.6 -0.3 0 0.3 0.6

10

8

6

4

2

0

pure SF6

40:60, H2:SF6

75:25, H2:SF6

50:50, H2:SF6

90:10, H2:SF6

Figure 5.13: Left illuminated current-voltage curves for samples irradiated in a mixture of
H2 and SF6. Right Photocurrent versus voltage curves of samples irradiated in a mixture
of H2 and SF6. Samples are irradiated with 100 pulses/area at a Fluence of 4 kJ/m2. The
results show that with these laser conditions, H has no effect on photovoltaic properties.

morphology between 200 pulses/area at 5 kJ/m2 and 100 pulses/area at 4 kJ/m2. At 4

kJ/m2, the surface is much smoother than samples irradiated at 5 kJ/ m2. In addition, at 4

kJ/m2 there is very little difference between the surface roughness of the samples irradiated

in pure SF6 versus the samples irradiated in 90% H2. Although at 5 kJ/m2, H2 dilution

causes a large change in surface morphology. The explanation for these observations is

that previous work determined that spike formation occurs only for fluences greater than 4

kJ/m2. In addition, we know that the resulting shape and size of the spikes depends on the

type of gas. Based on these observations and the results presented in Figures 5.12 and 5.13,

we can conclude that a lower surface roughness is better for photovoltaic performance.

There are several reasons that the above conclusion makes sense. A lower surface

roughness will provide a less torturous path for charge carriers to travel from the laser

modified surface region to the top metal electrode. In addition, the top metal electrode will

form a more uniform layer on a surface with lower surface roughness. The second point

is important for how we make contact to the top electrode in our experimental setup. We

use a spring loaded metal probe to press down on the top electrode. We will achieve better
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Figure 5.14: Surface morphology of samples irradiated with 200 pulses/area at a fluence of
5 kJ/m2 (top row) and 100 pulses/area at 4 kJ/m2 (bottom row). At 5 kJ/m2 the there
is a large difference in surface morphology between the samples irradiated in pure SF6 and
those diluted with 90% H2; at 4 kJ/m2, all samples look similar. Images taken with samples
at 45◦.

contact with a flatter surface morphology. Figure 5.15 shows the damage caused by our

metal probe for both surface morphologies.

To conclude our discussion of the effect of H2 gas and surface morphology on the

photovoltaic properties of femtosecond laser irradiated silicon we present Figure 5.16. As

the SF6 is diluted by H2, the surface slowly transitions from a surface morphology that is

typical for SF6 to the surface morphology that is typical for H2. From our previous work we

know that the surface features formed in H2 are more blunt, larger and less densely spaced

than those features formed in SF6. So in effect, as we dilute with H2 gas, we are creating
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5 µm 10 µm

Figure 5.15: Images of the damage caused by contact of our metal probe with the top
electrode of samples irradiated in pure SF6 with 100 pulses/area at 4 kJ/m2 (left) and 200
pulses/area at 5 kJ/m2 (right). Images taken with samples at 45◦.

10 µm

a b c

d e f

Figure 5.16: Surface morphology of samples irradiated with 200 pulses/area at a fluence of
5 kJ/m2 at a pressure of 500 Torr for different ratios of H2:SF6 gas; (a) 0:100, (b) 10:90,
(c) 25:75, (d) 50:50, (e) 75:25, (f) 90:10. Images are the top view of the samples.

a surface that has an overall lower surface roughness which is responsible for the increased

photovoltaic performance indicated by Figures 5.10 and 5.11.
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5.4.5 Creating a lower roughness laser-irradiated surface

Silicon irradiated in SF6

As we determined in the previous section, a flatter surface morphology is better for

photovoltaic properties. With this in mind, we set out to create the flattest surface possible

that still absorbed a large portion of the sun’s spectrum. We varied two laser parameters,

fluence and pulses/area. Then we imaged the surfaces with a scanning electron microscope

and measured absorptance using the same spectrophotometer used in Chapter 4.

First we chose a fixed fluence of 4 kJ/m2 and irradiated samples with different

pulses/area. We increased the spot size of the laser from the typical value of 150 µm to

250 µm full-width-half maximum (FWHM) but kept the step size the same at 75 µm (the

step size being the distance between neighboring rows along which the center of the laser

beam has traveled). By increasing the spot size, we reduced the step size to 1/3 of the spot

size, with the goal being to create a flatter more uniform laser modified surface layer. The

translation speed of the silicon wafer was 750 µm/s. In order to create a different number of

pulses/area, a mechanical shutter was used to reduce the repetition rate of the laser (1000

Hz) to lower values (10–60 Hz) while keeping the translation speed constant. With this

method the average number of pulses/area can be determined by,

pulses/area =
νdspot

v
, (5.5)

where ν is the repetition rate of the laser (or shutter), dspot is the FWHM of the laser spot

along the direction of translation and v is the translation speed. Then we fixed the number

of pulses/area at 7 and varied the fluence from 4–12 kJ/m2. The spot sized needed to be

reduced to 180 µm in order to create the larger fluences and likewise we reduced the step

size to 50 µm.
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Figure 5.17: Surface morphology of samples irradiated with a fluence of 4 kJ/m2 in 500
Torr of SF6 gas for different pulses/area (a) 2, (b) 4, (c) 6, (d) 11, (e) 17, (f) 22, (g) 100,
(h) 333. Spot size = 250 µm for all samples but (h) which was 150 µ. Images taken with
samples at 45◦.

Figure 5.17, shows scanning electron microscope images for samples irradiated

with 2, 4, 6, 11, 17, 22, 100 and 333 pulses/area at a fluence of 4 kJ/m2. The result is

surprising. The surface roughness of the samples that were irradiated with 2, 100 and 333

pulses/area are all very similar; however, for the samples irradiated with 4–22 pulses/area,

the surface features increase in size with increasing number of pulses.

This result changes our view of how spikes form. In our previous work [43], low

numbers of pulses/area were performed for only a single fluence, 8 kJ/m2 and the onset of
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Figure 5.18: Surface morphology of samples irradiated with 7 pulses/area in 500 Torr of
SF6 gas for different fluences (a) 4, (b) 6, (c) 8, (d) 10, (e) 12. Spot size = 180 µm for all
samples. Images taken with samples at 45◦.

spike formation began between 10–15 pulses and spike height continued to increase up to

600 pulses. For a fluence of 4 kJ/m2, only 500 pulses/area were performed and no spikes

were observed. Based on these results, it was concluded that spikes do not form at a fluence

of 4 kJ/m2 [43]. However, the current results show this is not the case. Spikes do begin to

form, but they then disappear after a large number of pulses. The reason for this result is

unknown.

Figure 5.18, shows scanning electron microscope images for samples irradiated

with 7 pulses/area at fluences of 4, 6, 8, 10 and 12 kJ/m2. The size of surface features

increases with increasing fluence.

Figure 5.19, shows the absorptance of each of the above samples shown in Fig-

ures 5.17 and 5.18. The data from the two studies are consistent with each other. The

absorptance for the sample irradiated at 4 kJ/m2 with 6 pulses/area in the fixed fluence
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Figure 5.19: Left: Absorptance spectra of samples irradiated at a fixed fluence of 4 kJ/m2

with varied pulses/area which are indicated. The dashed curve is for 333 pulses/area. Right:
Absorptance spectra of samples irradiated with a 7 pulses/area for different fluences which
are indicated in kJ/m2.

study matches the absorptance of the sample irradiated at 4 kJ/m2 with 7 pulses/area in

the fixed pulses/area study. Absorptance seems to be correlated with the height of surface

features in all cases, which is consistent with previous results [43]. The absorptance of

the sample irradiated at 4 kJ/m2 with 333 pulses/area is unusually low compared to our

previous results and the results in Chapter 4 as well. The reason for this is unknown.

The conclusion of these two studies is that the surface roughness of samples irra-

diated with 100 pulses/area at a fluence of 4 kJ/m2 is as flat as any that were created in

this study. In addition, the absorptance of samples irradiated with 100 pulses at 4 kJ/m2

is larger than any created in this study (for an example of the absorptance see Figure 4.1).

As a result, 100 pulses/area and 4 kJ/m2 were chosen as the standard conditions for many

results in this chapter. These results are important as they illustrate the fact that surface

morphology is a more complicated function of fluence and pulses/area than was previously

thought.
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Figure 5.20: Absorptance spectra of samples coated with selenium (left) and tellurium
(right) and irradiated with fluences varying from 2–4 kJ/m2 with 100 pulses/area in a
background gas of 500 Torr of N2.

Obtaining low surface roughness for silicon coated with Se or Te and irradiated

in N2

In Figure 4.11, we saw that the infrared absorptance of tellurium-doped samples

remained high at fluences as low as 1.5 kJ/m2, below the ablation threshold of silicon.

We concluded that the ablation dynamics are different for samples that are coated with

a different material. In this section we investigate the optimal laser fluence for creating a

highly absorbing surface layer with low surface roughness.

We irradiated silicon wafers coated with 150 nm of either selenium or tellurium

in a background gas of N2 at 500 Torr using 100 pulses/area for the following fluences: 4,

3, 2.5, 2 kJ/m2. The films were deposited by thermal evaporation as described in Section

4.7.1. The resulting surface morphologies and optical properties are given in Figures 5.21

and 5.20.

The fluence that results in the minimum spike formation while retaining a rela-

tively high infrared absorptance is 3 kJ/m2 for selenium-coated samples and 2.5 kJ/m2 for

tellurium-coated samples.
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Figure 5.21: Scanning electron microscope images of selenium and tellurium-coated samples
irradiated with fluences varying from 2–4 kJ/m2 with 100 pulses/area in a background gas
of 500 Torr of N2. Images taken with samples at 45◦.
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5.4.6 Irradiating thin film silicon

In this section we present the results from irradiating thin films of silicon. The

goal was to enhance the visible and infrared absorptance of silicon films to the same degree

that is observed for femtosecond laser irradiated silicon wafers. Thin films of silicon were

grown by two different methods: electron beam heating evaporation and hot-wire chemical

vapor deposition (CVD).

Irradiating electron beam grown films

Several Si(100) wafers, p-type (ρ = 1–20 Ω-cm) were mechanically ground into

powder and placed into a graphite crucible to be used as the source for electron beam

heating evaporation in high vacuum. A film of silicon (∼ 1.3µm thick) was grown on a

clean glass microscope slide. The film was gray with a mirror finish.

The sample was loaded into the irradiation chamber, which was then evacuated

and filled with 500 Torr of SF6 gas. The laser was focused to a spot size of 150 µm. We

varied the fluence and repetition rate of the laser in order to create a laser modified surface

layer in the film and avoid completely ablating away the film. A fast mechanical shutter was

used to vary the repetition rate of the laser. The sample was translated at a velocity of 1500

µm/s. Using the standard repetition rate of the laser (1000 Hz), Equation 5.5 can be used

to determine that an average of 100 pulses/area hit the surface. Using a mechanical shutter

frequency of 10 Hz and 20 Hz, the pulses/area can be reduced to 1 and 2 respectively.

The results are displayed in Figure 5.22. Based on the absorptance curve of the

unirradiated film, we can determine that the silicon film is amorphous. Amorphous silicon’s

band gap (1.75 eV) is greater than crystalline silicon (1.12 eV) and its absorptance begins to

decrease at smaller wavelengths of light (< 700 nm). Growing an amorphous film is expected

as our growth substrate is amorphous. Typically, growing a thin film of crystalline silicon
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Figure 5.22: Absorptance spectra of femtosecond laser irradiated silicon films grown by
electron beam heating evaporation. The laser conditions were: (1) 2 pulses/area at 4
kJ/m2, (2) 1 pulse/area at 5 kJ/m2, and (3) 1 pulse/area at 3 kJ/m2. The dotted regions
of the curves indicate a measurement anomaly near where the detector change occurred in
the spectrophotometer. The bottom curve is the absorptance of the unirradiated film. The
films are amorphous silicon and are initially 1.3 µm thick.

requires tailored experimental conditions such as substrate temperature and growth rate.

Based on the results we were able to increase the infrared absorptance by a factor

of 2–3 times. Extremely low pulses/area were necessary in order to avoid destroying the film.

The hills and valleys in the data are caused by thin film interference. The film thickness (1.3

µm) is on the order of the wavelength of the light and constructive and destructive interfer-

ence occurs in the transmittance and reflectance signals in the near infrared range. These

features should disappear when the light is incident at the same angle for transmittance

and reflectance; some misalignment was present for all of our measurements.

Irradiating CVD grown films

Thin films of silicon were grown on 1 × 1 inch squares of glass by hot-wire chemical

vapor deposition by the Atwater research group at the California Institute of Technology

[120]. A tungsten wire is heated by resistive heating and brought in close proximity to
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the substrate in a mixed atmosphere of silane (SiH4) and hydrogen (H2) gas. The films

measured 2.1 µm thick using a profilometer.

The samples were loaded into the evaporation chamber which was evacuated and

filled with 500 Torr of SF6. The laser was focused to a spot size of 150 µm. The translation

speed was fixed at 750 µm/s and the fluence, and number of pulses/area were varied in

order to create an irradiated sample with the largest infrared absorptance.

An additional variable was used in this study to vary the pulses/area. The length

of time that the fast mechanical shutter remained open was varied so that instead of a single

pulse being delivered to the surface at the repetition rate of of the mechanical shutter, a

burst of pulses could be delivered. Each time the shutter opens constitutes a single burst

of pulses.

Figure 5.23, shows the results of irradiating 10 large areas of the film (6 mm ×

8 mm) which were then analyzed with our spectrophotometer. Table 5.3 lists all the laser

conditions that were attempted. Many conditions resulted in complete destruction of the

film. The laser conditions used to make the samples in Figure 5.23 are indicated by the

numbers 1–10.

To determine the pulses/area, Equation 5.5 is modified to accommodate the new

variable pulses/burst, Nburst:

pulses/area =
νdspot

v
×Nburst (5.6)

where ν is the repetition rate of the shutter (or laser when no shutter is used), dspot is the

diameter of the spot and v is the translation velocity of the sample.

Although the film was meant to be crystalline, we can see from the absorptance

spectrum of the unirradiated film that it is also amorphous just like the film grown by

electron beam evaporation. The CVD process used by the Atwater research group is usually
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Sample No. Fluence Rep. rate Pulses/burst Pulses/area Step size Transparent

– 8 kJ/m2 1000 Hz 1 200 50 µm yes

– 7.5 kJ/m2 25 Hz 10 50 50 µm yes

– 7 kJ/m2 25 Hz 10 50 50 µm yes

– 7 kJ/m2 25 Hz 5 25 50 µm yes

– 7 kJ/m2 25 Hz 3 15 50 µm yes

– 6.5 kJ/m2 20 Hz 5 20 50 µm yes

– 6.5 kJ/m2 15 Hz 4 12 50 µm yes

– 6.5 kJ/m2 10 Hz 4 8 50 µm mostly

– 6 kJ/m2 1000 Hz 1 200 50 µm yes

– 6 kJ/m2 20 Hz 5 20 50 µm yes

– 6 kJ/m2 15 Hz 4 12 50 µm mostly

– 6 kJ/m2 10 Hz 4 8 50 µm barely

– 5.5 kJ/m2 20 Hz 5 20 50 µm yes

– 5.5 kJ/m2 15 Hz 4 12 50 µm barely

1 5.5 kJ/m2 10 Hz 4 8 50 µm no

– 5 kJ/m2 20 Hz 5 20 50 µm barely

2 5 kJ/m2 15 Hz 4 12 50 µm no

5 5 kJ/m2 10 Hz 4 8 50 µm no

3 4.5 kJ/m2 20 Hz 5 20 50 µm no

7 4.5 kJ/m2 15 Hz 4 12 50 µm no

8 4.5 kJ/m2 10 Hz 4 8 50 µm no

4 4 kJ/m2 25 Hz 10 50 50 µm no

6 4 kJ/m2 20 Hz 5 20 75 µm no

9 4 kJ/m2 10 Hz 4 8 75 µm no

10 4 kJ/m2 10 Hz 2 4 75 µm no

Table 5.3: Summary of laser conditions used in an attempt to create a laser modified
surface layer on the CVD grown silicon film. The sample number refers to the number used
in Figure 5.23. The comment under the column “Transparent” indicates whether visible
light could be seen through the film using an optical microscope.
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Figure 5.23: Absorptance spectra of femtosecond laser irradiated silicon films grown by hot-
wire chemical vapor deposition. Upper left: Absorptance spectra of all ten samples. See
Table 5.3 for the laser parameters. Upper right: Absorptance spectra for samples irradiated
with 8 pulses/area at four different fluences. Lower left and right: Absorptance spectra
for samples irradiated at 4 kJ/m2 (left) and 4.5 kJ/m2 (right) at varying pulses/area. The
bottom curve in each graph is the absorptance of the unirradiated film. The films are
amorphous silicon and are initially 2.1 µm thick.

used to grow films on glass slides that already have a thin crystalline silicon layer grown by

other means. It is likely that the process had not been attempted on bare glass as in this

case.

The conclusion of these two studies is that thin film silicon can be modified by the

laser to bring about enhanced visible and infrared absorption. In both cases, the film was

too thin to increase the absorptance to near unity although we come close in the 2.1-µm

thick film. We believe that as more energy is deposited in the film, too much material is
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removed and the resulting laser modified surface layer is not as thick as the typical layer

that is formed with the irradiation of silicon wafers. We predict that with an additional

1–2 µm of material it will be possible to increase the absorptance of thin film silicon to the

same level as has been observed in femtosecond laser irradiation of silicon wafers.

5.5 Summary discussion

In this chapter, we show that sulfur-doped femtosecond laser irradiated silicon

behaves as a solar cell immediately after irradiation. The photovoltaic properties of short

circuit current and open circuit voltage (and therefore efficiency) improve significantly with

increased annealing temperature to a maximum at T = 1075 K. Further increasing the

annealing temperature beyond this point, results in a degradation of solar cell performance.

The low fill factor of ∼ 0.37 remains relatively constant for all annealing temperatures.

We propose a model to explain the change in open circuit voltage, short circuit

current and fill factor with annealing temperature. We speculate that the open circuit

voltage rises as a result of an increase in the internal voltage barrier of the junction allowing

for a larger voltage drop when the solar cell is operated in the open circuit condition. An

increase in the internal voltage barrier is consistent with our previous work showing that

annealing increases the free electron concentration in the laser modified surface [43].

The reason that the free electron carrier concentration increases with annealing

temperature is still unknown. We do know that the maximum in open circuit voltage is

obtained after an annealing temperature that is 200 K above the temperature at which the

enhanced infrared absorptance is completely reduced to the value of intrinsic silicon (as

seen in Chapter 4). This result might suggest that diffusion of the sulfur does not seem to

be related to the increase in free carrier concentration, but this is not conclusive.
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It is possible that a general healing of defects in the laser modified surface layer

as a result of annealing causes the activation of trapped donor electrons contributed by

those sulfur atoms that still remain in the grains. Although in Chapter 4 we propose

that annealing causes diffusion of sulfur out of the grains, this does not suggest that all of

the sulfur atoms will eventually leave with annealing. The concentration of sulfur would

remain at least as high as the solid solubility of sulfur in silicon (∼ 1015/cm3, [87]) at

the temperature of the highest anneal. This level of concentration could still provide a

significant amount of donor electrons, keeping in mind that sulfur has two more valence

electrons than silicon.

The increase in short circuit current with annealing temperature could be due to

an increase in the width of the depletion region (as the internal voltage barrier increases),

resulting in more free carriers excited inside the depletion region. Also an increase in short

circuit current could be due to the general healing of defects in the portion of the laser

modified surface layer contained in the depletion region.

We propose that the low fill factor exhibited after all annealing temperatures is a

result of an extremely small diffusion length of free carriers that are generated outside of the

depletion region. A small diffusion length of free carriers yields a photogenerated current

that is highly dependent on the width of the depletion region (and therefore the applied

voltage). As the applied voltage is increased in the forward bias direction, the depletion

region will shrink and the photogenerated current will decrease, resulting in a low fill factor.

Although we speculate that a general healing of defects occurs with annealing, this may

only have a profound effect within the depletion region, where photogenerated carriers are

driven by drift in addition to diffusion.

In addition to annealing temperature, we also report the effect of hydrogen dilution,

surface morphology and etching time on the photovoltaic properties. We also show that
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the visible and infrared absorptance of thin films of silicon can be enhanced by femtosecond

laser irradiation. The creation of femtosecond laser irradiated thin film silicon solar cells is

an exciting area of future work.



Chapter 6

Summary and future directions

We investigated a diverse range of scientific and engineering concepts in this thesis,

including: laser ablation, phase transformations, diffusion, semiconductor doping, solid state

physics and photovoltaics.

We studied the nucleation and growth of single crystal silicon nanoparticles and

the formation of amorphous silicon generated in the superheated and pressurized material

ejected from the silicon surface. We commented on the fundamental differences in particle

formation after femtosecond laser ablation in a near atmosphere background gas versus

vacuum. We also observed interesting structures of coagulated particles such as straight

lines and bridges.

We investigated the enhanced absorption of visible and infrared light exhibited by

the resulting femtosecond laser irradiated surface after doping with three different elements

(sulfur, selenium and tellurium) in a comprehensive annealing study. Our analysis suggests

the decrease in absorptance with heat treatments is due to the diffusion of the dopants

within the nanometer-sized grains of the polycrystalline surface to the grain boundaries.

We incorporated femtosecond laser irradiated silicon into a device and measured its

123
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photovoltaic properties as a function of various parameters such as: annealing temperature,

laser fluence, background gas, surface morphology and chemical etching. In addition, we

explored the concept of using thin films of silicon as the irradiation substrate and successfully

enhanced the visible and infrared absorption of films of silicon with thicknesses ≤ 2 µm.

Although we have made good progress studying the properties of this new material,

there remain many unanswered questions and exciting avenues of research to explore with

femtosecond laser irradiated silicon. These avenues cross many fields including solid state

devices, biological sensors, superhydrophobicity and more. We mention those here that are

relevant to this thesis.

Research can be performed to further understand the structure of the laser mod-

ified surface and the nature of dopants and defects in the crystalline grains. Using low

temperature studies, the electronic levels of the dopant and its configuration with the lat-

tice could be probed. Changes in these levels could be correlated to various experimental

parameters such as annealing temperature, dopant chemistry, laser fluence, and pulses/area.

Much work needs to be done to characterize the properties of the diode junction,

specifically as a function of the initial doping of the wafer. Over the course of this research,

we learned that it was difficult to reliably repeat many electronic measurements using

different silicon wafers. Although the general behavior was similar, the results could vary

greatly for different experimental parameters, specifically annealing. To understand this

behavior, we recommend extensive characterization of the initial silicon wafer’s resistivity

and dopant concentration with greater precision than is provided by the manufacturer.

These measurements can then be used to obtain repeatable diode junctions.

In addition to work with sulfur, the diode characteristics of silicon doped with

other elements such as selenium, and tellurium could lead to even better results for pho-

todetector and photovoltaic devices, specifically in the detection and absorption of infrared
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light. Selenium- and tellurium-doped samples absorb more infrared light than sulfur-doped

samples after the same heating treatment.

A final research area with great promise is the prospect of enhancing the efficiency

of thin film silicon solar cells through incorporation of a femtosecond laser modified surface

layer. The laser modified region can be used in a device as a single junction or stacked

in a series in a multi-junction design. The laser modified region would be particularly

suited for use as the bottom layer in a multi-junction device in order to absorb all light that

penetrates the upper layers. In addition, due to the small diffusion length of excited carriers

in femtosecond laser irradiated silicon, incorporating it into a p-i-n configuration similar to

the design used for thin film silicon could result in a significant increase in photovoltaic

efficiency.



Appendix A

Operation of a solar cell

In order for a material to convert light into electrical energy, it must satisfy two

conditions. First, it needs to be able to absorb incident photons through the promotion

of electrons to higher energy levels. Second, it must contain an internal electric field that

accelerates the promoted electrons in a particular direction, resulting in an electrical current.

For more detailed information on the operation of solar cells see references [112, 113, 116,

118,119].

A.1 The photovoltaic cell in an electrical circuit

From the most basic point of view, a photovoltaic cell can be thought of as any

device—when exposed to light—that causes current to flow in an electrical circuit with a

given load resistance (e.g. wires plus a light bulb). An example electrical circuit is shown

in Figure A.1. The voltage drop across the front and back contact and the current in the

circuit can be measured with a voltmeter and ammeter respectively. As would be expected,

the magnitude of the electrical current depends on the intensity of the incoming light. But,

in addition, the current also depends on the load resistance of the circuit.

126
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A

V

front contact

back contact

voltmeter

ammeter

load

Figure A.1: A photovoltaic cell in a simple electrical circuit that allows the production of
usable power.

For the following discussion, let us fix the intensity of the incoming light as Tl,

and just vary the load resistance. If the resistance is infinite, the current will be zero. This

is called the open circuit condition. In this case, the photons continue to generate pairs of

electrons and holes within the photovoltaic material. The internal electric field separates the

electrons and holes and accelerates them in opposite directions creating a voltage difference

on either side of the photovoltaic cell. The magnitude of this voltage drop is called the open

circuit voltage, Voc. The open circuit voltage can change with the intensity of light, but for

a given intensity, the voltage remains constant with time. The reason it remains constant,

despite the fact that photons are continually absorbed, is that the generated electron-hole

pairs recombine at a certain rate at defects and surfaces. Because of this, the open circuit

voltage is a good measure for the quality of the photovoltaic cell—the higher the open

circuit voltage, the more efficiently the cell can convert photons into electrical energy.

If the load resistance in the circuit shown in Figure A.1 is zero, then under a given

intensity of light, the current that is generated will be at its maximum attainable value.

Under these conditions the photovoltaic cell is said to be in its short circuit configuration
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and the current is called the short circuit current, Isc. Note that through V = IR, the

voltage drop is also zero. The short circuit current is also limited by the recombination rate

of the material and is a good measure of the quality of the photovoltaic cell. In order to

maximize the efficiency of a photovoltaic cell, researchers and engineers attempt to maximize

the open circuit voltage and short circuit current by removing recombination sites.

In between these two extremes—when there is a finite resistance in the circuit—

the current and voltage are both less than their maximum values and are related to the

load resistance through Ohms Law, V = IR. The power that is supplied as a result of the

load resistance (e.g. the light bulb) is the product of the current and the voltage. For a

higher load resistance, the voltage is increased but the current is decreased. For a lower

load resistance, the voltage is decreased but the current is increased. Figure A.2 shows

how the voltage and current of a circuit can vary as the load resistance is changed for a

given amount of intensity of light. Rather than obtaining this curve by putting in various

size resistors, the voltmeter, ammeter and resistor can all be replaced by a voltage/current

source. By applying a voltage and measuring a current the same curve can be reproduced.

As can be seen from Figure A.2, there is a specific load resistance, that results in

a certain current, Imax, and voltage, Vmax, where the output power is a maximum. During

the design of the circuit for photovoltaic cells the load resistance is specifically chosen

to maximize the output power. The shape of the current-voltage curve, often called the

I-V curve, greatly affects the resulting power output. To characterize the shape of the

curve, researchers use a variable known as the fill factor, FF , which gives what fraction

the maximum output power is of the product of the open circuit voltage and short circuit

voltage.

FF =
ImaxVmax
IscVoc

. (A.1)
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Figure A.2: The relationship between current and voltage in a photovoltaic cell

A typical fill factor is 0.8. The higher the fill factor, the better the solar cell, as

this increases the maximum power output. The reason for the shape of the I-V curve will

be discussed in subsequent sections.

With what we know already, it is possible to calculate the efficiency, η, of our

photovoltaic cell. The efficiency is defined as the ratio of electrical power output to the

power of the incident photons.

η =
ImaxVmax
TlA

× 100%, (A.2)

Here Tl, is the intensity of the incoming light with the units of mW/cm2, and A is

the area of the photovoltaic cell in cm2. Their product is the power of the incoming light,

Pl. Combining Equations A.1 and A.2 we get,

η =
(FF )IscVoc

Pl
× 100%. (A.3)

This equation gives the efficiency using the variables, FF , Voc, Isc, which are used
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to characterize a photovoltaic cell in research. These values can be obtained by measuring

the I-V curve of the photovoltaic cell with a voltage source and ammeter. By varying

voltage and measuring current, the load resistance is essentially varied from zero, at the

highest current flow, Isc, to infinity, at the highest voltage drop, Voc. Maximizing the

efficiency of a photovoltaic cell is the ultimate goal, as this maximizes the power output

for a given intensity of incoming light. Efficiency values reported in research and industry

are often for a solar intensity of air mass (AM) 1.5. This is the intensity of the sunlight on

the earth after it passes through the atmosphere at 45◦, which is roughly the average angle

sunlight has over the course of the peak hours of the day. The intensity value for AM 1.5 is

100mW/cm2. For a typical commercial silicon photovoltaic cell with properties FF = 0.8,

Voc = 0.5 V and Isc = 35 mA/cm2, the efficiency is 14%.

Now that we understand how a photovoltaic cell is treated in an electrical circuit

let us take a closer look at the properties required by a material to be used as the active

region in a photovoltaic cell.

A.2 Satisfying the two conditions required for a photovoltaic

response

Whether a material satisfies the first condition, which requires that the material be

able to absorb photons through electron promotion, depends on the energy of the incident

light. For photovoltaic cells we are concerned specifically with the spectrum emitted by the

Sun. The solar spectrum is shown in Figure A.3. As we can see in the graph, most of the

photons coming from the sun are in the energy range of 1–4 eV. A material needs a band gap

energy that is less than 4 eV in order to absorb these photons, otherwise there are no electron

states available to accept the promoted electron during photon absorption. This requirement
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Figure A.3: Solar spectrum as it reaches earth in space (named AM 0) and after it passes
through the earth’s atmosphere at an angle of 45◦ to the surface (named AM 1.5). Dips
in the intensity at specific wavelength are due to absorption by O2, H2O, and CO2 in the
atmosphere.

eliminates the use of insulators as a photovoltaic material, as the insulator/semiconductor

transition is usually arbitrarily set at an energy band gap of 4 eV. However, in reality, the

size of the band gap is even more limited. With a band gap energy of 3 eV the material

would absorb less than half of the incoming photons. In order to maximize the number of

photons absorbed and get the most electrical energy out of our solar cell, we should choose a

material so its band gap has less energy than most of the incoming photons. This practical

limit further narrows the material selection to materials with a band gap of less than ∼ 2

eV.

The second condition, which requires that the material have an internal electric

field, further limits the possible materials and contains most of the science of how a photo-
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voltaic cell works. An all-metal photovoltaic cell is impossible as an internal electric field

would never be stable. Even under an applied electric field, the electrons within a metal

redistribute to counter the field so that the internal field is zero.

With the elimination of insulators and metals, we know that our photovoltaic cell

must contain semiconductors in some way. In order to sustain an internal electric field,

a stable charge gradient must be maintained in the material. The most common way to

produce the internal electric field in all current photovoltaic cells is inside an inhomoge-

neous semiconductor or at the interface between two differently doped semiconductors with

different band gaps.

A less common way to create the internal electric field is at the interface between

certain metals and semiconductors, which, if chosen properly, create a field that allows

current to flow in one direction but not the other. This is known as a Schottky barrier

junction. The first solar cells made from selenium were Schottky barrier cells. While

Shottky barrier cells are still under investigation today, they have never been made efficient

enough or cheap enough to be used in a practical photovoltaic cell. All photovoltaic cells

do indeed use metal/semiconductor interfaces as a part of their design to attach the active

photovoltaic medium to a larger circuit with electrodes. However, the materials making

up this interface are chosen so that the interface is considered an “ohmic contact,” which

contains no barrier to electron flow.

We will now discuss how the internal electric field is created.

A.3 Creating the internal electric field

The electric field is created by a spatial separation of charge inside solid material,

which is stable and exists without the application of any external fields. It also exists
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whether or not the material is exposed to light. In a single semiconductor material this field

is generated by a doping gradient inside the material. The simplest form of this is the p-n

junction from semiconductor physics. One side of the semiconductor contains n-type doping

where the impurity atoms are donor atoms—which have one additional valence electron—

and the opposing side contains p-type doping where the impurity atoms are acceptor atoms–

which have one less valence electron and can easily accept a neighboring electron (i.e. a

hole). The majority carriers in the n-type side are electrons and the majority carriers in the

p-type side are holes. For a discussion on the nature of p-type and n-type semiconductors,

please see reference [4], Chapter 29.

As an example let us take silicon. For silicon, boron is an acceptor atom and

phosphorous is a donor atom. To make a p-n junction in silicon, typically boron is present

in the silicon melt at a specific concentration and remains there as it crystallizes. Single

crystalline, polycrystalline, amorphous and microcrystalline silicon can all be used to make

solar cells. We will initially discuss single crystalline here and discuss the others in the

Research section.

The single crystal of boron-doped silicon is sliced into thin wafers ∼ 300 microme-

ters thick. Each wafer is exposed on one side to a heated phosphorous containing gas. The

phosphorous atoms diffuse into the surface of the silicon resulting in a higher concentration

than the boron. This creates a net n-type region where the majority carriers are electrons.

This n-type region extends several micrometers into the surface. The p-n interface is a

plane parallel to the wafer and several microns from the n-type side. By monitoring the

conditions closely a uniform interface can be obtained.

For simplicity, in the following discussion we will consider an ideal p-n junction,

which is one where the doping concentration changes abruptly in the silicon from n-type to

p-type.
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The mere presence of the varied concentration of impurity atoms is not enough

to explain the electric field. Both the impurity atoms and the host atoms are electrically

neutral. The electric field is generated by diffusion of majority carriers. With electrons

as the majority carriers on the n-side and holes as the majority carriers on the p-side, a

carrier concentration gradient is set up, which is the driving force for the diffusion. Those

additional electrons on the n-side within a few 100 nm of the p-n interface diffuse from

the n-side to the electron deficient p-side, where they recombine with holes in the hole-rich

p-side. Let us look closely at the effect of this first step. The additional electrons in the

n-side were provided by neutral phosphorous atoms. When the electrons diffuse in large

numbers over 100 nm, they leave behind positive phosphorous ions. When these electrons

recombine with holes on the p-side, this results in a region of depleted charge a few 100 nm

into the p-side. In the region of depleted charge the carrier concentration is much lower

than in the p-type and n-type material far from the interface.

Likewise the holes diffuse in the opposite direction from the p-side into the n-side.

This leaves behind a several 100 nm thick region with negative boron ions and creates a

charge depleted region several 100 nm into the n-side. The result of both of these effects is

that a depleted region several 100 nm in length is formed on either side of the p-n interface,

where the carrier concentration is very low. In addition, positive ions are left behind on

the n-side of the p-n interface and negative ions are left on the p-side. The ions create an

electric field which points from the n-side to the p-side as well as a voltage drop ∆φ (from

the n-side to the p-side) which are related through E = −dφ/dx. This field exists without

any applied voltage or field and without exposure to light. Figure A.4 summarizes how the

depletion region forms an electric field.

It may be confusing why the diffusion of delocalized (conduction band) electrons

or holes leaves behind charged ions, as this is never discussed under conditions of normal
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Figure A.4: The diffusion of majority carriers creates the depletion region. Positive phos-
phorous ions are left behind on the n-side and negative boron ions on the p-side.

current flow in a metal or semiconductor. The reason for this is that when the carriers are

only being influenced by the electrostatic force of the underlying nuclei and core electrons,

their spatial density is uniform everywhere. So they still cancel out the charge of the

nuclei when averaged over volume. Even when current is flowing, as long as no charge

is accumulating anywhere, the spatial density of the carriers will perfectly balance the

charge of the nuclei resulting in no net electric fields. In the case of the p-n junction,

there is an additional force acting on the carriers besides the electrostatic force. This

additional force is a chemical potential gradient. The material will lower its free energy

if the delocalized electrons on the n-side diffuse into the p-side (and vice-versa for holes).

Now when the spatial density of the carriers is averaged over the volume of the depletion

region their collective charge does not balance out the underlying nuclei. On the n-side of

the depletion region there are not enough electrons to balance out the additional protons

in the phosphorous atoms. The same is true for the holes on the p-side and therefore an
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electric field is present.

The electric field that is generated perfectly balances the driving force for diffusion.

If diffusion is not countered, all the additional electrons from the n-side would recombine

with holes on the p-side. Let us look at this more closely. From the diffusion force, electrons

want to flow from the electron-rich n-side to the p-side (and vice-versa for holes). These

electrons and holes leave neutral atoms creating ions. The ions left behind generate an

electric field, which applies a force on electrons so that they flow from the negatively charged

boron ions on the p-side to the positively charged phosphrous ions on the n-side (the opposite

occurs for holes). These two competing effects limit the depletion region to a certain size.

At a certain point the energy gained by diffusion is perfectly balanced by the energy spent

creating the electric field. The two important aspects of the depletion region are that it

defines the spatial extent of the electric field and it is the region where the charge carriers

are drastically reduced due to recombination.

Electron-hole pairs that are generated within the electric field through the absorp-

tion of photons or through thermal excitation will separate; the electrons will accelerate

toward the positive phosphorous ions on the n-side and holes will accelerate toward the

negative boron ions on the p-side. In a typical solar cell, the n-side faces the sun and finger-

like metal electrodes are patterned on the surface to allow the maximum amount of sunlight

through but still provide a metallic pathway for electron flow. Electrons flow toward the

top of the solar cell, while holes flow in the opposite direction. The backside of the solar

cell has a solid metal contact to complete the circuit.

Electron-hole pairs generated outside of the depletion region actually contribute

most of the carriers to the photocurrent. This happens through diffusion of the photo-

excited carriers to the edge of the depletion region where they are swept to the other

side. This process contributes significantly to the resulting photocurrent as silicon, with
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its indirect band gap, is not a strong absorber of light. In order to absorb enough of the

incident photons, silicon wafers in solar cells need to be greater than 100 µm thick. They

are typically 300 µm thick by convention as it is a good thickness for handling.

A.4 The I-V characteristics of the p-n junction

In this section we will discuss how the shape of the I-V curve shown in Figure

A.2 comes about. We will start by defining a direction of positive current, j, across our

solar cells p-n junction. To be consistent with most solid-state textbooks, we choose that

positive current is current flowing from the p-side to the n-side, which we call the positive

x-direction (note that holes flow with current and electrons against). We will see later

that this actually results in the sun inducing a current in solar cells that is negative and

researchers refer to the solar cell operating in the “4th quadrant” of the I-V curve, where

current is negative and voltage is positive. The negative sign only indicates direction with

respect to a reference system and has no other meaning.

With a direction of positive current, we can define the flow of holes and electrons

across the p-n junction. We will use the symbol j for electrical current density and J for

number current density after the fashion of reference [118], Chapter 29, so that,

j = jh − je, je = −eJe, and jh = eJh. (A.4)

Note that je is the portion of the electrical current density caused by the flow of

electrons; this is why it contains a negative sign. Positive values of Je and Jh indicate that

the electrons or holes are flowing in the positive x-direction across the p-n junction (from p

to n).

To better understand the competing forces of diffusion and the internal electric
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field, we will name the flow of carriers depending on their direction. A flow of electrons

from the p-side to the n-side under the force of the electric field is known as the electron

generation current, Jgene . It is so named because there are very few conduction electrons on

the p-side—they are the minority carriers—and any electrons that flow from the p-side to

the n-side are likely generated by thermal excitation or photon absorption. As soon as they

are generated and enter the depletion region they are swept to the other side by the electric

field. Likewise, a flow of holes from the n-side to the p-side is called a hole generation

current, Jgenh , for the same reasons.

The flow of electrons from the n-side to the p-side, under the driving force of

diffusion, is known as the electron recombination current, Jrece . It is so named because of

what will happen when the electrons reach the hole-rich p-side; they will recombine. The

electron recombination current has to fight the force of the internal electric field and there-

fore is temperature dependent. There is an energy barrier—stemming from the direction of

the electric field and voltage difference ∆φ, (which are all caused by the formation of the

depletion region)—that the electrons need to get over in order to pass from the n-side to

the p-side. The probability that they will overcome this energy barrier follows the usual

boltzmann distribution,

Jrece ∝ exp[−e(∆φ)/kT ]. (A.5)

Where e(∆φ) is the energy required for an electron to flow down a voltage drop of ∆φ.

Note that,

Je = Jgene − Jrece , and Jh = Jrech − Jgenh . (A.6)

In the absence of an external applied voltage or light exposure, we have stated that

the driving forces of diffusion and the electric field exactly cancel each other. In equation
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form, this means that Jgene = Jrece and Jrech = Jgenh , which means that Je and Jh are zero

and the total current, j, is zero.

When an external voltage is applied or the solar cell is illuminated, this balance

is disrupted and a non-zero current develops. First we will discuss what happens when an

external voltage is applied, and then we will add light.

During normal operation of a solar cell there are no external applied voltages.

However, during testing, applying a voltage to a solar cell is very useful as it simulates

many different load resistances through the relationship V = IR. Refer to Figure A.5 for

the state of the p-n junction with positive, negative and no applied voltage as you read the

following discussion.

First we will define a positive applied voltage, V , as one that raises the p-side of

the p-n junction with respect to the n-side. This effectively reduces the internal voltage

drop from the n-side to the p-side and consequently reduces the internal electric field and

shrinks the depletion region, as is seen in Figure A.5. The new voltage difference is

∆φ = (∆φ)0 − V. (A.7)

The subscript zero indicates that (∆φ)0 is the voltage drop when no external

voltage is applied. The applied voltage is only felt at the depletion region because it is a

region of high resistivity in series with low resistivity regions on either side. The depletion

region shrinks because applying a positive voltage basically injects holes into the edge of

the p-side and electrons in the edge of the n-side, shrinking the region where there are very

little carriers. Likewise if a negative voltage is applied, the internal voltage drop from the

n-side to the p-side will be increased and the depletion region will be increased as well.

The external voltage will have no effect on the electron or hole generation currents

as these depend only on temperature, however it will affect the electron and hole recom-
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field ~E, the force on the electron ~F , and the electronic band structure as the applied voltage,
V , is varied from V = 0 (left), V > 0 (middle), and V < 0 (right).
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bination rates which depend exponentially on the voltage difference from the n-side to the

p-side as in Equation A.5. Let us write an explicit expression for the current as a function

of applied voltage.

When V= 0, we know that Jgene = (Jrece )V=0 (the electric field and diffusion driving

forces are balanced). Using Equations A.5 and A.7, we get,

Jgene ∝ exp[−e(∆φ)0/kT ]. (A.8)

Or this can be written explicitly as,

Jgene = A exp[−e(∆φ)0/kT ], (A.9)

where A is the unknown proportionality constant. Like wise, Jrece can be written in the

same manner,

Jrece = A exp[−e{(∆φ)0 − V }/kT ]. (A.10)

By dividing Equation A.10 by Equation A.9 we get,

Jrece = Jgene exp[eV/kT ]. (A.11)

Through the same argument the hole recombination current can be expressed as,

Jrech = Jgenh exp[eV/kT ]. (A.12)

By combining Equations A.11 and A.12 with A.6 and A.4 we get the current-voltage rela-

tionship,

j = e(Jgene + Jgenh )(exp[eV/kT ]− 1). (A.13)
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Figure A.6: Current-voltage relationship in an ideal p-n junction. A plot of Equation A.13.

Lets look at the limits: when V= 0, j = 0; when V is large and positive, current is

exponential with voltage, j ∝ exp[eV/kT ]; when V is large and negative, current is a small

constant value, j ∼= −e(Jgene + Jgenh ). This constant is known as the leakage current of the

p-n junction. Equation A.13 is plotted in Figure A.6.

Let us evaluate Equation A.13 from the point of view of an electron. When V =

0, the same number of electrons are crossing the junction in both directions because the

driving forces of diffusion and the electric field are perfectly balanced and thus there is

no net current. When V > 0, the voltage difference and energy barrier are decreased and

therefore the number of electrons crossing from the n-side to the p-side through thermal

diffusion is increased (i.e. the electron recombination current is increased). The number

of electrons passing from the p-side to the n-side as a result of the force of the electric

field stays relatively constant as this is a function of temperature and not voltage (i.e. the

electron generation current stays constant). This results in a net flux of electrons from the
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n-side to the p-side and therefore we get a positive current (going from the p-side to the

n-side in the positive x-direction) that increases exponentially with voltage.

When V < 0, the voltage drop and energy barrier increase. This reduces the

number of electrons that can flow from the n-side to the p-side by way of thermal diffusion

(i.e. the electron recombination current is decreased). The number of electrons flowing from

the p-side to the n-side remains constant as explained above (i.e. the electron generation

current remains constant). This results in a net electron flow from the p-side to the n-side

and therefore the total electrical current in our coordinate system is negative. As voltage

is increased to an extremely large negative value, the electrons flowing from the n-side to

the p-side under thermal diffusion essentially stop because of the huge energy barrier in the

way (i.e. the electric recombination current goes to zero). The total current then reaches

a constant negative value because of the constant electron generation current that never

stops. This exercise can be repeated with holes with the exact same result.

It may be a point of confusion as to why the generation current always remains

constant even as the depletion region grows and shrinks with applied voltage per Figure

A.5. This is because the vast majority of the electrons that get accelerated by the electric

field come via thermal diffusion from the p-side (n-side for holes) material just outside the

thin depletion region.

When the p-n junction is illuminated all the photoexcited electron-hole pairs sep-

arate because of the electric field and add to the generation currents. In this coordinate

system, the effect of these extra carriers is to subtract a constant, jph, from Equation A.13

to get,

j = e(Jgene + Jgenh )(exp[eV/BT ]− 1)− jph. (A.14)

The exponential curve is essentially lowered by the photocurrent, jph. The 4th
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Figure A.7: I-V curve of an illuminated solar cell.

quadrant of the I-V graph is now being occupied. Figure A.7 shows the effect of the

photocurrent on the I-V curve. Again, there is a certain voltage and current that will yield

the most power as stated in Section A.1. Note that the photocurrent is not a function of

the temperature or the voltage. The reason that the photocurrent is the same even though

the size of the depletion region changes with applied voltage is the same as above. Most of

the light excites carriers in the bulk p-type and n-type material. These carriers then find

their way to the depletion region via thermal diffusion. The width of the depletion region

does not have a large effect on this.

The equations in this section are based on an ideal p-n junction and describe its

function through the use of charge balancing arguments. This method provides no estimate

of the size of the prefactor e(Jgene + Jgenh ). To obtain this, a more detailed look needs to be

taken involving the mobilities of electrons and holes. For this analysis see reference [118],

chapter 29.

In addition, actual materials deviate from the I-V characteristics shown here due
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to recombination at defects, surfaces and interfaces as well as other effects such as non-

abrupt doping profiles.

A.5 The ideal material

Using the equations from the previous section and the known solar spectrum re-

searchers have been able to determine the maximum efficiency that can be obtained as a

function of the band gap energy of the material. The analysis provided by S.M. Sze in

reference [119], results in the ideal material having a band gap of 1.35 eV and a maximum

efficiency of 31%.

In reference [114], Equation A.14 is rearranged to solve for voltage with j = 0.

An equation is obtained for the open circuit voltage of the solar cell. A semi-empirical

formula is then used to relate the pre-exponential factor e(Jgene + Jgenh ) to the band gap

of the material. This gives the open circuit voltage of the solar cell as a function of the

materials band gap. Further analysis derives an equation for the fill factor and ultimately

the efficiency as a function of the band gap energy of the material. The result is shown in

Figure A.8, along with the band gap energy for several solar cell materials.
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Non-Equilbrium Chalcogen Concentrations in Silicon:

Physical Structure, Electronic Transport, and Photovoltaic Potential

Eric Mazur Mark Winkler

Abstract

This thesis explores the structure and properties of silicon doped with chalcogens

beyond the equilibrium solubility limit, with a focus on the potential presence of an impurity

band and its relevance to photovoltaics. The investigations that we report here shed new

light on the electronic role of sulfur dopants in particular, and also provide new evidence of a

semiconductor-to-metal transition consistent with the formation of an electron-conducting

impurity band. The thesis is divided into three primary studies.

First, we describe doping silicon with a single fs-laser pulse. We find that irra-

diation above the melting threshold is sufficient for doping a thin layer of silicon to non-

equilibrium sulfur concentrations. Next, we explore the interaction of many fs-laser pulses

with a silicon substrate. Temperature-dependent electronic transport measurements indi-

cate metallic conduction, while a form of Fermi level spectroscopy and optical absorption

data indicate the presence of an impurity band located 200 − 300 meV below the conduction

band edge. Third, we investigate silicon doped to non-equilibrium concentrations using a

different technique: ion-implantation followed by pulsed laser melting and crystal regrowth.

We determine one of the sulfur states present at low sulfur dose. Additional transport

measurements point to the presence of a semiconductor-to-metal transition at sulfur doses

corresponding to implanted sulfur concentrations just above 1020 cm−3.

Finally, in the appendices of this thesis, we describe methods to laser-dope silicon

while avoiding the development of significant surface roughness that typically characterizes

such samples. Additionally, we present the status of investigations into laser-doping silicon

with selenium to non-equilibrium concentrations.
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Chapter 1

Introduction

1.1 Motivation

Photovoltaics convert energy from radiant heat into useful work. They are thus

heat engines, and the first and second laws of thermodynamics place a very general upper

limit on the efficiency with which they can convert heat to work. As originally proposed [1]

and derived [2] by Carnot and Clausius, respectively, a thermodynamic cycle accepting heat

Qhi from a high temperature heat reservoir (T = Thi), rejecting a portion of that heat to a

low temperature resevoir (T = Tlo), and converting the difference W to work, can have no

higher an efficiency than that of a reversible cycle. This limiting efficiency is:

W

Qhi
= η = 1− Tlo/Thi. (1.1)

This limit is known as the Carnot limit, and is named after a specific, reversible thermo-

dynamic cycle that achieves this efficiency. Thermodynamics is mute how or whether one

might achieve this efficiency. Regardless, one utility of this relationship is in providing a

metric against which we can measure the performance of a particular implementation of a

1
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heat engine.

For a terrestrial device converting the heat contained within the near-blackbody

spectrum emitted by the sun, the Carnot limit is quite generous. Absorbing heat from a

reservoir at approximately 6000 K and, as required by the 2nd law, rejecting waste heat

at the lower terrestrial temperatures of approximately 300 K, the ultimate efficiency is

approximately 95%. Currently, photovoltaics operate at substantially lower efficiencies.

Achieving higher efficiencies is one route to lowering the cost of energy from solar

power, an important goal for a carbon-neutral energy economy. This thesis is concerned with

a non-equilibrium doping technique that may represent a route toward realizing an impurity

band photovoltaic. Such a device has substantially higher limiting efficiencies than current

photovoltaic technology. Thus, we motivate our work with a brief thermodynamic discussion

that makes clear the potential gains from pursuing higher photovoltaic efficiencies.

1.2 The thermodynamics of converting solar energy to work

We begin by considering a general heat engine that converts radiant solar heat

into useful work (not necessarily a photovoltaic, which would be a specific type of solar heat

engine). The thermodynamics of converting solar energy into work are highly influenced by

the degree to which we concentrate the sunlight onto our solar heat engine.1 We define a

concentration factor c as

c =
solid angle subtended by the sun as seen by solar heat engine

4π

=
Ωconc

4π
, (1.2)

where we have defined Ωconc as the solid angle that the sun occupies in the field of view
1Reference [3] gives a particularly lucid discussion of the thermodynamic complexities introduced by the

radiant transfer of heat, as opposed to heat transfer by conduction or convection.
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of the solar heat engine. Lacking any effort to concentrate the sunlight, Ωconc is simply

equal to Ωsun−earth, the solid angle subtended by the sun from the earth. It is convenient

to define

c0 =
Ωsun−earth

4π

≈ 6.8× 10−5

4π

≈ 5× 10−6, (1.3)

as the concentration factor for unfocused sunlight. By focusing sunlight it is conceivable

for the sun to occupy the entire 4π steradians field of view of the photovoltaic; thus c can

range from c0 to 1. In practice, it is difficult to achieve concentrations much higher than

c/c0 = 1000.

We can derive several interesting limits to the efficiency of solar energy conversion

as a function of concentration factor. For example, we can insist the entire process be

reversible, in which case — provided we concentrate the solar radiation sufficiently — we

can come very near the limit of 95% given by equation 1.1. We can also consider the

maximal efficiency that results from using radiative heat from the sun to bring a terrestrial

heat reservoir to a high temperature, which is then used to provide heat to a Carnot engine.

This scheme would describe the ultimate efficiency of a technology such as concentrated

solar thermal, in which solar radiation is used to heat a working fluid that drives a electric

turbine. The results of such calculations, similar to those derived in reference [4] and

discussed in more detail in reference [3], are shown in Figure 1.1.

If we choose instead to use a photovoltaic — a device that converts solar energy

directly to an electric current driven across a resistive load — as our solar heat engine,

there exists more restrictive thermodynamic limitations. To date, photovoltaic technology

is dominated by semiconductors, specifically silicon, in which there is a single characteristic
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Figure 1.1: Thermodynamic efficiency limits of a solar heat engine. Several important
limits are plotted, such as the ultimate reversible limit (solid line), the efficiency of running
a Carnot cycle using the absorbing body as the high temperature reservoir (light dashed
line), and the Shockley-Queisser limit of photovoltaic efficiency (heavy dashed line). Also
plotted are record-setting efficiencies for several technologies, enumerated in Table 1.1.

absorbing energy Eg. Photons with energy less than Eg pass through the absorber unaf-

fected, while photons with energy greater than Eg are absorbed, but produce an amount less

than Eg of work. Taken together with the principle of detailed balance, which enforces mi-

croscopic reversibility on such a system, we obtain an efficiency limit that is generally lower

than the other limits considered in Figure 1.1. This limit, also shown in Figure 1.1, is the

so-called Shockley-Queisser limit, originally derived for illumination under a blackbody [5]

and later modified for the details of the solar spectrum [6].

Superimposed on Figure 1.1 is the maximal recorded efficiency of several different

photovoltaic technologies [7]. We see that current records are well below the reversible ther-

modynamic limit, even at high concentration. When comparing the crystalline Si record to
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Figure 1.1 label absorber material(s) c/c0 η [7]

1 organic 1 6.4%

2 CdTe 1 16.7%

3 crystalline Si 1 25.0%

4 GaInP/GaInAs/Ge 1 32.0%

5 GaInP/GaP/Ge 454 41.1%

Table 1.1: Enumeration by technology of record-setting cells designated in Figure 1.1. Note
that entries 4 and 5 are multijunction cells, and are not limited by the Shockley limit. All
data is drawn from reference [7]

the Shockley limit, however, we see that the designers of semiconductor photovoltaic cells

have done an impressive job extracting a high percentage of the work that is thermody-

namically available to them given the platform they are using. For example, the maximum

recorded efficiency for a silicon solar cell is η = 25%, while the Shockley-Queisser limit for

silicon is 31% — thus the technology has realized over 80% of its thermodynamic potential.

To put this in perspective, the nation’s fleet of coal-fired power plants operates with an

average efficiency of about 35%2 despite limiting efficiencies (according to equation 1.1) of

over 60%.3

The solution, as we see from from Figure 1.1, is to pursue photovoltaic technologies

— points 4 and 5 in the figure are examples — that can exceed the Shockley limit and come

closer to the reversible limit. Technologies exist that can yield efficiencies substantially

closer to the reversible thermodynamic limit, and we discuss them next.
2according the Energy Information Agency, heat rates for coal fired primary energy conversion average

10,000 BTU / kW · hr, which is equivalent to a thermodynamic efficiency of about 36%
3Simply using equation 1.1 with Thi=775 K, a typical boiler temperature in a sub-critical coal

power plant according to MIT’s excellent overview of coal power: ”The Future of Coal,” available at
http://web.mit.edu/coal/
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1.3 High efficiency photovoltaics

The largest irreversible loss in a semiconductor photovoltaic with a single absorbing

gap stems from attempting to simultaneously satisfy the two primary goals of harvesting

solar photons:

1. to absorb as large a fraction of incident photons as possible (i.e. generate a large

photocurrent); and

2. to extract as large a quantity of free energy per photon as possible (i.e. generate a

large voltage).

Unfortunately, these two goals are at cross-purposes in a semiconductor. Meeting the

first of the two goals implies choosing a material with a small band gap; however, this

choice will yield a small voltage. Meeting the second of the two goals implies choosing

a material with a large band gap, but such materials absorb fewer photons and generate

smaller photocurrents.

1.3.1 Multi-junction photovoltaics

We mentioned above that points 4 and 5 in Figure 1.1 were not subject to the

Shockley limit. They represent multi-junction solar cells, which use multiple absorbing

layers, each tuned to a different portion of the solar spectrum. By doing so, high and low

energy photons are absorbed in regions with large and small band gaps, respectively. This

scheme does indeed meet both goals enumerated above, and — as evident in Figure 1.1 —

they can achieve considerable improvements in efficiency. However, practical considerations

intervene in this otherwise ideal solution. Cell designs often include rare materials such

as indium that are not sufficiently abundant to scale to the terrawatt production levels

necessary for a globally significant energy source [8]; in addition, the growth procedures
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Figure 1.2: The premise of the impurity photovoltaic effect: impurities with energy states
within the band gap of the absorber facilitate the creation of charge carriers through the
absorption of two or more lower energy photons.

necessary to integrate the multiple layers are costly. The question of whether the higher

efficiency of a multi-juntion cell can compensate for these problems is a subject of debate.

Other technologies, however, may offer a way around this problem.

1.3.2 Impurity band photovoltaics

An alternative high efficiency approach is the impurity band photovoltaic. The

use of impurities to increase absorption in semiconductor photovoltaics was suggested very

early in their development [9]. The basic appeal is evident in Figure 1.2, in which two

photons with energy less than the band gap give rise to a free electron-hole pair via an

impurity energy level somewhere in the band gap of the host material.

To significantly increase absorption of infrared energy in the solar spectrum, how-

ever, the optically sensitive impurities must be located relatively deep in the band gap of

the host material. Such localized impurities have long been recognized to be responsible

for non-radiative recombination [10,11], a process in which a free electron and free hole re-

combine within the material and generate heat rather than useful work. Recently, however,

it was pointed out that when such impurities are present in sufficiently high concentration,
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they may form an impurity band which suppresses such impurity-mediated recombination,

while still facilitating the absorption of photons with energy less than the band gap [12,13].

The concept of “lifetime recovery” through an increase in deep states was recently demon-

strated [14]. The first demonstration of an impurity band photocurrent involved the use of

quantum dot superlattices [15], but more familiar materials are currently an area of intense

research interest [14,16]. Impurity band photovoltaics have ultimate efficiencies approaching

65%, far higher than the Shockley-Queisser limit [12].

1.4 The delocalization of electron wavefunctions and impu-

rity bands

Mott originally explained that the delocalization of electron wave functions in

highly doped semiconductors can occur through an electron-electron interaction that screens

the binding fields of the electron-donating centers [17–19]. This transition in a semicon-

ductor — from low density, localized dopant-electron behavior to high density, delocalized

dopant-electron behavior — is part of a broader phenomenon known as the metal-insulator

transition. For most of the last century, though, research into this effect in silicon has

focused on shallow donors such as boron and phosphorus [19–23]. Researchers have also

studied the effect that impurity bands have on electronic transport for shallow donors in

GaAs [24–26] and CuInSe2 [27] as well.

There is a substantial body of literature regarding the transition from insulating

to metallic conduction in extrinsic semiconductors; a great deal of it is reviewed in ref-

erence [23]. Reviewing that literature is beyond the scope of this document, but we will

mention several pertinent aspects here. Semiconductors, by definition, are a condensed state

of matter characterized by finite conductivity only at finite temperature. Thus the rigorous
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experimental proof of an insulator-to-metal transition is a measurement of non-zero con-

ductivity at (or very near) T = 0 K. For phosphorus in silicon, for example, this occurs at a

critical density of 3.75× 1018 cm−3 [28]. Fundamentally, this transition to a metallic state

occurs when impurity states are spaced so closely that the Coulomb attraction that binds

donor electrons to their parent dopant atoms is sufficiently screened by the wavefunctions of

neighboring donor electrons that such bound states are no longer stable. This description is

effectively the same that Mott gave to describe the transition from a insulating to a metallic

state [19], and is still frequently invoked [23]. Mathematically, we can state this condition

as:

n1/3
c a∗h = C0, (1.4)

where nc is the critical density above which a material acts as a metal, a∗h is the Bohr

radius of the impurity’s donor electron, and C0 is a constant that Mott predicted would be

of order unity. Empirically, C0 has been found to have the value C0 = 0.26 for a broad class

of materials [22]. Recently, some authors have suggested that C0 might be as large as 0.88

for deep states in silicon [13].

1.5 Connection to this thesis

This thesis discusses chalcogen impurities — such as sulfur and selenium — in a

silicon lattice at concentrations approaching or above the critical concentration for the Mott

transition. As we will see in Chapter 2, this does indeed lead to the absorption of photons

with energy less than the band gap of silicon, as would be expected for an impurity band

material. Already several interesting devices have been demonstrated from this technique,

but many questions remain regarding these materials and their suitability for the impurity

band photovoltaic effect. This thesis addresses some of the outstanding questions regarding
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the structure and nature of electronic transport in these materials.

1.6 Organization of the dissertation

The central theme of this thesis is investigating the physical and electronic struc-

ture of non-equilibrium concentrations of chalcogens — primarily sulfur, and to a lesser

extent selenium — in a silicon lattice.

Chapter 2 reviews the experimental techniques employed in this thesis. Both

techniques — ion implantation followed by pulsed laser melting and resolidification, as

well as irradiation of a silicon wafer by intense femtosecond laser pulses in the presence

of the chalcogen — are briefly reviewed. Significant attention is given to the femtosecond

laser process, as this thesis contributes not only to characterizing such samples, but also to

development of the process itself.

Chapter 3 summarizes the theory of the electronic transport measurements rele-

vant to this thesis.

Chapter 4 investigates the interaction of a single laser pulse with a silicon wafer

in the presence of a sulfur hexafluoride background gas. Structural, electronic, and optical

properties are considered.

Chapter 5 addresses the electronic properties of silicon doped with sulfur to non-

equilibrium concentrations using many femtosecond laser pulses above the ablation thresh-

old.

Chapter 6 presents temperature-dependent electronic transport measurements of

silicon doped to non-equilibrium concentrations via ion-implantation followed by pulsed

laser melting and crystalline regrowth.

Chapter 7 summarizes the work in this thesis, and places it in the context of
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outstanding challenges in our understanding on non-equilibrium chalcogen-doped silicon.

Appendix A describes experimental advances in controlling the morphology of

femtosecond laser doped silicon.

Appendix B describes the current status of investigations into fs-laser doping of

selenium.



Chapter 2

Background

This thesis is concerned with the structure and properties of silicon doped with

chalcogens — primarily sulfur, but also selenium — beyond the solid solubility limit. We

will primarily consider doping silicon with sulfur using femtosecond laser pulses; we will also

consider some comparisons to sulfur included via ion-implantation, and selenium included

using a femtosecond laser. We note here that although part of the allure of the doping

techniques described in this thesis is their potential extension to host materials other than

silicon and dopants other than sulfur and selenium, we will limit our discussion to the study

of sulfur and selenium impurities in a silicon matrix.

The purpose of this chapter is to summarize the state of non-equilibrium chalcogen

doping in silicon as it is relevant to the remainder of this thesis, and also motivate a new

approach to studying this material. We begin with a historical overview, followed by a brief

review of the physics of the interaction between a fs-laser pulse and a silicon surface. We

follow with a few experimental details and improvements implemented over the course of

this thesis, and conclude with the outstanding issues that motivate and are addressed by

this thesis.

12
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2.1 Doping semiconductors to high concentrations

Impurities play a critical role in determining many properties of silicon, such as

the optical [29, 30], electrical [31–33], and in some cases structural properties [34]. When

impurities are used intentionally to control such properties, we refer to them as dopants, and

fairly exhaustive reviews of known information for common dopants in silicon are readily

available [35–37]. The earliest approaches for achieving controllable dopant concentrations

in semiconductors were equilibrium techniques that involved bringing the host material —

whether as a liquid or solid — to a temperature that yielded significant solubility of the

desired dopant. We can determine the maximum solubility of a given element from its

equilibrium phase diagram, and such information is available for many common elements

[37]. Sulfur and selenium, the elements of interest to this thesis, have equilibrium solubility

limits around 1016 cm−3 [37–40]. To achieve the high concentrations necessary to exceed the

Mott limit (as described in chapter 1) with materials that have relatively low equilibrium

solubility in silicon, other doping techniques are necessary.

2.1.1 Ion implantation

Ion implantation — the firing of highly energetic ions at an otherwise cold lattice

— can place high concentrations of impurities into a host lattice according to predictable

spatial distributions [41]. The energy dissipated by the decelerating ions, however, often

causes significant rearrangement of the host lattice and degrades any pre-existing crystal

order. Crystal order can be re-established via thermal annealing; however, such processes

may cause dopant concentrations above the solubility limit to precipitate out. Alternatively,

pulsed lasers (with pulse durations in the ns — µs regime) can melt the implanted layer

[42,43]; subsequent resolidification will, under certain circumstances, occur epitaxially atop

the crystalline substrate [44]. In the process, if the velocity of the resolidification front
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exceeds that of the diffusive velocity of the dopants, the dopants can be trapped in a process

known as solute trapping. The dopants, or solutes, are often trapped in substitutional

sites [43]. Accurate and predictive theories [45–47] exist to describe the thermodynamics

and kinetics of solute trapping.

Using this technique, highly non-equilibrium concentrations of dopants can be

trapped. The concentration of the dopant still has an upper limit, which is the solubility

of the dopant along the liquidus line of the phase diagram; this limit is about 5 × 2021

cm−3 for most materials [48]. However, this concentration is generally above that required

for a Mott transition to metallic conduction [19], and offers the possibility to explore the

creation of impurity bands with well known dopant distributions in silicon crystals free of

extended defects. Indeed, several research groups are exploring the creation of impurity

band photovoltaics [14] and other sub-band gap devices [49] using these techniques.

In this thesis, we will explore silicon supersaturated with sulfur using ion implanta-

tion followed by pulsed laser melting and crystal regrowth. Details of the particular process

relevant to this thesis can be found elsewhere [49,50], and we will summarize the pertinent

experimental specifics in chapter 6.

2.1.2 Femtosecond laser doping

Femtosecond laser-doping is an alternative approach to achieving non-equilibrium

dopant concentrations; however, this technique did not originate with doping in mind.

Over ten years ago, the Mazur group began exploring the interaction of femtosecond laser

pulses with a silicon surface. The first reports regarded the development of spikes and

ripples on the surface of a silicon wafer exposed to a series of femtosecond laser pulses

above the ablation threshold (Figures 2.1 and 2.2) [51, 52].1 As visible in Figure 2.1, this
1Unless otherwise mentioned, all the experiments described in this section involve the interaction of 100s

of laser pulses with a silicon surface, and a laser fluence above the silicon ablation threshold. For clarity and
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Figure 2.1: Left: Photograph of the laser interacting with a silicon substrate; view is just
off-axis of the laser-beam toward the silicon wafer Right: A silicon wafer after irradiation
in an SF6 environment with laser pulses above the ablation threshold.

laser-induced surface roughness lends to the silicon a strikingly black appearance, which

quickly earned it the casual name “black silicon.” In general, fs-laser irradiation near or

above the ablation threshold leads to the development of spikes or bumps between the nano-

and micro-scale, both in height and spacing; however, the exact morphology was found to

depend strongly on the the chemical species and phase of the ambient environment [53,54].

The Mazur group eventually explained these morphological features [55] as an evolution of

laser-induced periodic surface structures, a very general phenomena that can be observed on

many different types of solids [56–59]. The laser-induced surface roughness is an interesting

field of study in its own right, and the Mazur group has demonstrated significant control over

the size, spacing, and other details of the morphology [52,54,60]. The morphology continues

to be fruitful field of study for applications including field emission [55], superhydrophobicity

[61], and surface-enhance raman scattering [62]. A thorough review of the morphology can

be found in reference [63]; details have also been published regarding the crystal structure

of the silicon ejected from the surface during the ablation process [64].

Researchers soon realized that the development of this morphology, however, oc-

curred alongside a second process: doping silicon with the ambient chemical species to

brevity, we refer the reader to the references for experimental particulars.
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10 µm 10 µm

Figure 2.2: Scanning electron microscope images of a surface microstructured in SF6, both
are taken from reference [51]. Left: A view 45◦ angle from the original surface normal Right:
A cross-sectional view of the spikes obtained by cleaving the wafer.

highly non-equilibrium concentrations. As we will discuss in detail below, atoms from the

ambient environment are implanted into the silicon wafer during irradiation at concentra-

tions above 1020 cm−3. In Chapter 4 and Appendix A we demonstrate conclusively that

this doping process and the development of the “black” surface morphology are independent

phenomena. Next we will summarize what is known regarding this new doping process.

2.2 Properties of fs-laser doped silicon

2.2.1 Optical properties and physical structure

Shortly after reporting the fs-laser induced surface roughness described above,

the Mazur group reported that the same laser-structured silicon exhibited anomalous sub-

bandgap infrared absorption for photon energies as low as 0.5 eV (Figure 2.3) [65], de-

spite silicon’s typical transparency to photons with energy less than its room-temperature

band gap of Eg = 1.12 eV. After exploring the dependence of this infrared absorption on

background gas and laser parameters, it was realized that the absorption of sub-band gap

photons was connected to the presence of sulfur in the ambient environment [53,55,66,67].
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Figure 2.3: Left: Near-unity absorption of photon energies (top-axis) less than the band
gap of silicon occur for sulfur containing gases (adapted from [67]). Right: When a silicon
wafer is irradiated in the presence of non-sulfur containing gases, it shows only defect-like
absorption at the band-edge (adapted from [53]).

Shortly afterward, the Mazur group demonstrated that similar sub-band gap absorption

occurred whenever the ambient environment included one of the heavy chalcogens (S, Se,

Te) [68]. Secondary ion mass spectroscopy (SIMS) and Rutherford backscattering spectrom-

etry (RBS) indicated that — in each case of high sub-band gap absorption — chalcogen

dopants were present in extraordinarily high concentrations. Although the surface rough-

ness present for all of these measurements creates quantitative difficulty for SIMS and

RBS techniques, chalcogens were clearly present in concentrations of approximately 1020

cm−3. The equilibrium solubility limit for both sulfur and selenium is approximately 1016

cm−3 [37–40].

An investigation of the crystal structure of fs-laser doped silicon revealed that the

doped region coincided with a region of silicon that had lost a degree of crystalline order

(Figure 2.4). Cross-sectional transmission electron microscopy indicated a polycrystalline

region extending approximately 100 nm from the surface — roughly the region that RBS

and SIMS indicated was supersaturated with the dopant. Although selected area diffrac-
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1 µm

300 nm

Figure 2.4: Cross-sectional TEM imaging of a silicon surface irradiated with fs-laser pulses
significantly above the ablation threshold in a background gas of SF6. Left and upper
right: bright field images show the laser modified surface layer. Lower right: Selected area
diffraction analysis of the laser modified surface layer. Images obtained from reference [66].

tion (SAD) indicated a distinctly polycrystalline nature to the laser-affected region, the

researchers estimated the grain size to be 50 nm or less [66, 69]. Thermal annealing, how-

ever, brought about significant recovery of crystallinity, as evidenced in both the bright field

TEM, as well as the selected area diffraction.

The effect of annealing on the sub-band gap optical properties has also been inves-

tigated. If the infrared absorption arose from a non-equilibrium concentration of chalcogens,

researchers hypothesized that thermal treatment should facilitate a return to equilibrium

and loss of the sub-band gap optical absorption. As shown in Figure 2.5, annealing does

indeed reduce the sub-band gap absorption [65,66]. By exploring this behavior for the entire

family of chalcogens, a complicated relationship was found between the deactivation of in-

frared absorption, the dopant species, and the parameters of the thermal annealing (Figure
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Figure 2.5: In these plots we observe the dramatically different manner in which optical
properties respond to annealing depending on the dopant chose (see reference [70]) Left:
Absorption spectra for silicon irradiated in the presence of sulfur (red), selenium (blue) and
tellurium (green) after annealing at 775 K for increasing lengths of time. Right: Average
absorptance between 1250—2500 nm for sulfur (circles), selenium (squares), and tellurium
(triangles) for various temperature (x-axis) and times (size of marker) anneals. The time
of the anneals was (from smallest to largest): 10 min, 30 min, 100 min, 6 hr, 24 hr).

2.5). The Mazur group later showed that this behavior is more easily understood when

viewed as a function of the diffusion length of the dopant (Figure 2.6) [70], in which case all

data points collapse onto a similar curve. Figure 2.6 also clearly shows that the deactiva-

tion of the dopant occurs on a length scale similar to the grain size. We have suggested (in

reference [70]) a potential model that explains this behavior. Briefly, the model proposes

that dopants contribute to infrared absorption so long as they are within crystalline grains

and coordinated with the silicon lattice, but precipitate into a non-optically sensitive phase

when they reach grain boundaries. The results of this model are also shown on Figure 2.6.

2.2.2 Electrical properties and devices

The electrical properties of chalcogen-doped silicon have also been probed. The

current-voltage properties of the junction between the laser-doped region and the substrate

were investigated, and the junction was observed to rectify (Figure 2.7). Also, room temper-
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ature Hall measurements indicated that the sulfur dopants were indeed acting as electron

donors, changing the sign of the Hall coefficient when a p-type silicon substrate was laser-

doped [55].

The presence of both infrared absorption and rectification led to speculation that

the fabrication of a silicon-based infrared detector would be possible. Early work on

avalanche photodiodes [65] demonstrated the promise that fs-laser doping had for silicon-

based infrared detection. A short time later, the Mazur group demonstrated a low-bias

silicon photodiode with responsivity to photon energies as low as 0.8 eV [71]. The geometry

of this device is shown in Figure 2.7. The fs-laser doped photodiode, when operated at low

biases of only a few volts or less, not only exhibited photoresponse for photon energies as
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exhibits rectification after a brief anneal; lower right: photovoltaic performance has been
demonstrated under AM 1.5 solar irradation; and lower left: at low bias we observe signif-
icant gain in the visible, and measurable response in the infrared [55,71]

small as 0.8 eV, but also tremendous gain (Figure 2.7). These phenomena remain unex-

plained. Demonstration photovoltaics have also been fabricated [55, 72], but have demon-

strated low efficiency (η < 2.5%). To date, we have no evidence that sub-band gap photons

are converted to free electron-hole pairs capable of doing work in an external circuit.

2.2.3 State of the field

Sulfur and selenium have long been recognized as double donors in silicon that

introduce states deep within the band gap [38, 73], and these states have previously been

investigated for their potential in IR-detection [29, 74, 75]. Addtionally, lasers have been
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involved in doping and annealing semiconductors for decades [43,76]. In retrospect, perhaps

it seems quite plausible that short pulsed laser should serve to implant chalcogen dopants

into silicon, which should then in turn serve as absorption centers as well as electron donors.

However, several outstanding questions remain wholly unanswered by this sce-

nario. Foremost is the broad, featureless nature of the absorption exhibited by fs-laser

doped silicon. Doping to equilibrium levels introduces resonances rather than the feature-

less absorption we observe. As we will explore in chapter 6, similar optical properties are

observed in chalcogen-doped silicon that is prepared in a wholly different manner, and that

possesses a markedly different (and more intact) crystal structure. This raises the question

of whether the absorption is a more universal phenomena related to high chalcogen con-

centrations than we first assumed. If so, this begs the question of what state or states give

rise to this absorption. Can we understand it as an impurity band, and if so, can it be

exploited for greater photovoltaic efficiencies? Before proceeding to this question, though,

we provide a brief review of the femtosecond laser literature as it relates to silicon, and

summarize several updates we have made to our experimental procedures.

2.3 Femtosecond laser irradiation of silicon

This thesis deals in large part with dopants incorporated into a silicon lattice via

femtosecond laser irradiation. In the historical overview offered above, we largely ignored

the question of what happens when a femtosecond pulse strikes the surface of our silicon

wafer. There is a diverse array of literature concerned with this question [77–91], and we

briefly summarize the points pertinent to this thesis. This process and the relevant literature

has also been described in more detail and with commendable clarity elsewhere [55,72].
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2.3.1 The optical properties of silicon

The band diagram of silicon is shown in Figure 2.8. Optical absorption via an

electronic transition is possible for any photon with energy greater than about 1.1 eV. For

photons with energy between approximately 1.1 and 3.4 eV, however, the excitation of

an electron from the valence band maximum to an empty state in the conduction band

requires momentum from a phonon. The attendance of a phonon for this transition makes

absorption in this manner far less likely than for a so-called direct transition, one in which no

momentum and thus no phonon is required. The relative probabilities of these phenomena

is clearly reflected in the enormous difference in the absorption depth for the two processes

(see Figure 2.8). For a direct transition, a photon must travel only 10 nm or so before

absorption; while for an indirect transition the photon must meander through the silicon

nearly 1000 times farther: about 10 µm.

The above statements are only true, however, provided the photons do not perturb

the potential landscape in which they are traveling, which is to say: as long as we reside in

the regime of linear optics. The experiments described in this thesis employ femtosecond
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laser pulses, however, and as we will see below, absorption of such pulses tends to be non-

linear in nature.

Fs-lasers are used in a diverse range of fields and applications in both research

and industry; several excellent reviews of their design and use are available [94,95]. Besides

their other interesting properties and uses, short pulses of light can exhibit incredibly high

peak electric fields. We can see this quite easily from Maxwell’s equations, which tell us

that the irradiance (or Poynting vector) is related to the electric field by:

〈S〉 =
1
2
cε0E

2, (2.1)

where 〈S〉 represents the average irradiance. If we approximate average irradiance (power

per area) as the energy in our pulse (2.5 mJ) when focused to a circle of radius 5 µm

(achievable with an inexpensive lens), arriving over a pulse duration of 50 fs, we arrive at

a peak electric field of E ≈ 1012V/m — an electric field far in excess of the binding fields

of an electron to an atom, which are on order 109 V/m! We should draw two conclusions

from this calculation. The first is that the interaction of a fs-laser pulse with silicon will be

quite different than what the data of Figure 2.8 would tell us. Second, and perhaps more

qualitatively, these enormous fields mean that we can drive matter into exotic conditions,

in which a large fraction of the valence electrons are removed from bonds over a potentially

non-thermal timescale. There is no immediate intuition to be drawn from this, other than

the fact that exploring new regimes of material conditions — whether it is preparing a

very cold, very small, or very hot set of conditions — often stimulates the discovery of new

physics and materials. We proceed below with a description of how this intense interaction

occurs.
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2.3.2 The interaction of a fs-laser pulse with silicon

The absorption of a femtosecond laser pulse requires careful attention primarily

for two reasons. First, the magnitude of the electric field associated with the pulse implies

a fundamentally non-linear absorption process, which means that the quantities given in

Figure 2.8 can no longer be of assistance in determining the absorption depth. And second,

because electrons are the particles that first absorb the energy in a laser pulse, and because

it takes between 1 and 10 ps for a hot electron gas to thermalize with a crystal lattice [78],

there is a highly non-equilibirum environment immediately following laser pulse absorption.

This highly non-equilibirum scenario is characterized by an extremely hot (several 1000 K)

electron gas inside of a room temperature lattice. All of the details of what happens next

follows from these two facts and the intensity of the laser pulse.

The non-linear interaction of the laser pulse with the silicon lattice can dramat-

ically decrease the absorption depth, and thus the volume into which the laser energy is

deposited. Early in the study of the interaction of picosecond laser pulses with a silicon

surface, it was recognized that short pulse irradiation led to the formation of a high-density

electron-hole plasma at the silicon surface [78–82], and several researchers made the ob-

servation that the simple energetics of the melting threshold (about 2 kJ/m2) implied a

decreased absorption length [80, 82]. After the invention of the femtosecond laser, pump-

probe spectroscopy demonstrated that melting occurred a significant time after the arrival

of the laser pulse (about 1 ps after the arrival of a 90 fs laser pulse in this case), demon-

strating the intermediate role and timescale of the electron-hole plasma in conveying the

laser energy to the lattice [83,84]. The creation of this electron-hole plasma can change the

characteristics of the laser-silicon interaction, even over the course of a single pulse [85].

Thus a physical picture emerges in which the front portion of the fs-laser pulse is

absorbed to create a dense electron hole plasma, which then absorbs (and partially reflects)
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the remaining portion of the pulse. The important observation, for the sake of this thesis,

is that the absorption length for the fs-laser pulse is effectively orders of magnitude smaller

than Figure 2.8 would suggest. We will observe this directly in chapter 4.

What happens after the absorption of the pulse can vary a good deal, and depends

entirely on the wavelength and energy of the laser pulse. As mentioned above, the lattice

thermalizes with the hot electron gas on a timescale of about 1 ps. If the energy of the pulse

is sufficient to remove 10−15% of valence electrons from bonding states, the lattice becomes

unstable and transitions to a liquid before the heat is transferred to the lattice via electron-

phonon coupling; this process known as non-thermal melting [84,86–88]. At pulse energies

that do not initiate such abrupt disordering of the lattice, however, the hot electron-hole

plasma distributes its energy to the lattice over several picoseconds via electron-phonon

coupling. This heat diffuses inward through the silicon lattice from the surface, raising its

temperature and — if there is sufficient heat to raise the lattice temperature above the

melting point — causing a transition to a liquid state near the surface. The melt depth will

increase with laser energy until, at still higher energies, boiling will occur at the surface.

As the liquid phase becomes superheated, the gas phase can nucleate at high rates in the

melt and eject material from the silicon surface. This process is known as ablation. The

thresholds for these phenomena are subject to precise experimental details. For example,

melting and ablation thresholds for 620 nm, 120 fs laser light have been reported to be

1.5 and 3.0 kJ/m2 [89, 90]; authors using the same wavelength and slightly shorter (90

fs) pulses report the melting threshold to be 1 kJ/m2 [83]. Still other authors report the

melting threshold for 780 nm, 100 fs laser pulses at 2.5 kJ/m2 [91]. There appears to be

some ambiguity in the literature, as to whether or not threshold fluence is reported as the

incident fluence F , or incident fluence corrected for reflection at the incident wavelength

F/(1−R). For 30 ps, 532 nm laser pulses, the melting threshold is more universally agreed
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upon to be 2.1 kJ/m2 [77–82] Several excellent papers [77,86,87,90,91,96–102] discuss the

details of melting and ablation in greater detail; several melting thresholds are compiled

and compared to a theoretical model in reference [102].

Perhaps more important for most of the work in this thesis, however, is the nature

of solidification, which occurs several nanoseconds after irradiation [78, 103]. Again, this

phenomenon is highly dependent on precise experimental conditions. For 30 ps laser pulses

at λ = 532 nm, laser-melted silicon re-solidifies in the amorphous phase at fluences just

above the melting threshold of 2.1 kJ/m2, but in a crystalline arrangement at fluences

above 2.5 kJ/m2 [77–79]. Similar observations have been documented for approximately
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100 fs-laser pulses [91], but the thresholds for amorphization and crystallization were found

to be 2.5 and 5.5 kJ/m2, respectively, although the authors are unclear on precisely what

pulse duration they employ. As the authors in reference [44] and [77] discuss, the physical

issue underlying this problem is the time it takes for epitaxial growth to occur. If the

resolidification front moves faster than 15 m/s [96], atoms do not have time to find their

equilibrium positions, and the resolidified layer will be amorphous. If the molten phase

persists longer and the re-solidification front moves more slowly, then in general epitaxial

re-growth will occur; in this case the re-solidified layer will be crystalline. In general,

higher laser fluences will generate longer melt durations and slower re-solidification fronts.

Thus, a common theme in laser-melting literature is that after exposure to a laser pulse

just above the melting threshold, silicon re-solidifies as an amorphous solid; at some higher

fluence threshold, however, melting is followed by crystalline regrowth. The timescales of

the phenomena discussed above are summarized in figure 2.9.

2.4 Experimental notes and updates

The experimental setup used for laser-doping has been reviewed extensively else-

where [55,72]. We briefly review it here. We also note, for the convenience of future students,

some changes to “standard operating procedures” that may be convenient to know as one

gets to know the history of the project.

2.4.1 Our experimental setup

In the experiments described in this thesis, we employ amplified femtosecond laser

pulses of temporal duration τ ≤ 100 fs and center wavelength λ = 800 nm. The repetition

rate of the pulse train (i.e. the number of pulses generated per second) is any integer division

of 1000 (e.g., 1000 Hz, 500 Hz, 333 Hz, etc). The pulse has an approximately Gaussian
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Figure 2.10: A schematic representation of the femtosecond laser-doping apparatus.

spatial profile, and an average pulse energy is 2.5 mJ. We can vary pulse energy continuously

down to approximately 50 µJ using a half-wave plate to rotate the pulse polarization prior

to temporal compression, a process that employs polarization sensitive optics. We direct

the train of fs-laser pulses to the setup depicted schematically in Figure 2.10.

We prepare a silicon wafer for laser exposure using an RCA clean [104] followed by

a dilute (5% HF) etch in hydrofluoric acid to remove the native oxide. If we are introducing

Se or Te as dopants, we thermally evaporate a thin (75 nm) layer of that dopant onto the

silicon wafer. We immediately load the wafer into the vacuum chamber, and evacuate the

chamber to high vacuum (pressure ≤ 10−5 Pa). We then backfill with a gas: if we are

introducing sulfur into silicon, we backfill with 6.7× 104 Pa of SF6; if we are doping using

a thin solid film of Se or Te, we fill the chamber with the same pressure of N2.2 The wafer
2In references [55] and [72], we find that the ambient gas has a tremendous impact on the hydrodynamics
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is positioned in front of the focus of the fs-laser pulse, which is sent through a f = 350

mm plano-convex lens as it travels toward the vacuum chamber. A CCD camera, carefully

positioned at an identical distance from a glass pick-off as the silicon wafer, is used to

measure the spatial profile of the laser pulse.

The lens is positioned to create a spatial intensity profile at the wafer surface with

a full-width at half-maximum w. The laser repetition rate is set to a frequency f ; the wafer

is translated in the x-direction in front of the beam using stepper motors a distance typically

on order of 1 cm, stepped vertically a distance ∆y, translated in the reverse direction, and

the process is repeated. We assign a quantity, shots per area, to the exposure; it is defined

as:

S/A =
πw2

∆x∆y
=
f · πw2

v∆y
, (2.2)

where ∆x = v/f , and all other quantities were defined above. The details of translation are

selected in order to distribute laser pulses across the surface in a fashion that is particular

to the experiment. Typically we fix ∆x = ∆y, a subject discussed further in section 2.4.2.

2.4.2 Updates to previous work

In this section, we emphasize differences between the fs-laser doped samples pro-

duced for this thesis and prior work [55,72]. Most of these changes were made for the sake

of greater sample cleanliness or experimental accuracy.

Changes to the experimental setup

If comparing these results to previous work, note the following changes in procedures.

• We cleaned the interior of the vacuum chamber before most sample runs. Cleaning

consisted of wiping down surfaces with methanol and baking out (Tpeak < 150 ◦C) for

of melting and ablation; thus, an inert atmosphere is used during fs-laser doping with a thin solid film
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approximately 24 hours before most fabrication runs. A turbo pump was installed,

with a dry scroll pump (rather than an oil pump) backing it. Typical base vacuum

for the bake out was in the 5× 10−8 torr range, with typical pre-doping pump down

to approximately < 10−6 torr.

• We installed a new laser system, which we use for all experiments except those of

Appendix A. Important parameters for both laser systems are outlined in Table 2.1

below.

• We clean all silicon wafer substrates with the RCA clean prior to laser-doping

Previous laser Current laser

pulse duration (fs) > 100 < 70

pulse energy (mJ) 0.3 2.5

center wavelength (nm) 800 800

repitition rate (Hz) 1000 1000

Table 2.1: Changes to laser parameters relative to previous work

Corrections to optical data

Previous reports of optical data regarding fs-laser doped silicon included errors in

the optical absorptance. Because laser-doped silicon has a rough surface that generates dif-

fuse reflection, an integrating sphere is necessary measure reflectance. However, the coating

used in the integrating sphere — intended to be a uniform reflector, with a reflectance of

R = 1 over the entire spectral range of interest — has significant spectral features in the

infrared. These features introduced spurious data at λ = 1400 nm and λ = 1900nm, as

well as a general postive slope of the absorptance in the infrared. We have corrected these
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errors using an unpublished technique that involves careful comparison to references [105].

Example data, both inclusive of and corrected for the error, are shown in Figure 2.11.

Also, in Figure 2.11 we show normalized absorptance (Ā = (1− R − T )/(1− R))

as opposed to absorptance A = 1 − R − T . Normalizing the absorptance in this fashion

expresses the fraction of light absorbed that penetrates the initial air-silicon interface. This

measurement accurately reflects the fact that silicon absorbs strongly in the visible (see,

for example, Figure 2.8). Additionally, provided we had a non-roughened surface, Ā would

allow us to calculate the absorption coefficient for absorption through a uniform medium

of thickness d, neglecting internal reflections:

Ā = I(d)/I0 = exp(−αd). (2.3)
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Homogenizing the doping process

Finally, we mention briefly a change to typical laser exposure conditions. Prior to

this work, researchers employed a laser exposure scheme in which a the following parameters

would be typical:

∆x = v/f = w/100 (2.4)

∆y = w/2, (2.5)

where ∆x,y is the spacing between incident laser pulses on the silicon surface, v is the

velocity with which the silicon wafer is translated in x-direction, f is the repetition rate

of the laser, and w is the full-width at half-maximum of the laser spatial-intensity profile.

Such an exposure recipe results in a highly non-uniform distribution of laser pulses across

the silicon surface. This inhomogeneity has evident consequences that are visible as streaks

and lines in laser-doped areas. The problem was exacerbated when we installed a higher

power laser which enabled larger a w; an example is shown in Figure 2.12. To correct this

problem, we homogenized the irradiation pattern such that ∆x = ∆y. A new laser exposure

parameter was defined

S/A =
πw2

∆x∆y
, (2.6)

where all parameters were defined above, except S/A which is the shots per area. The

success of this method in reducing large-scale inhomogeneities is obvious in Figure 2.12.

2.5 What this thesis addresses

It is the author’s hope that this section gave the reader an appreciation for the

history and state of knowledge of non-equilibrium chalcogen doping prior to the writing of
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Figure 2.12: Left: Using the previous method of laser exposure, streaks and lines are visible.
Right: These can be corrected by distributing laser shots identically on both exposure axes.

this thesis. As implied in Chapter 1, the motivating question behind this work is whether a

supersaturation of chalcogen dopants in silicon represent a practical technique for realizing

intermediate-band photovoltaics. Before an intelligent approach to the technological ques-

tion can be formulated, we must investigate the fundamental nature and material physics of

non-equilibrium chalcogen concentrations in silicon. The techniques and methods used to

interrogate non-equilibrium chalcogens — which have to-date often centered around device

fabrication rather than fundamental science — have not sufficiently reduced the system to

its basic components. Thus a central theme of this thesis is developing new techniques and

model systems for studying the physics of highly chalcogen doped silicon, rather than its

device properties. The focus of this development is always to answer the questions that, in

the view of the author, are currently the most pressing:

• Does non-equilibrium chalcogen doping of silicon introduce an impurity band of de-

localized electronic states within the band gap of silicon?

• If so, what is the location and width of that band inside the gap? What are its optical

properties?
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• Regardless of the presence of an impurity band, what structural and electronic states

are formed during the doping process? Through what mechanisms do they give rise

to absorption of photons with energy less than the band gap of silicon?

In the next chapter, we outline the new experimental methods developed for this thesis.

In Chapter 4, we address the structural and electronic nature of the sulfur included by a

single fs-laser pulse in order to learn about the process of laser doping. In later chapters,

we will explore the temperature dependence of electronic transport in silicon doped to non-

equilibrium levels with fs-laser pulses as well as by ion implantation followed by pulsed

laser melting. The goal of these transport measurements is to identify the energy state(s)

of the chalcogen dopants and to understand the nature of the electronic conduction. Armed

with this information on physical and electronic structure, we will conclude with a critical

analysis of the successes and failures of this approach, and what we have learned regarding

the suitability non-equilibrium chalcogen doping for impurity band photovoltaics.
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Measurement of electronic

transport properties

Because of the simple relation between the Hall coefficient and the electron concentration

... it undoubtedly occupies the position of primus inter pares amongst the transport

properties of conductors.

E.H. Putley in “The Hall Effect and Its Applications”

The construction of an apparatus for the measurement of the temperature-dependence

of the Hall effect was a major effort during this thesis. Although only a portion of this thesis

is devoted to the study of such data, we summarize the relevant theory and literature for

the benefit of future students, as well as results discussed later. Over 130 years have passed

since Edwin Hall discovered his namesake effect [106]1, and thus many excellent specialist’s

texts exist on the subject [107–110]. Thus, the focus of this chapter is brevity and relevance

to the experimental results that follow.
1as a graduate student

36
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3.1 Literature

We begin by referring the reader to several excellent references. Reference [107]

gives an excellent theoretical treatment of the Hall effect; reference [108] is often cited in

this regard as well, but the author has found it less helpful. For the experimentalist, refer-

ence [109] treats the subject in a manner that is perhaps more relevant. A wonderful mix of

history, theory, and experimental wisdom is given in reference [110], while brief but helpful

primers to the subject appear in several review articles [111, 112], including one specifi-

cally for polycrystalline materials [113]. Understanding the Hall effect in semiconductors

demands a detailed knowledge of semiconductor statistics, which is carefully reviewed in

reference [114] − a reference that is a familiar and essential citation in any paper regarding

the interpretation of temperature-dependence of the free carrier concentration in semicon-

ductors. Additionally, an understanding of the errors introduced by experimental concerns

such as contacts is critical to understanding the measurement of either the Hall effect or

the resistivity [115–118]

Finally, the question of deriving knowledge of impurity bands from Hall mea-

surements was first addressed by Mott [18, 19]. Experimental specifics for GaAs [24–26],

CuInSe2 [27], and to some extent Si [119–121] have all been explored. To a large extent, the

literature regarding the question of impurity band conduction is concerned with the fun-

damental nature of the transition between insulating and conducting instances of the solid

state; to the extent that extrinsic semiconductors offer a platform to study this transition,

a great deal of work over the last 50 years is reviewed in reference [23].
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3.2 The Hall effect

The Hall effect offers tremendous insight into nearly all classes of materials, and

especially crystalline or partially crystalline semiconductors. If a means is established to

study the effect as a function of temperature, a wealth of information can be determined,

including dopant and impurity concentrations, dopant binding energy, and host material

band gap. The general experimental geometry is shown in Figure 3.1. A current density

of magnitude J is excited in the x̂ direction in a slab of the material to be studied. The

slab is immersed in a magnetic field of magnitude B oriented in the direction ẑ. As we will

show below, the Lorentz force causes deflection of the charge within the current in the ŷ

direction; this deflection continues until the displaced charge sets up a field that exactly

cancels the Lorentz force. The exact geometry of the slab can take several forms, so long

as the current in the ŷ direction is exactly zero when the measurement is made.

3.2.1 A simple approach

In this section we will present a brief derivation of the physics behind the Hall

effect. The approach may seem overly complex — indeed, we will neglect most of the more

sophisticated adjustments we discuss below anyway — but is intended to help the Hall-effect

initiate become familiar with subtleties often addressed only obliquely in the literature. For

experimental reasons, we will be forced to neglect many of these considerations, such as the

value of the Hall scattering factor rH , but we will make the case that this is unimportant

for the results of this thesis.

The motion of electrons with effective mass m∗e under the influence of an electric

field
−→
E and a magnetic field

−→
B is governed by the Lorentz equation. We add to this

description a model of scattering under which scattering events occur after an average time

interval τ , a model known as the relaxation-time approximation:
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Figure 3.1: The experimental layout for a typical Hall effect measurement.

m
d−→v
dt

= (−q)(
−→
E +−→v ×

−→
B )−−→p /τ, (3.1)

where v is the charge carrier velocity, q is the charge of the electron, and −→p = m−→v is the

momentum of the charge carriers. We can solve 3.1 in the steady state (d−→v /dt = 0) for the

geometry we describe above (
−→
B = Bẑ,

−→
E and

−→
J confined to the x-y plane):

 Ex

Ey

 =


−m∗e
qτ

−B

B
−m∗e
qτ

 ·
 vx

vy

 . (3.2)

Considering the form of the current density

−→
J = (−q)n−→v , (3.3)

and that we will typically use it (rather than the electric field
−→
E ) as the dependent experi-

mental variable, we rewrite equation 3.2, first multiplying both sides by the inverse of the
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matrix on the right-hand side, and then substituting
−→
J for −→v using equation 3.3:

 Jx

Jy

 =
nq2

m∗e


τ

1 + ω2
c τ

2
− ωcτ

2

1 + ω2
c τ

2

ωcτ
2

1 + ω2
c τ

2

τ

1 + ω2
c τ

2

 ·
 Ex

Ey


 Jx

Jy

 =

 σxx −σxy

σxy σxx

 ·
 Ex

Ey


−→
J = σ ·

−→
E , (3.4)

where ωc = qB/m∗e is the well-known cyclotron frequency, and the definitions of σxx and

σxy should be apparent. Immediately following from equation 3.4 are natural limits for any

galvanomagnetic measurement: a high and low field regime determined by whether ωcτ is

significantly greater or less than one. When ωcτ � 1, we are in the low-field regime, and

electron scattering events occur much less frequently than the time for a cyclotron orbit;

whereas when ωcτ � 1, we reside in the high-field regime, and many cyclotron orbits occur

before a electron scattering event. For a simple DC electric field in the x̂ direction, for

which B = 0 (and thus ωc = 0), we obtain the familiar result:

Jx = q

(
qτ

m∗e

)
nEx = qµnEx, (3.5)

with the familiar value for µ = qτ/m∗e. Using this identification for µ, which is often an

experimental parameter for which we can anticipate approximate values, we can create a

quick guide as to whether our measurements will reside in the high- or low-field regime. The

experimental apparatus used for measurements in this thesis is limited to fields of B ≤ 1

Tesla, thus we can calculate
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ωcτ =
qB

m∗e
· m
∗
eµ

q
= µB. (3.6)

The samples studied in this thesis are crystalline or poly-crystalline silicon bearing chalcogen

impurities of concentrations in excess of 1019 cm−3; their mobility will be µ ≈ 100 cm2 /

V·s or less.2 With fields limited to 1 Tesla, µB ≈ 10−2, and we reside firmly in the low-field

limit. We will return to this point later.

Measurement of the Hall effect occurs under open-circuit conditions between the

two extreme points along the y-axis (see Figure 3.1), thus we set the current Jy = 0 to

obtain from equation 3.4:

σxyEx + σxxEy = 0, (3.7)

and

Jx =
1
σxx

(σ2
xx + σ2

xy)Ex. (3.8)

We thus can use equations 3.7 and 3.8 to calculate the Hall coefficient:

RH =
Ey
BJx

= − σxy/B

σ2
xx + σ2

xy

. (3.9)

Simple geometric concerns (i.e. Ey = VHall/w and Ie = wdJx, where w and d are the width

and depth of our sample respectively) and substitution of our expressions for σxx and σxy

from equation 3.4 yields the result:

RHall = d
VHall
IeB

=
1
qn
. (3.10)

2Note that this means the mobility is µ ≤ 10−2 m2/V·s in SI units
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This relatively simple result is the same as that often derived from more elementary

considerations. The above treatment, however, neglected the thermal statistics of charge

carriers: in general, there is not a single scattering time τ for all carriers. Instead, τ will

depend on the energy of the scattered charge carrier and the mechanism by which it scatters

(e.g., acoustic phonons, ionized impurities, etc.). Thus, the elements of σ in equation 3.4

must be averaged over all electron states, weighted by the occupation, energy, and density

of states for carriers at each energy. Treatment in this fashion, the most general of which

would begin from the Boltzman transport equation, yields a slight adjustment to our above

treatment for the low-field limit ωcτ � 1:

VHall = rH
IeB

qdn
, (3.11)

where rH is the so-called Hall scattering factor:

rH =
〈τ2〉
〈τ〉2

. (3.12)

The Hall scattering factor can be calculated analytically for many common scattering mech-

anisms. Perhaps more importantly, it can be measured. Careful inspection of equation 3.4

in the case of the high-field limit ωcτ � 1 yields rH = 1. In section 3.5, we will argue that

even without being able to measure rH we can proceed accurately.

3.3 The Hall effect and semiconductor statistics

In this section we review elements of semiconductor statistics that are of direct

relevance to work in this thesis. The reader should refer to reference [114] for more detail.
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3.3.1 Concentration of electrons in the conduction band

In general, we are concerned with calculating the electron concentration in the

conduction band of silicon. In quite general terms, we can write this down as the product

between the probability f(E) that an electron occupies a state of energy E with the density

of states g(E), integrated over the energy of all states in the conduction band:

n =
∫ ∞
Ec

f(E) · g(E) · dE, (3.13)

where Ec is the bottom of the conduction band, and we have set the upper limit of in-

tegration to ∞. Strictly, we should integrate only over the energy range covered by the

conduction band of silicon, but the upper limit of integration is unimportant provided it is

above any occupied state. The integrand of equation 3.13 is composed of the occupation

probability, f(E), which has the form of the well-known Fermi function

f(E) =
1

1 + exp(E−EF
kbT

)
, (3.14)

and the density of states g(E), which we approximate near the bottom of the conduction

band in silicon with the form

g(E) = 4π
(

2m∗e
h2

)3/2

(E − Ec)1/2. (3.15)

where m∗e is the effective mass of an electron near the conduction band minimum, h is

Planck’s constant, and Ec and EF are the positions of the conduction band edge and Fermi

level, repsectively. Performing some elementary operations, we can write the integral of

3.13 as

n = 2
[

2πm∗ekbT
h2

]3/2

· 2π−1/2

∫ ∞
0

ε1/2dε

1 + exp(ε− η)
, (3.16)
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In equation 3.16 we have introduced the so-called reduced Fermi energy η, a dimensionless

quantity that expresses the distance of the Fermi level from the conduction band edge as a

multiple of the characteristic thermal energy kbT :

η =
EF − Ec
kbT

. (3.17)

We emphasize that η < 0 when the Fermi level is below the conduction band, and thus

within the band gap. Also, we can rewrite equation 3.16 in a simple form by grouping the

terms

F1/2(η) = 2π−1/2

∫ ∞
0

ε1/2 · dε
1 + exp(ε− η)

, (3.18)

which is known as the Fermi-Dirac integral, and takes as an argument the reduced Fermi

energy η; and

Nc(T ) = 2
[

2πm∗ekbT
h2

]3/2

= 5.45T 3/2 × 1015cm−3 ·K−3/2, (3.19)

which is known as the band edge density of states, and has a value of about 3×1019 cm−3 in

silicon at room temperature. Using the substitutions of equation 3.18 and 3.19, the carrier

concentration in the conduction band take the following simple form:

n(T, η) = Nc(T )F1/2(η). (3.20)

In general, the Fermi-Dirac integral is one of a class of integrals Fj(η) defined by the

subscript j. We will only have need of the j = 1/2 member of this family, and will drop the

subscript for the remainder of this thesis. Further, we separate our analysis into systems

that are non-degenerate, loosely defined as systems for which the dimensionless quantity η

is several integers less than zero, and systems that are degenerate, which corresponds to any
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system where this condition is not met. The term degenerate comes up frequently in the

analysis of the carrier concentration, and in the context of semiconductor statistics, it simply

refers to any instance in which η is close to or larger than 0. Historically, the term comes

from the fact that the heat capacity of metals, governed by the limited number of electrons

near the Fermi level that can participate in the absorption of heat, is much smaller than

would be predicted classically. This phenomena was referred to as the “degeneration” of the

heat capacity to small values. Thus, any context in which the Fermi level is near or within

a partially filled band − and thus reduces the number of electrons that can participate in

a particular phenomena relative to classical expectations − is considered degenerate.

However, returning to semiconductor statistics: in practice, the non-degenerate

limit obtains when η is less than about −2, in which case we do not lose much accuracy

if we approximate F (η) = exp(η). In this case, we can write our original equation for the

carrier concentration simply as

n(T, η) = Nc(T )exp(η). (3.21)

Experimentally, we will often need to test for the condition of non-degeneracy when we

have measured the carrier concentration over a particular temperature range. Referring to

equation 3.20, we see that this amounts to determining whether the relationship

n(T )
Nc(T )

≤ F (η = −2) ≈ 0.13, (3.22)

is maintained over our measurement range. Such a determination is calmingly simple to

make.
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Figure 3.2: A schematic model of a donor-dominated semiconductor at T = 0 K. In this
example, donors are characterized by a density Nd and a binding energy Ed. A much
lower concentration Na of compensating impurities introduce hole-like states to which donor
electrons relax in all temperature ranges of interest.

3.3.2 Impurities and their excitations in a silicon lattice

Dopants are often added to silicon to alter its electrical and optical properties.

Dopants that introduce excess electron states into the band gap, which through thermal

ionization can be excited into the conduction band, are called donors. Alternatively, dopants

that introduce hole-like states into the band gap, which through thermal excitation can be

excited into the valence band, are called acceptors. When a donor (acceptor) state is

occupied by an electron (hole), we consider it neutral; otherwise we consider it ionized. In

addition to their density Nd, donor states are characterized by the energy Ed required to

remove an electron from a neutral donor atom and place it in the conduction band with

energy Ec. Acceptors are likewise characterized by their density Na and the energy Ea

required to remove a hole from a neutral acceptor atom and place it into the valence band

with energy Ev.
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In this thesis, we are generally interested in the case where Na � Nd. In this

case, even at T = 0 K, a portion of the donor state electrons will relax to the lower energy

states available in the holes introduced by the acceptors, and a density Na donor states

will be empty. The ionization of donor states in this fashion is known as compensation. In

this case, Ea is unimportant (indeed, compensation generally arises from a variety of states

throughout the band gap), and the system is characterized by Na, Nd, and Ed. Additionally,

at finite temperatures, a portion of the remaining donors will be ionized through thermal

excitation of the electrons to the conduction band.

The total occupation of the donor states can be expressed statistically as a function

of the Fermi level EF and the temperature T , but we must consider this problem carefully.

In general, donor states have a level of spin degeneracy for which we must account. For

example, a simple hydrogen-like donor can, in its ground state, host an electron of either

spin up or spin down. We describe such a donor as having spin degeneracy β = 2. However,

β can take on a variety of values depending of the details of the dopant, but will in general

be on order 1. For a general donor state of spin degeneracy β, the ionized fraction will be:

N+
d =

Nd

1 + β−1exp
[EF − EC + Ed

kbT

]

= Nd

[
1 + β−1exp (εd + η)

]−1
, (3.23)

which can be derived from the statistical mechanics of fermions, and where we have re-

introduced the reduced Fermi energy of equation 3.17, as well as the reduced binding energy

εd = Ed/kbT .

Above, we derived equation 3.20 to be the the electron concentration in the con-

duction band. This equation is true regardless of whether we have doped a semiconductor

or not, provided the approximation of a parabolic conduction band minimum is valid. For
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a doped, compensated semiconductor, however, we can constrain the concentration of free

electrons in the conduction band n to be equal to the concentration of ionized donors, minus

the concentration of compensating impurities:

n(T, η) = Nc(T )F (η)

= N+
d −Na

= Nd

[
1 + β−1exp (εd + η)

]−1 −Na. (3.24)

There is a unique value of η that satisfies this equation for a particular value of T , Na, Nd,

Ed, and β. In general, this form of equation is not useful for us experimentally, though,

as both T and η vary with temperature, and we do not immediately have knowledge of

η. Without knowing η, we cannot fit equation 3.24 for the temperature independent (and

material specific) quantities Nd, Na, Ed, and β. We would prefer an equation of the form:

n ≡ n(T ;Nd, Na, Ed, β), (3.25)

such that we can treat the temperature independent quantities as fitting parameters, and

provided we have at least four (n, T ) data points, solve for them. Generally we will collect

many more data points, so as to over-constrain the problem. In the next section we describe

how this is done.

3.3.3 Fitting for the energy of a donor electron state

Good approximations exist for F (η) even in the slightly degenerate regime: for

η ≤ +1), we can use approximations of the form

F (η) = [C + exp(−η)]−1 . (3.26)
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As we mentioned in equation 3.21, if η ≤ −2, we can set C = 0 and F (η) ≈ exp(η) is an

accurate approximation. For larger values of η, but still η ≤ 1 we can use C = 0.27 without

introducing an error of more than a percent or so [114]. Substituting 3.26 into equation

3.24, we can rearrange it as a quadratic in exp(η). Solving this equation yields the following

solution for the Fermi level:

exp(η) =
2(Nd −Na)

[Nc − C(Nd −Na) + β−1Naexp(εd)] +

[
[Nc − C(Nd −Na) + β−1Naexp(εd)]

2 +

+4β−1(Nc + CNa)(Nd −Na)exp(εd)

]1/2

.

(3.27)

By simply inserting this equation into equation 3.20 we obtain for the carrier concentration:

n =
2Nc(Nd −Na)

[Nc + C(Nd −Na) + β−1Naexp(εd)] +

[
[Nc − C(Nd −Na) + β−1Naexp(εd)]

2 +

+4β−1(Nc + CNa)(Nd −Na)exp(εd)

]1/2

.

(3.28)

As we have previously discussed, when the system is comfortably non-degenerate (η ≤ −2),

we set C = 0 and equation 3.28 becomes

n =
2(Nd −Na)[

1 + Na
βNc

exp(εd)
]

+

√[
1 + Na

βNc
exp(εd)

]2
+ 4

βNc
(Nd −Na)exp(εd)

, (3.29)
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and the Fermi level is given simply using equation 3.21:

Ec − EF = kbT exp(n/Nc). (3.30)

The equations 3.28 and 3.29 are precisely of the form we sought (n ≡ n(T ;Nd, Na, Ed, β)).

The only temperature-dependent parameter on the right hand side is the temperature itself,

which enters through NC and εd = Ed/kbT . Thus, given a set of measurements of n as a

function of T , we can find the best fit values for Nd, Na, Ed, and β in a least squares sense

using any numerical technique that suits us.

3.3.4 Developing statistical intuition

Limiting behaviors of the carrier concentration

There are several limiting cases and simple examples that we will be well-served

to consider. First, we consider the behavior of the carrier concentration as a function of

temperature, via equation 3.29. We briefly consider three limits. First, when εd → 0

(kbT � Ed), the denominator is equal to 2, and the carrier concentration becomes

n(T ) = Nd −Na, (3.31)

which represents the expected result that, at high enough temperatures, all donors are

ionized; the carrier concentration is thus equal to the donor concentration minus the con-

centration of any compensating impurities. As we cool the sample down, n will eventually

begin to decrease as donor states begin to freeze out. If the degree of compensation is small,

such that it is possible for Na � n� Nd, we can approximate equation 3.29 as:

n(T ) ≈
√
βNcNdexp

(
− Ed

2kbT

)
. (3.32)
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In this regime, a plot of log(n) versus 1/T will exhibit a slope of Ed/2. We refer to this

temperature regime, if the degree of compensation is small enough for it to exist, as the

donor -dominated freeze-out regime. If we continue cooling, we will eventually reach the

compensation-dominated freeze-out regime, for which — when we examine 3.29 in the limit

that n� Na � Nd — we can write:

n(T ) ≈ βNc
Nd −Na

Na
exp

(
− Ed
kbT

)
. (3.33)

In the compensation-dominate freeze-out regime, a plot of log(n) versus 1/T will exhibit a

slope of Ed. We have shown these regimes schematically in Figure 3.3. Provided we are

studying a sample in non-degenerate conditions, consideration of these limits often gives us

a starting point for a fit or insight into the value of the binding energy Ed.
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Figure 3.3: Typical ionization of a monovalent impurity in silicon. In addition to the regimes
discussed in the text, we also show the intrinsic regime, in which excitation of electrons
from the valence band to the conduction band dominates the behavior of n(T ). This regime
has a significantly steeper slope in this plot, equal to half the band gap of the material.
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Behavior of the Fermi level

We will often find it useful to speculate intelligently on the effect that changing the

value of Nd and Ed has on the position of the Fermi level EF . In an extrinsic semiconductor,

the Fermi level is fixed by the constraint of equation 3.24. If we consider only cases that

are not more than mildly degenerate (η ≤ 1), we can make use of the approximation of

equation 3.26 with C = 0.27, and arrange equation 3.24 in a dimensionless form:

1
0.27 + exp(−η)

=
Nd/Nc

1 + β−1exp (εd + η)
− Na

Nc
. (3.34)

For clarity we have not written explicitly Nc’s dependence on temperature, and we remind

the reader that η = (EF − Ec)/kbT and εd = Ed/kbT . We first consider the form of

both sides, noting that the left-hand side (LHS) is a monotonically increasing function of

EF , while the right-hand side (RHS) is a monotonically decreasing function of EF . This

observation indicates, provided Nd, Ed, and Na take experimentally reasonable values, the

two functions will have to intersect at some value of EF . The value of EF at intersection is

then the value that satisfies equation 3.34, and the value of EF in our system.

We can consider the solution of this equation graphically, plotting both the left-

and right-hand sides as a function of the value of the Fermi level EF . The value for which the

two curves intersect is the solution to the equation, and the value of the Fermi level in our

system. We consider a system at T = 300 K, with a compensation fraction Na/Nd = .001,

a value representative of most of the samples we will study in this thesis.

In the top portion of Figure 3.4, we see the effect that changing the concentration

of donors (Nd) has on our system. Because Nd does not effect the fraction of ionized donors

at a particular value of temperature and Fermi level, a change of Nd simply shifts vertically

the curve reflecting the RHS of equation 3.34. This shift forces the the Fermi level that
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Figure 3.4: Graphical techniques for finding the Fermi level. The value of EF corresponds to
the solution of equation 3.34, which we find graphically as the point of intersection between
the two sides of the equation. For this plot, we use T = 300 K, β = 2, and Na/Nd = 10−3;
at this temperature Nc = 3×1019 cm−3. Top: Decreasing the doping concentration Nd will
always shift the location of intersection (and thus the value of EF ) lower in the band gap.
In this plot, Ed = 0.2. Bottom: Increasing Ed will also shift EF deeper into the gap to move
the Fermi function out of the conduction band, due to fewer conduction band electrons. We
plot values of Ed = [0.05, 0.2, 0.3] eV.
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satisfies equation 3.34 to assume a lower value. Physically this accounts for the fact that

fewer donors will decrease the number of electrons in the conduction band at a particular

value of EF . Thus, the Fermi level must decrease to move the Fermi function out of the

conduction band, and thus decrease the number of free electrons in our system.

In the bottom portion of Figure 3.4, we can see graphically the effect that changing

the value of the binding energy Ed of a donor electron has on the position of the Fermi level.

At a given temperature and donor concentration, increasing Ed moves the location of the

Fermi level deeper into the band gap. Physically, we know that a larger binding lead to a

lower fraction of ionized impurities at a given temperature; while simultaneously, the Fermi

function will sweep through deeper donor states at lower values of EF , emptying them and

forcing the electrons into the conduction band. These two facts together prove to us that

the Fermi level must, therefore, shift to lower energies with an increase in the value of Ed.

We also see that at dopant concentrations comparable to Nc, especially for deep-lying donor

states such as Ed = 0.3 eV, that the Fermi level sits fairly far above the level of the donor

state. This observation — necessary to account for the significant occupation of these deep

states at such high concentration — will be of use to us in Chapters 5 and 6.

3.4 Impurity bands

The above discussion implicitly assumes that the dopant electrons can be consid-

ered to be isolated impurities with identical ionization energies Ed, the value of which is

characteristic of the structure and species of the dopant. Indeed, in chapter 6 we will ex-

ploit this fact to identify a particular state of sulfur present in our samples. The assumption

is mathematically evident in equation 3.23, in which we enforce on the dopant states the

condition that they all reside at the same energy level. Provided the dopants are spaced far
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apart relative to the Bohr radius of the bound dopant electrons, the Fermi level and electron

concentration will behave as we have discussed. However, at high concentrations, this is

no longer an accurate description. Researchers recognized very early in the investigation

of doped semiconductors that large concentrations of impurities led to a decrease in the

apparent donor energy [32,33].3

A primary reason for decreased thermal ionization energies relates to electron-

electron interactions that shield the Coulomb field between a parent donor and its electron.

As the dopant-to-dopant spacing — which for a dopant concentration Nd is approximately

N
−1/3
d — approaches the Bohr radius a∗H of the dopant atom, this type of interaction

becomes increasingly important. The original premise for a metal-insulator transition, sug-

gested by Mott [17,19], was that when the product

N
1/3
d a∗H ≈ C, (3.35)

where C is a constant of order unity, a semiconductor would transition to a metal with

finite conductivity even at T = 0. Somewhat later, Edwards and Sienko found that the

value C = 0.26 is almost universally true [22, 124]. The field of metal-insulator transitions

is quite broad, and extends to many materials other than doped semiconductors. There is

sizable body of literature, however, dealing with the transition in silicon, due to the ready

availability of high-quality and well-characterized samples that can be easily doped to well-

known, uniform concentrations [20,28,119]. We summarize some of these data in Table 3.1.

The important observation for our purposes is that we can use equation 3.35 to predict the

critical concentration for a transition to metallic conduction, provided we know the Bohr

radius. The Bohr radius can be approximated using the binding energy of a particular
3Interestingly, this does not cause a corresponding shift in the optical absorption spectrum of the impu-

rities [122], an interesting piece of physics related to an effect known as the Franck-Condon shift [123].



Chapter 3: Measurement of electronic transport properties 56

dopant using the simple Bohr model,

a∗H =
1

4πε0
q2

2εrEd
, (3.36)

where εr = 11.9 is the relative permittivity of silicon, and ε0 is the permittivity of free

space. Table 3.1 shows that calculations of this sort, using measured ionization energies,

generate results in rough agreement with the experimentally determined critical densities

ncrit at the metal-insulator transition 3.35.

Sulfur and other deep-states in silicon rarely appear in the literature of metal-

insulator transitions, although this is beginning to change due to interest in the impurity-

band photovoltaic effect [13]. This omission is not surprising, as their low solubility in

silicon means that it is often impossible — using conventional doping techniques — to reach

the high concentrations necessary for a metal-insulator transition. This thesis, of course,

Ed a∗H ncalc
crit nexp

crit

Material (meV) (nm) (1018 cm−3) (1018 cm−3)

Si:P 45 1.34 7.3 3.5

Si:As 53.7 1.13 12.3 5

Ge:Sb 10.3 5.87 0.09 0.01

Ge:As 14.2 4.26 0.23 0.4

Ge:P 12.9 4.69 0.17 0.3

Si:S (1) 110 0.55 105 ?

Si:S (2) 300 0.20 2100 ?

Table 3.1: A comparison of calculations of the critical concentration of dopants necessary for
a transition to metallic conduction by assuming a simple relationship between the binding
energy Ed and the Bohr radius a∗h. Better estimates can be acquired if the details of
the wavefunction of the impurity electron are considered when assigning a value to a∗h.
For deep states such as sulfur, we consider two representative states, but are are likely
underestimating the Bohr radius (and overestimating the ncrit). Experimental values of
ncrit are from reference [20] and [21]. Values of Ed are from Table 19.2 of reference [125].
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deals with materials that bypass this obstacle using non-equilibrium doping techniques.

We will seek signs of metal-insulator transitions in chapters 5 and 6, including increases

in mobility with with increased dopant concentration, finite low-temperature conductivity,

and insensitivity of carrier concentration to temperature [119].

3.5 Neglect of the Hall scattering factor

As we mentioned above, the specifics of our experiment will not permit access to

the high-field limit, thus the Hall scattering factor rH will remain unknown. Ignorance of rH

is not unusual in Hall effect measurements. In well-known materials, when large magnetic

fields are available, rH can generally be measured. However, in the characterization of

new materials, it is frequently impractical to measure rH and it is neglected. Although

neglecting rH introduces absolute errors into our calculation of n and µ, it will not affect

analyses in which the primary scattering mechanism does not change over the temperature

range of interest.

The primary concern when the value of rH is unknown is twofold: first, an error of

potentially 50% is introduced into the value of carrier concentration n and mobility µ. Such

an error is not of major concern to us, as detailed analysis will deal with the slope of Log(n)

versus 1/T . An error that is constant with temperature will provide a vertical shift of these

curves, but not effect an analysis interested in slope. The second concern, however, is that

rH may change value with temperature. Such behavior has been demonstrated to cause

potential errors in the fitting of temperature dependent Hall data in GaAs [112]. However,

the Hall scattering factor has been measured to be rH ≈ 1 for heavily doped silicon [126] such

as the samples we will study. Perhaps most importantly, the only experiment where these

adjustments are directly relevant in this thesis is in the fitting of section 6.4.2. Similar fitting
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Figure 3.5: Equilibrium sulfur donors in silicon. Top: Donor states of sulfur in silicon [129];
energies given as meV below the conduction band edge. When known, the structure is
given below; for the substitutional and dimer states, the two levels correspond to single and
double ionization of the state. Bottom: Temperature-dependent Hall effect measurements
of the dimer state as originally reported by Carlson and Hall; adapted from [38].
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has been carried out for sulfur donor states previously [38,127,128] using the approximation

rH = 1, and these experiments yielded very good agreement with the donor binding energies

found via other means. So although we do not expect ignorance of the Hall scattering factor

to affect our conclusions, it is prudent to keep it in mind, and we hope the discussion has

been helpful to some readers.

3.6 The Hall effect and deep sulfur impurities

Sulfur is often considered to be a deep-level impurity in silicon because many of the

electron states it introduces (see Figure 3.5) are deeper than 100 meV below the conduction

band edge. In cases where the electrical properties are dominated by deep levels, Hall effect

measurements can be used to find the binding energy Ed of the sulfur atoms. By comparing

with literature data [129,130], it is possible to identify the particular arrangement of sulfur

in the silicon lattice that leads to observed behavior. The first estimates of the energetics of

the electron states introduced by sulfur were probed using Hall measurements [38].4 We re-

produce these results in Figure 3.5 to give the reader a sense of the temperature-dependence

that such states introduce into transport quantities such as the carrier concentration.

4Interestingly, these studies were published by Hall himself.



Chapter 4

Doping silicon beyond equilibrium

using a single femtosecond laser

pulse

4.1 Chapter abstract

Doping silicon beyond the equilibrium solubility with chalcogens (S, Se, Te) via

femtosecond laser irradiation yields remarkable optical properties that are not well under-

stood, such as absorption of photons with energy less than the band gap. We present the

first detailed structural and electronic characterization of silicon doped in this manner by

studying the result of irradiation with a single femtosecond laser pulse while in an SF6

environment. We determine that a single laser pulse is capable of implanting a sulfur dose

of approximately (4 ± 1) × 1013 cm−2 into silicon. The sulfur concentration is nearly 1020

cm−3 at the surface, remains above 1019 cm−3 for the first 10 nm, and falls off to our de-

tection limit of < 1017 cm−3 at a depth of 40 − 60 nm. We determine a minimum fluence

60
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between 1.75 and 2 kJ/m2 is necessary for implantation, which likely corresponds to the

melting threshold of silicon for our experimental conditions. Increasing the fluence has no

measurable impact on sulfur concentration, although higher fluences do create a steeper

concentration gradient. The sign of the Hall coefficient is negative after irradiation, and

we demonstrate the fabrication of a rectifying p-n junction using single laser-pulse doping.

Cross-sectional transmission electron microscopy images reveal an amorphous layer near the

surface immediately after irradiation. This study yields important information regarding

silicon doped with fs-lasers, and offers some insight into non-equilibirum doping of silicon

in general. The technique has potential applications as a direct-write doping method for

semiconductors.

4.2 Introduction

We have previously reported on a laser-based technique for doping silicon with

chalcogens to non-equilibrium levels [53,66,68]. By irradiating a silicon wafer with a series

of intense, ultrashort (τ < 100 fs) laser pulses in the presence of a solid or gaseous impurity,

we implant the impurity into the silicon at concentrations greater than 1020 cm−3; for

chalcogens, this concentration is 3−4 orders of magnitude greater than the solid solubility

limit. In addition, when the dopant is chosen from among the heavy chalcogens (S, Se, Te),

the resulting doped silicon exhibits remarkable optoelectronic properties, such as strong

absorption of photons with energy as low as E = 0.5 eV; this value is substantially less

than the band gap of silicon (Eg = 1.1 eV) [65]. We have also demonstrated that the

absorbed sub-band gap photons can generate a photocurrent for photon energies as low as

E = 0.8 eV [71], suggesting the creation of mobile electron-hole pairs and the potential

presence of an impurity band in the energy gap of silicon. Although we have made some
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progress in understanding how the system returns to an equilibrium state via diffusion of

the dopants during thermal annealing [70], the fundamental processes that govern inclusion

of the dopant into the silicon lattice remain unexplored.

Other researchers have reported similar doping concentrations and optical proper-

ties [49] in silicon using other techniques, such as ion implantation with high doses followed

by crystal regrowth via pulsed laser melting [43]. A great deal of interest has been gener-

ated, as well, from proposals that at high concentrations, deep-level impurities in silicon

may lead to the formation of an impurity band that could be used for increased photo-

voltaic efficiencies [12,13]. Additionally, the use of ns and ps lasers for doping has also been

explored before [76]. Because fs-second laser doping of silicon has already demonstrated

remarkably different results than these other techniques, it is important to understand the

structural and electronic properties of silicon doped in this fashion. Such knowledge will

shed light on a fascinating non-equilibrium physical phenomena, as well as potentially en-

able further application of the technique. To our knowledge, there has been no published

work regarding such structural and electronic details of doping with ultrashort laser pulses.

Detailed descriptions of our previous work have been summarized elsewhere, [55,63,

72], and we review it only briefly to motivate the experiments described herein. By rastering

a train of amplified femtosecond laser pulses (pulse length τ < 100 fs, center wavelength λ =

800 nm, fluence > 4 kJ/m2) across the surface of a silicon wafer in the presence of a gaseous

sulfur-containing compound (typically SF6), we create a polycrystalline layer extending

about 100 nm into the substrate. The polycrystalline region is doped with sulfur beyond the

equilibrium solubility limit to about 1020 cm−3; the equilibrium solubility of sulfur in silicon

is a about 1016 cm−3 [37,38]. In general, the femtosecond laser pulses alter the morphology of

the substrate, creating a quasi-periodic array of bumps or spikes, whose geometry is affected

by laser parameters and the ambient environment [53,66,69]. The development of a highly
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roughened surface is a result of repeated melting, ablation, and resolidification of the silicon,

and is a phenomena that has been described in detail [54–56, 58]. The morphology has

several interesting applications [61, 62]. However, it presents many challenges for properly

characterizing fs-laser doped silicon, and as we will describe in a later chapter, it is not

necessary for the interesting sub-band gap optical properties.

In our previously reported work, we exposed every location on the silicon surface

to a plurality of laser pulses above the ablation threshold. As we have mentioned, such

treatment − in addition to doping the silicon − results in the development of a complex,

quasi-periodic surface structure. Not only does this surface morphology present difficulties

in quantifying the concentration and distribution of dopants, it also makes it impossible to

determine which stage of laser irradiation is responsible for doping of the silicon substrate.

For example, doping could occur as a result of the initial melting of the flat surface layer, or a

subsequent melting of more complex morphology. Also, because surface morphology has the

effect of preferentially focusing the laser beam away from areas of high slope, rough surfaces

create local fluence variations that are not measurable. The determination of the threshold

fluence, or the fluence-dependence of laser doping, is thus difficult. Such information is

crucial to understand the dynamics of the laser-doping process.

This chapter addresses these problems, and reports a thorough investigation of

irradiating a silicon surface with a single femtosecond laser pulse while in an SF6 ambient

environment. We find a laser fluence threshold for inclusion of the sulfur dopant, and that

increasing beyond that threshold does not increase the total sulfur dose. Hall measure-

ments show that the irradiated surface exhibits a significant change in the Hall coefficient,

potentially from sulfur electron donors. The Hall coefficient is also independent of incident

fluence above the threshold for doping, just as total dose is. Carrier mobility is not sub-

stantially degraded from that of the original crystalline substrate. We also demonstrate the
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rectifying properties of the junction between a laser-doped region and a silicon substrate.

We conclude with a discussion of what we can learn from these data regarding the dynamics

of ultrashort-pulse laser doping.

4.3 Experimental setup

Except as noted, our sample preparation is as follows. We prepare a (100) silicon

wafer (boron doped, ρ = 1− 20 Ω·cm) using the standard RCA clean [104]. Following the

clean, we strip the native oxide in a dilute (5%) HF solution, and immediately transfer

the wafer to a vacuum chamber. The chamber is evacuated to high vacuum (p < 10−4

Pa), and subsequently backfilled with 6.7 × 104 Pa of SF6 gas. The wafer is placed in

front of the focus of an amplified femtosecond laser pulse, oriented with the wafer surface

perpendicular to the laser beam. The laser pulses are produced by a regeneratively amplified

titanium:sapphire femtosecond laser system with an average pulse energy of 2.5 mJ, center

wavelength of 800 nm, and pulse duration 75 fs. We measure the spatial profile at the

sample surface by deflecting the beam into a CCD camera, and calculate laser pulse fluence

by dividing pulse energy by the area of the pulse (defined as the area of the pulse with

intensity greater than 1/e of the maximum). The full-width at half-maximum of the laser

spot was 700± 10 µm. We manually trigger the laser cavity optics to produce a single laser

pulse with fluence between 2 and 4 kJ/m2. In some experiments described below, we study

the effect of changing the laser fluence or number of laser pulses. Where this is the case,

we note it below.

Following irradiation, secondary ion mass spectroscopy (SIMS) was performed to

measure the dopant profile as a function of distance from the surface. For SIMS measure-

ments, samples were prepared in the above-described fashion using single pulses of fluence
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1.75, 2, 3, and 4 kJ/m2. Also, for samples irradiated with a fluence of 2 kJ/m2, we thermally

anneal a sample at 775 K for 30 minutes prior to measurement to determine the extent, if

any, of dopant redistribution with thermal treatment. The SIMS signal was collected from

a square region 15 µm x 15 µm near the center of the irradiated region, using a 7 keV Cs

ion beam; an ion beam current between 10− 200 nA was used depending on measurement

conditions. Because the most abundant isotopes of oxygen and sulfur have atomic weights

of 16 and 32, respectively, there is potential ambiguity over which species we are counting

when we monitor the atomic mass 32 signal (assuming singly ionized masses are being mea-

sured). To ensure we are measuring sulfur, we pre-etch the native oxide using a low current

exposure to the ion beam for 15 s; we also monitor the ratio of atomic mass 32 to 34 coming

from the sample. By comparing the ratio of these signals to known values for sulfur’s iso-

topic abundance (32S:34S ≈ 22), we ensure that we are measuring sulfur rather than oxygen

in the SIMS signal. Count profiles are calibrated against a known ion implanted sample

to generate concentration versus depth. Additionally, by comparing discrepancies between

low- and high-count data obtained from the calibration samples, we corrected for non-linear

detector errors (N.B., see acknowledgements)

We probe the electronic nature of the sulfur-implanted silicon using Hall effect

measurements. To isolate the doped layer, silicon-on-insulator (SOI) wafers are used, with

a device layer thickness of 220 nm that was lightly n-doped. The samples are prepared and

exposed as described above. Subsequently, we mask a 100 µm × 100 µm area at the center

of the laser-irradiated areas using standard positive photolithography. The surrounding

silicon area is etched down to the buried oxide using a reactive ion etch. Using another

postive photoresist mask, we remove the native oxide using a dilute HF (5%) solution and

thermally evaporate Ti/Ni/Ag contacts (20/20/500 nm) on each of the four corners of the

mesa in a van der Pauw geometry [115]. The contacts extend no farther than 5 µm from
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Figure 4.1: Our device geometry for probing the transport properties of the as-implanted
silicon layer

each corner, so as to minimize errors in the resistivity and Hall measurements [117]. Using

standard measurement procedures [109], we excite the samples with a current of less than

500 nA for both resistivity and Hall measurements, and immerse them in a magnetic field

of 0.75 T for the Hall measurement.

We also probe the electronic properties of the junction between the laser-doped

region and the substrate, which requires a slight variation to the above-described sample

preparation. After the RCA clean, we grow a layer of thermal oxide (thickness 150 nm)

atop the silicon wafer, and deposit a layer of Al (thickness 1 µm) on top of the oxide

using an electron beam evaporator. Using standard positive photoresists, square openings

(dimensions: 100 µm × 100 µm) are defined, and we subsequently etch the exposed area

of the Al layer with a commercial Al etch (nitric/phosphoric/acetic acid mix), and we then

etch the newly exposed SiO2 layer with buffered oxide etch (BOE 5:1 40% NH4F:49% HF);

the remaining photoresist is then removed. The samples are then transferred into a vacuum

chamber and we proceed as described above, taking care to expose only the square openings

to a single laser pulse. Following laser irradiation, the aluminum layer − which reflects the
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Figure 4.2: Our device geometry for probing the electronic properties of the junction be-
tween the laser-doped region and a p-type silicon substrate. Top: A cross-sectional view
of the device cut along the dotted line in the bottom image. Bottom: Overhead optical
microscope image of our device geometry.

laser pulse from all areas except the 100 µm × 100 µm opening − is etched away. The

remaining oxide is then also etched away (5:1 BOE) from all regions except a narrow strip

extending from the laser-exposed area; this strip of oxide provides the insulation necessary

to make electrically isolated contact to both the substrate and the laser-doped region (see

Figure 4.2). Using a photoresist mask, we remove the native oxide (from the areas we intend

to contact) using a dilute HF etch (5%), and electron beam evaporate Al (250 nm) in a

geometry suitable for measuring the electronic properties of the junction between the laser-

doped region and the substrate (see Figure 4.2). We prepare samples exposed to a single

laser pulse of 4 kJ/m2 laser fluence; and also thermally anneal the some samples before

depositing metal contacts. In these cases, thermal anneals are performed in an open-tube

furnace with a flow (280 sccm) of forming gas mixture (95 % He, 5% H2). When testing the
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current-voltage (I −V ) relationship of the junction between the laser-doped region and the

substrate, we apply a voltage (over a range of ±1V ) between the substrate contact and the

laser-doped region contact and measure the resulting current. Anticipating the p-n junction

behavior that we observe, we define as positive a voltage that raises the potential of the

substrate contact above that of the laser-doped region contact.

4.4 Results

In the top of Figure 4.3, we plot the sulfur concentration profile as a function

of distance from the surface for various fluences. We observe a noticeably deeper implant

depth for lower fluences. In the bottom portion of Figure 4.3, we show the total sulfur dose

implanted by the laser process, obtained by integrating the concentration profiles of Figure

4.3. The shaded grey area of the figure indicates the limit of our detection; this limit is set

by a small amount of oxygen contamination that is sometimes present as a native oxide after

our pre-measurement etch. In the figure we observe that fluences of 1.5 and 1.75 kJ/m2 are

not statistically different from background; while fluences of 2 kJ/m2 and larger have sulfur

doses an order of magnitude above this background level. However, despite differences in

the shape of the sulfur concentration profile, there is no statistically significant differences

in total sulfur dose among these samples.

Table 4.1 shows the Hall coefficient, sheet carrier concentration, and Hall mobility

for samples irradiated with 3 and 4 kJ/m2, as well as a control sample. To calculate sheet

carrier concentration from the Hall voltage, we neglect the effect of the Hall scattering factor

for reasons we discussed in section 3.2 and use the relationship:

ns =
IB

qVHall
. (4.1)
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Samples with irradiated with fluences less than 3 kJ/m2 did not provide sufficient optical

contrast to perform the photolithography necessary to isolate and contact the sample, so

data is not available for those samples. The Hall coefficient changes by four orders of

magnitude with laser irradiation, with a sheet carrier density equal to approximately 1% of

sulfur dopants for both 3 and 4 kJ/m2 samples.

In Figure 4.4, we show the current-voltage relationship of the junction between

the laser-doped region and the substrate. In addition, we show the I − V relationship for

laser-doped samples after thermal annealing. We observe rectifying behavior of the expected

polarity for a p-n junction, although only in samples that have been annealed to 975 K.

4.5 Discussion

Of the unanswered questions regarding fs-laser doped silicon, perhaps the most

fundamental regards the mechanism of inclusion of the dopant. Specifically, when doping

with sulfur from a gaseous SF6 ambient environment prior to this work, we have been

unable to determine which laser-induced process initiated the dopant inclusion. Because

our previous work employed the use of a plurality of pulses above the ablation threshold,

surface texture developed over the course of doping. This surface texture preferentially

focuses light away from areas of high slope, making the actual distribution of laser fluence

Laser Fluence Sulfur dose Sheet carrier concentration Hall mobility Carrier-to-donor

(kJ/m2) (×1013 cm−2) (×1011cm−2) (cm2/V· s) ratio

control n/a −1.7× 10−4 1450 n/a

3 5 ± 1 −3.0 830 0.006

4 3 ± 1 −3.1 690 .01

Table 4.1: Results of Hall and resistivity measurements on silicon doped with sulfur via a
single laser pulse. The 2 kJ/m2 sample could not be measured because it lacked sufficient
optical contrast to align the photomasks for feature isolation and contact deposition
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Figure 4.4: The I − V properties of the junction between silicon doped with sulfur using a
single fs-laser pulse and the p-type silicon substrate.

across the surface quite complex and impossible to measure. As a result, it was not clear

if melting of the surface was sufficient for inclusion of the dopant, or if substantially higher

fluences − such as those necessary for ablation, or plasma formation − were required.

This work answers that question definitively: sulfur dopants are included as a

result of melting. The melting threshold for silicon irradiated by fs-laser pulses is gen-

erally accepted to be 1.5 kJ/m2 [89], although numbers as high as 2.5 kJ/m2 have been

reported [91]. The discrepancy in the literature arises from different experimental stan-

dards, as well as important differences in experimental conditions such as laser wavelength

and pulse duration. Regardless, the laser fluence that we observe to be the threshold for

dopant inclusion (2 kJ/m2), falls firmly within the reported thresholds for silicon melting

by femtosecond laser pulses, and well below any higher fluence phenomena such as ablation.

Additionally, we can speculate as to the mechanism of dopant inclusion by consid-
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ering the total number of collisions of ambient gas molecules with the molten silicon surface.

If the observed sulfur dose exceeds this quantity, sulfur must be actively driven into the

melt by, for example, the high local electric fields present in the femtosecond laser pulse, or

adsorption of sulfur onto the silicon surface prior to irradiation. Using the kinetic theory of

gases, we can estimate the number of gas molecule collisions with the molten silicon surface

per unit area as:

σ = p∆t(2πmkbT )−1/2, (4.2)

where ∆t is the time for which the surface is molten, p is the pressure of the gas, m is

the mass of the gas molecule, kb is the Boltzman constant, and T the temperature of the

gas. We do not know the duration for which our surface is molten, but the timescale

for resolidificiation after irradiation by fs-laser pulses is well known to be on the order of

nanoseconds; we estimate ∆t = 1 ns. We approximate the thermal interaction with the gas

as adiabatic, as convection should occur more slowly than the conductive cooling responsible

for resolidification of the molten silicon; thus T ≈ 300 K. The result of this crude calculation

is shown in Figure 4.3. We see that the the flux of sulfur atoms through the molten surface

is sufficient to account for the concentrations we find in our samples. This crude calculation

certainly does not rule out more exotic processes, but it shows that they are not necessarily

required to explain the presence of sulfur.

The solid solubility limit of sulfur in silicon is about 1016 cm−3 [38,40], so it remains

to be answered how we obtain sulfur concentrations almost four orders of magnitude higher

near the surface of the laser-doped region. We believe we can explain this as a result of

solute trapping, a process capable of freezing dopant atoms into a re-solidified layer well

above the solid solubility limit. After sulfur goes into solution with the molten silicon,

the liquid layer will eventually re-solidify as heat diffuses into the substrate. For pulses
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just above the melting threshold, the melt duration is not sufficient to allow crystalline

regrowth; whereas for higher intensity pulses, the melted layer remains molten long enough

for epitaxial growth can occur [77]. We expect resolidification of the melted silicon layer

should be amorphous because we employ fluences significantly less than 5.5 kJ/m2, the

published threshold for re-solidification in a crystalline phase for 100 fs pulses centered at

an optical wavelength of 800 nm [91]. Inspection of cross-sectional bright-field TEM images

confirms the samples studied here re-solidify in an amorphous phase [131]. The re-growth of

the silicon as either amorphous or crystalline is fundamentally governed by the speed of the

resolidification front, vs. If vs exceeds approximately 15 m/s, the molten silicon will return

to the solid state in an amorphous configuration; at slower velocities crystalline regrowth

should occur [96]. Because we observe the silicon resolidifies in an amorphous phase, we

know that our solidification front must move faster than 15 m/s. This solidification front

velocity is well in excess of that necessary for solute trapping of the sulfur atoms. The exact

degree of solute trapping depends on details of the diffusive speed of the dopant in the melt

and along the solid-melt interface, but generally becomes significant as vs approaches 1

m/s [45,46].

There are several elements of the SIMS data that we have no complete explanation

for at the present time, however. For example, the shape of the sulfur profiles are steeper

with increasing fluence. Such behavior could result from slower crystal re-growth for samples

exposed to higher fluence: slower re-growth velocity generally results in a higher degree of

segregation of the sulfur across the liquid-solid interface during re-growth [45], thus leading

to the steeper profiles we observe. Additionally, to within our experimental error, the

total sulfur dose implanted into the silicon appears to be independent of the incident laser

intensity, provided we are above the melting threshold. We would expect the melt duration

to increase with deposited laser energy; if the sulfur does end up in solution by simply
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diffusing into the melt and subsequently being trapped, we would expect deeper melts of

longer duration to yield higher sulfur doses. It is possible that the answer to both of these

questions could be resolved with a high-atomic resolution SIMS measurement that could

help us better distinguish between sulfur and oxygen, which would reduce the error bars in

our experiment.

Sulfur is a well-known double donor in silicon [129]. The Hall data we obtain indi-

cates a substantial increase in the density of negative charge carriers immediately following

irradiation. However, care must be taken in the interpretation of this measurement, as

the surface layer includes a significant fraction of amorphous material. Hall measurements

on amorphous silicon are fraught with difficulty, and it is possible to obtain an anomalous

sign in the Hall coefficient [132]. However, assuming this negative Hall coefficient arises

from sulfur donors, we note that the sheet carrier concentration is identical for both 3- and

4-kJ/m2, an observation consistent with the insensitivity of total dose to laser fluence.

To confirm whether sulfur does act as an electron donor, we can turn to Figure 4.4.

We see clearly that the junction between the laser doped region and the silicon substrate

exhibits rectification, a clear sign of a p-n junction and proof that the sulfur atoms act

as electron donors. Thermal annealing was necessary to observe rectification, suggesting

that the loss of crystalline order immediately following laser irradiation does prevent the

formation of a rectifying junction. Bright-field TEM confirms that samples annealed to 975

K for 30 min have re-crystallized in all regions but the top-most 10 nm [131].

Our demonstration diodes have a high saturation current, or a relatively low shunt

resistance, or both. However, our purpose in fabricating these devices was simply to further

substantiate our claim that the sulfur does indeed introduce electron donating states at

room temperature. It is likely that our final HF etch to remove the native oxide prior to

metallization — which necessarily etches away some of the insulating SiO2 layer around
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the doped region — created a non-negligible shunt path. Additionally, our fabrication

process creates an inhomogeneous boundary between the doped region and the substrate

(e.g, current that flows horizontally rather than vertically through the doped region in

Figure 4.2). Both of these issues likely degrade the diode performance, and could be avoided

with a fabrication recipe that involved isolating the doped areas as mesas using an etch step

after laser-doping. This issue will be addressed in future work.

4.6 Conclusion

After our analysis, we can come to several important conclusions, as well as raise

several additional questions. Structurally, our analysis has shown that the interaction of a

single laser pulse above the melting threshold implants a non-equilibrium concentration of

sulfur from an ambient SF6 environment. For the fluences we investigated, the surface layer

was amorphous following irradiation. The implanted sulfur atoms may serve as electron

donors, and a diode can be formed with an appropriate silicon substrate following a brief

thermal anneal. We currently have no explanation for the implant mechanism or dopant

distribution, but our data is consistent with diffusion from the gas phase into the molten

silicon.

These findings are important for several reasons. The fact that the surface layer

is amorphous is perhaps predictable given existing literature cited above, but initially sur-

prised us because silicon doped via exposure to hundreds of laser pulses per area is distinctly

polycrystalline following laser treatment [66]. One might have expected that additional

melting and resolidification of the surface could only lead to additional disordering of the

surface layer, but that is clearly not the case. We speculate that the focusing effect of the

surface roughness developed on these surfaces must raise the effective fluence above that
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necessary for crystallization during resolidification. Additionally, our finding that the sur-

face layer is doped to almost 1% atomic after irradiation with a single laser pulse is a very

important finding for the field of femtosecond laser doping. This result reinforces that the

formation of these rough surfaces is not co-requisite with fs-laser doping.

In closing, we wish to re-emphasize that femtosecond laser doping should be viewed

as distinct technique for including high concentrations of sulfur into a silicon matrix. Other

techniques, such as ion-implantation or ns-laser melting have also been used for this purpose.

Although re-solidification occurs in an amorphous phase at the laser fluences we explored,

we expect that several possibilities exist for regaining crystalline order while maintaining

non-equilibrium dopant concentrations, such as ns laser melting and resolidification or the

use of higher fs-laser fluences. We have yet to determine the relative advantages and or

disadvantages of using femtosecond laser pulses toward this end, and will explore this subject

in greater detail in future publications.
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Chapter 5

Optical and electronic properties of

femtosecond laser-doped silicon

5.1 Abstract

Silicon doped with sulfur beyond the solid solubility limit has many fascinating

optical and electronic properties, such as strong absorption of photons with energy less than

the band gap of silicon. In this paper, we report new observations that reveal the electronic

states that sulfur introduces into the silicon band structure when implanted to concen-

trations of approximately 1020 cm−3 using fs-laser irradiation. When experimental condi-

tions are such that we are able to electrically isolate the laser-doped region, temperature-

dependent Hall measurements reveal that the free electron concentration is insensitive to

temperature. The current-voltage properties of the junction between laser-doped silicon

and a variety of silicon substrates confirm the active sulfur donor concentration, and also

suggest Fermi-level pinning in the upper third of the band gap. This observation is also

consistent with the formation of an impurity band.

77
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5.2 Introduction

Recently, there has been great interest in creating silicon-based opto-electronic

devices that operate at photon energies less than the band gap (Eg = 1.12 eV) by including

a high concentration of deep states in the band gap [14, 49, 71]. We have demonstrated

femtosecond laser doping of silicon with sulfur as a route to sub-band gap silicon devices;

significant achievements to-date include high absorption for photon energies as low as 0.5

eV [65], and fabrication of photodiodes with significant responsivity to photon energies as

low as 0.8 eV [71]. Doping silicon in this fashion introduces greater than 1020 cm−3 sulfur

atoms into the silicon lattice [53], a concentration beyond the critical concentration for Mott

transition [13, 19, 125]. Several papers have suggested that such concentrations may lead

to impurity bands with potential applications as detectors [71] and photovoltaics [12, 13].

Although we have previously speculated that the high concentration of sulfur introduced

via fs-laser doping yields an impurity band somewhere inside the band gap of silicon, we

have not had evidence for what electronic states give rise to this potential impurity band.

In this chapter, we discuss new results that shed light on the electronic states introduced

by the sulfur dopants.

A detailed description of our previous results can be found elsewhere [51,53,65,66,

68,70,71]. We provide only a brief summary here: irradiation of silicon with fs-laser pulses

above the ablation threshold while in a gaseous or solid chalcogen (S, Se, Te) environment

introduces approximately 1020 cm−3 chalcogen atoms into a thin, approximately 100 nm,

polycrystalline layer at the silicon surface. Additionally, the surface of the silicon wafer is

transformed from a flat, mirror-like finish to a highly-textured surface covered by a quasi-

periodic array of micro- or nano-spikes. A brief thermal anneal improves crystallinity, and

yields a rectifying junction between the laser-doped region and the silicon substrate. Room
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temperature Hall measurements confirm a significant increase in the concentration of free

electrons after laser-doping [71]. We have speculated that chalcogen dopants, which can

introduce a variety of electron states deep in the upper half of the band gap of silicon

[129, 130], act as electron donors and potentially form an impurity band that gives rise to

the optical absorption.

In this letter, we provide additional details of the optical and electronic properties

of silicon doped with sulfur using fs-laser pulses. Temperature-dependent Hall measure-

ments reveal that when we can achieve electrical isolation of the fs-laser doped region, the

electron concentration is insensitive to temperature. We also show that the integrity of the

rectifying junction — essential for layer isolation in our Hall measurements — is a somewhat

delicate function of temperature. The dependence of the electrical properties on substrate

dopant (type and concentration) suggests that the Fermi level EF is pinned approximately

300 meV below the conduction band edge (EC−EF ≈ 300 meV). These observations are all

consistent with the formation of an impurity band centered somewhere near EC−EF ≈ 300

meV.

We conducted two experiments as part of this investigation. Using silicon substrate

doped p-type (ρ = 1− 20 Ω·cm), we fabricated non-equilibrium sulfur-doped silicon regions

that form rectifying junctions with the substrate. Using these samples, we can measure the

fs-laser doped surface region, electrically isolated from the substrate by the junction. We use

these samples to perform temperature-dependent transport measurements; we confirm the

junction properties over the temperature range of interest first, though. Next, we explore

the nature of the junction of fs-laser doped silicon with silicon substrates of several doping

types and concentrations at room temperature. From these measurements we learn about

the location of the Fermi level in the laser doped region.
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5.3 Experimental

For all measurements below, we prepare (100) silicon wafers (boron doped, ρ =

1 − 20 Ω·cm) using the RCA clean [104]; for I − V measurements conducted at room

temperature, we prepare additional silicon substrates, one for each row of Table 5.1. After

cleaning, we etch the native oxide in a dilute (5%) HF solution, and immediately transfer

the wafer to a vacuum chamber. The chamber is evacuated to high vacuum (p < 10−4

Pa), and subsequently backfilled with 6.7 × 104 Pa of SF6 gas. The wafers are placed

in front of the focus an amplified femtosecond laser pulse, oriented with the wafer surface

perpendicular to the laser beam. The laser pulses are produced by a regeneratively amplified

titanium:sapphire femtosecond laser system, center wavelength of 800 nm, pulse duration

of 75 fs, and repetition rate f . We measure the spatial profile at the sample surface by

deflecting the beam into a CCD camera, and calculate laser pulse fluence by dividing pulse

energy by the area of the pulse (defined as the area of the pulse with intensity greater than

1/e of the maximum). Using stepper motors, we translate the silicon wafer in raster scan

pattern that achieves a uniform distribution of laser pulses across the area to be doped.

Translation parameters are chosen such that the distance between any two laser pulses is

∆x = v/f in the x-direction, and ∆y = ∆x in the y-direction. We choose the spatial extent

of the laser intensity profile and stepping distances (∆y,∆x) such that πw2/∆y∆x = 100;

where w if the full-width at half-maximum of the laser intensity profile, and all other

parameters are defined above. Specific parameters are approximately: f = 25 Hz, v = 1400

µm/s, w = 590 µm, and pulse energy 1.6 mJ. The laser fluence is 4 kJ/m2. Following

laser-irradiation, we thermally anneal the doped wafer at 975 K for 30 min in an open tube

furnace, while flowing 300 sccm (5× 10−2 standard l/s) forming gas (95 % He, 5% H2).

After irradiation, we prepare samples appropriate for Hall and I − V measure-
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Type / Dopant Resistivity (Ω·cm) Carrier concentration (cm−3) Ec − Ef (meV)

p/B 0.015 +5.5× 1018 1075

p/B 10 +1.5× 1015 862

p/B 100 +1.4× 1014 801

p/B 5000 +2.2× 1012 694

n/P 5000 −1.0× 1012 444

n/P 100 −4.9× 1013 343

n/P 10 −5.0× 1014 283

Table 5.1: Selected properties of silicon substrates laser-doped with sulfur

ments. We etch the native oxide from the surface using a dilute (5%) solution of HF, and

evaporate aluminum contacts on both the laser-exposed and substrate surfaces using an

electron beam evaporator. For I − V measurements, we then isolate the edges and de-

fine approximately square areas with sides L ≈ 5 mm by cleaving the wafer. We proceed

to measure the current-voltage properties of the junction between the laser-doped region

and the substrate by applying a bias between the front and back contact and measuring

the resulting current. The voltage is defined positive when the p-type substrate is raised

to a higher potential than the laser-doped region. We perform the I − V measurements

in a closed-cycle He cryostat, and measure the I − V properties over a sample tempera-

ture range 20 K< T < 800 K. Temperature steps are taken to be either ∆T = 10 K or

∆(1000/T ) = 2 K−1, whichever corresponds to a smaller temperature change. We repeated

the sample preparation procedure just described for the silicon substrates detailed in Table

5.1. However, for these samples we collected only room-temperature I − V data.

For Hall and resistivity measurements, we take the metallized sample and mask

circles of diameter 1.5 mm located on a 1 cm grid on the doped surface using standard

positive photoresist. We etch the unmasked Al layer using a commercial Al etch, and cleave

the waver such that we form square van der Pauw samples with dimensions 1 cm × 1
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1 cm

1 cm

Figure 5.1: Van der Pauw sample geometry for Hall measurements.

cm, and semi-circular contacts that extend 0.75 mm from each corner. Sample geometry

is shown in Figure 5.1. We load the Hall samples into the cryostat described above and

measure the resistivity and Hall effect using standard techniques (described in Chapter

3 and reference [109]). Our setup includes signal multiplexing that allows us to correct

for standard errors by collecting redundant measurements of the Hall voltage. We collect

resistivity and Hall effect data over a temperature range 20 K < T < 800 K. The samples

are immersed in a magnetic field of approximately 0.75 T (data are collected for positive

and negative fields), and excited with the lowest possible current to generate a Hall voltage

of approximately 10 µV. We observe no self-heating effects. Temperature steps are taken

as described above for I − V measurements.

5.4 Results

The structural and morphological properties of the laser-irradiated substrates have

been explored in detail for similar exposure conditions [55], and are similar to those shown

in Figures 2.2 and 2.4, and a brief description of the structure of the resulting laser-doped

layer was given above in section 5.2. For the purposes of this chapter, the critical data

are that a sulfur-doped polycrystalline layer extends approximately 100 nm into the silicon
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Figure 5.2: Left: Selected I−V curves for various temperatures; to show them on the same
scale we have normalized such that I(V = 1) = 1. Right: The “rectification ratio,” defined
here as I(V = 1)/I(V = −1), gives us a semi-quantitative impression of the nature of the
junction. The vertical line marks T = 355 K for comparison with Figure 5.3

wafer from the roughened surface. The junction between that layer and the substrate can,

given appropriate preparation that we describe below, exhibit rectifying properties.

Figure 5.2 shows the temperature dependent current-voltage relationship of the

junction between the fs-laser doped silicon and the p-type (1− 20 Ω·cm) substrate. For the

temperature range we measure, the junction rectifies near and below room temperature, but

has linear I − V properties at higher temperatures . The magnitude of the current changes

by several orders of magnitude over the temperature range probed. In order to more easily

compare the qualitative nature of the junction (i.e., whether it rectifies or not), we normalize

each data set: for each temperature, we divide the current at each voltage by the current

at a potential difference of +1 V . Six representative temperatures have been chosen. We

observe significant deviations from rectification above approximately T = 400 K. In Figure

5.2, we plot as a function of reciprocal temperature the ratio of current through the forward-

biased junction (potential difference +1 V) to current through the reverse-biased junction

(potential difference of −1 V). This ratio is a semi-quantitative metric of the quality or
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Figure 5.3: Left: Magnitude of the sheet carrier concentration ns versus 1000/Temperature.
The charge carrier sign is noted in the plot; note the substrate’s charge carrier changes sign
at the spike just below 500 K. Right: The sheet conductance of both samples σs versus
1000/T. The vertical line marks T = 355 K for comparison with Figure 5.2, and the lines
connecting data points are only to guide the eye.

degree of rectification. A vertical line corresponding to T = 355 K is drawn on the plot for

comparison with the Hall effect data; heating to this temperature does not change the data

obtained at lower temperatures.

Figure 5.3 shows the temperature dependence of the sheet conductivity σs and

sheet carrier density ns plotted against reciprocal temperature. The conductivity is mea-

sured using the standard van dar Pauw tachnique [115]. We calculate ns from the Hall

voltage using the relationship

ns = rH
IeB

qVHall
, (5.1)

where Ie is the excitation current, B is the applied magnetic field, q is the elementary

charge, VHall is the measured Hall voltage, and rH is the Hall scattering factor. We make

the approximation that rH = 1, an approximation that we expect will introduce an error of

order unity [107], but does not materially affect the our conclusions. We use an un-irradiated

p-type substrate of nominal resistivity 1−20 Ω·cm as a control sample. The control sample
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exhibits a positive charge carrier at temperatures below T ≈ 490 K; above this temperature,

we observe a transition to the intrinsic excitation regime, in which we observe a negative

charge carrier. We measured the control sample thickness to be d = 320 ± 5 µm, which

we used to calculate the carrier concentration and resistivity. At room temperature, we

measure a resistivity of 15 Ω·cm, a carrier concentration of n = 1.2 × 1015 cm−3, and a

Hall mobility of 344 cm2 / V·s. Additionally, if we fit the temperature dependence of the

control sample using the techniques described in Chapter 3, we obtain an ionization energy

for the boron acceptors of EA = 47± 2 meV. All of these values are within 5% of published

values [32,33,133].

We also plot the magnitude of ns for the fs-laser doped sample in Figure 5.3;

the sign of the charge carrier is negative for the laser-doped sample at all temperatures.

We observe a sharp transition in the value of ns near T = 355 K: at temperatures below

this transition, ns changes by less than 15% around a mean value of ns ≈ 5 × 1013 cm−2,

slightly increasing as we cool. The Hall voltage was not measurable below Tmin = 90 K due

to excessive noise in the measurement; we suspect the contacts are to blame. Above this

transition, the sheet carrier concentration changes rapidly, increasing to ns ≈ 5×1018 cm−2,

and then falling briskly with increasing temperature. The vertical line at the T = 355 K

designates the approximate temperature of the transition, and can be compared to a marker

at the same temperature in Figure 5.2. We observe that the transition in junction behavior

(from rectifying to non-rectifying) occurs at the same temperature as the large change in

sheet carrier concentration.

In Figure 5.4 we plot the room temperature current-voltage properties of the junc-

tion between fs-laser doped silicon and wide variety of silicon substrates (properties in Table

5.1). Once again, because of the large range of forward bias currents, we normalize the cur-

rent values at each measurement temperature to the current value through the junction
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Figure 5.4: Current-voltage properties of the junction between fs-laser doped silicon and
silicon of various resistivities; we plot separately the data for both n-type (left) and p-type
(right) substrates. More details of substrate properties can be found in Table 5.1

under a forward bias of +1 V. We observe that all substrates exhibit rectification except

the highly doped p-type substrate (ρ = 0.015 Ω·cm) and the more heavily doped n-type

substrates (ρ = 100 Ω·cm, 10 Ω·cm). This information is shown in Figure 5.5, where we

again show the ratio of current through the forward-biased junction (+1 V) to the current

through the reverse-biased junction (−1 V).

5.5 Discussion

5.5.1 Electrical measurements on p-type 1—20 Ω·cm silicon

We begin our analysis with Figures 5.2 and 5.3. We use Figure 5.2 as a diagnostic

tool in determining the temperature regime over which we can assume the laser-doped

region is electrically isolated from the substrate. When we observe rectifying behavior at

the junction between the laser-doped region and the substrate, we will assume that the

current that we use to excite the Hall voltage is constrained to the surface layer. We will

discuss issues that can arise from this assumption in section 5.5.3. We will also discuss

reasons for this change in junction behavior at the end of this section.
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Figure 5.5: A plot of the rectification ratio ( IV=+1/IV=−1) for the range of substrate dopant
type and concentrations (see Table 5.1 for more details). We observe rectification only for
a range of substrates.

Upon inspection of Figure 5.2, we divide the Hall data into a high and low tem-

perature regime separated at approximately Tsep = 355 K (marked as vertical line on both

graphs). Below Tsep, the junction between the laser doped layer and the substrate is strongly

rectifying, exhibiting leakage currents of Ileak ≤ 1 µA at room temperature and which de-

crease exponentially as we cool the sample. As we will discuss in detail below (Section 5.5.3),

in this regime, we believe the sheet carrier concentration accurately reflects the properties

of the crystalline grains in the laser-doped region layer. Our first observation from the

temperature dependence of the Hall data is that the majority carrier are electrons. Be-

cause we began with a p-type substrate which shows the expected p-type conduction in this

temperature regime, we conclude that the sulfur is acting as an electron donor. Of course,

the presence of a rectifying junction between the laser-doped region and the substrate also

indicates this fact.
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Perhaps more interestingly, the carrier concentration shows no significant temper-

ature dependence. There is a slight increase in carrier concentration from 4.2× 1013 cm−3

to about 5.5× 1013 cm−3 as we cool from 250 K to 90 K. One characteristic sign of impu-

rity band conduction in Hall effect data is a local minimum in carrier concentration during

cooling [19,24]. The behavior we observe could correspond to such a minimum, although an

increase of this amount could stem from several other factors that we are neglecting in this

analysis (such as grain boundary effects or the Hall scattering factor). Thus, linking this

behavior to impurity band conduction is not possible. More importantly, we must compare

the data in Figure 5.3 to Figure 3.5, in which we plotted the temperature dependence of

sulfur ionization for equilibrium sulfur levels at 180 meV and deeper below the conduction

band edge. Such states are extremely temperature sensitive in this regime due to the deep

binding energy of sulfur electrons. Other than a transition to metallic conduction, we can

think of no reason to explain the insensitivity of sulfur donors to temperature. Observa-

tions of a temperature independent carrier concentration is one hallmark of the transition

to metallic conduction in semiconductors [119].

Indeed, given the high concentration of sulfur (about 1% [53]), we have certainly

exceeded the critical concentration for a metal-insulator transition. If we make the rather

unlikely assumption that that the sulfur donors are distributed uniformly in the top-most

100 nm, we could estimate the free carrier concentration to be:

ns/d =
5× 1013 cm−2

10−5 cm
= 5× 1018 cm−3. (5.2)

Measurements we consider below will support this estimate of carrier concentration. We

note immediately, though, that it is quite unlikely that sulfur atoms are distributed uni-

formly in the top-most 100-nm. In Chapter 4, we found that for single laser pulse irradiation,
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the sulfur concentration is peaked strongly near the surface. If this were also the case in

the samples we study here, d in equation 5.2 would be effectively smaller, thus making the

estimate of Equation 5.2 a lower bound on carrier concentration. In either case, these con-

centrations should be compared to the Mott transition critical density: the concentration

at which we expect to see metallic conduction due to wave-function overlap. The critical

concentration for a Mott transition to metallic conduction for phosphorus-doped silicon has

been measured to be 3.74× 1018 cm−3 [28]. For sulfur, we estimated the critical concentra-

tion to be near or above 1019 cm−3 in Chapter 3; in chapter 6 we will confirm that estimate.

Thus, it is quite likely that the sulfur donors are above the critical density for a Mott tran-

sition, and we should expect the sulfur electrons to assume delocalized states. Electronic

conduction from these states will be metallic and quite insensitive to temperature, just as

we observe.

We now consider the temperature regime above Tsep ≥ 355 K. Considering Figures

5.2 and 5.3, we were originally tempted to speculate that the transition and accompany-

ing loss of rectification indicated a lack of layer isolation. Thus, our exciting current for

both Hall and resistivity measurements would be distributed through both the fs-laser doped

region and the substrate according to standard circuit equations. However, a careful inspec-

tion of Figure 5.3 reveals that there must be an altogether different phenomenon occurring.

The sheet conductivity of the laser doped sample increases over four orders of magnitude

between T = 300 K and T = 400 K; however, the sheet conductivity for two parallel layers

should simply sum:

σs,equiv = σs,laser + σs,sub. (5.3)

However, we know precisely how the substrate behaves before and after the transition

(shown in Figure 5.3). At T = 400 K, just above the transition, the substrate’s sheet

conductivity σs,sub ≈ 10−3 Ω−1. At temperatures below this transition, the laser-doped
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region exhibits comparatively slowly varying behavior; if it were the case that it was only

the junction that changed at the transition, we should be able to approximate, to first order,

the sheet conductivity of the laser doped region by a value not much larger than its value

below the transition (σs,laser ≈ 10−4 Ω−1). However, the sheet conductivity is four orders

of magnitude larger than the sum of σs,laser and σs,sub! Thus, it appears that something

significant changes in the laser-doped region near T = 355 K that changes the nature of the

conductivity. It may be that this change is what causes the loss of rectification. However, at

the current time, we are unsure what mechanism is responsible for the behavior we observe.

To summarize our analysis of the temperature dependent electrical data shown in

Figures 5.2 and 5.3, it appears that below a temperature of T = 355 K, we have achieved

good layer isolation. In this temperature regime, we observe a carrier concentration and

insensitivity to temperature change consistent with the presence of an impurity band. We

will see further evidence of this below. Above this temperature, we observe a significant

increase in the conductivity in our samples that we have shown must arise in the fs-laser

doped region. We are unclear what causes this change, but this change to a highly conduct-

ing state is correlated with a loss of rectification at the junction between the fs-laser doped

region and the substrate. We do not speculate further on this topic.

We note in closing that the phenomena we observe in the temperature-dependent

Hall measurements are not limited to the specific experimental parameters we have chosen.

We observe comparable behavior on a variety of silicon substrates and annealing conditions.

5.5.2 Electrical measurements on other silicon substrates

In consideration of the I − V measurements of laser-doped silicon with a variety

of silicon substrates, we will introduce several additional concepts into our interpretation

of the data. We outline the argument before we begin for clarity. We expect the I − V
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characteristics of a junction between laser-doped silicon and a crystalline substrate to be

of a rectifying nature provided the Fermi level of the laser-doped region is substantially

above that of the substrate we choose. If the sulfur-dopants take isolated states, we can

calculate that the Fermi level in the laser-doped region should not be much deeper than

100 meV below the conduction band edge, while if they form an impurity band it should

be pinned near the impurity states, potentially as deep as 300 meV below the conduction

band edge. The substrates for which we observe rectification suggest that the Fermi level

is substantially deeper than 100 meV below the conduction band edge, and thus supports

the presence of an impurity band.

This argument is complimentary to our interpretation of the Hall data above,

which we argued indicated a transition to metallic conduction via a Mott transition driven

by a high concentration of sulfur dopants. We will argue in this section that the I−V data

presented in Figures 5.4 and 5.5 supports the presence of an impurity band (to explain Fermi

level pinning several hundred meV below the conduction band edge). Such an impurity band

could be responsible for the metallic conduction we observe in the Hall data.

Background on I − V properties of a semiconductor junction

We begin with a brief review of semiconductor junctions. When two slabs of

silicon doped with different types and/or concentrations of dopants are brought together,

any concentration gradient of majority charge carriers will drive a diffusion current. For

example, at a p−n junction, the holes diffuse from the hole-rich p side to the hole-deficient

n side, while electrons diffuse in the opposite direction. We could also consider an n− n+

junction, for which electrons would diffuse from the heavily doped n+ side to the less-heavily

doped n side. In either case, the driving force for diffusion is evidenced by the different

values of the chemical potential, or Fermi level, on each side of the junction; the Fermi level
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in silicon at room temperature is uniquely determined by dopant type and concentration.

The diffusion of charge carriers leads to the creation of an electric field near the junction —

arising as charge carriers accumulate in or depart from previously neutral regions — that

tends to oppose further diffusion. Diffusion will continue until the resulting electric field

exactly cancels the driving force for diffusion — that is, until the electrochemical potential

is equal on each side. This phenomenon is shown schematically in Figure 5.6.

The internal electric field of the junction can also be described by an internal

voltage drop V 0
int across the junction. It should be clear from Figure 5.6 that this voltage

drop is given by

qV 0
int = Ef,1 − Ef,2, (5.4)

where q is the elementary charge, and Ef,1 and Ef,2 are the Fermi levels on each side

of the junction. The current-voltage properties of a semiconductor homojunction depend

dramatically on the size of V 0
int. We will concern ourselves primarily with the reverse bias

case — which for a p − n junction is defined as lowering the potential of the p-doped side

relative to the n-doped side, and for a n − n+ side is defined as lowering the potential

of the n side relative to the n+ side. Details of the theory of rectification can be found

elsewhere [125, 133], and we will not review them in detail. We note, however, that the

diffusion current across the junction will scale as exp(−Vint/kbT ); without an applied bias

the diffusion current is exactly balanced by the drift current, and the total current is zero.

Applying a voltage changes the size of the diffusion barrier presented by the junction, and

in general leads to a change in the diffusion current by a factor of exp(−∆V/kbT ), where

∆V = Vint − V 0
int.

1 In reverse bias, when ∆V > 0 (i.e., the potential drop across the

1Note that ∆V = VA for a p − n junction, but will be slightly less for an n − n+ junction; as shown in
Figure 5.6. This arises because the junction between a p- and n-type region is fully depleted of carriers, and
has extremely high resistance. For an n− n+ junction, the n-region and the junction may have comparable
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Figure 5.6: A graphic illustration of the behavior of band energies of silicon near the junction
between two differently doped regions. The vertical axis is energy, and the horizontal
direction is a spatial dimension. Top: In isolation at equilibrium, bands are unperturbed.
Middle: Joined together at equilibrium, an internal potential V 0

int develops at the junction
such that the electrochemical potential is constant across the junction. Bottom: Disturbed
from equilibrium by an externally applied potential, a gradient develops in the quasi-Fermi
levels between the two differently doped regions.
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junction increases), this leads to very small currents; in forward bias, for which ∆V < 0,

this leads to exponentially increasing currents.

Such nonlinear I − V behavior is the essence of rectification, and will be observed

provided qV 0
int is significantly larger kbT . We note before proceeding further that the ideal

diode equation, as derived from traditional semiconductor transport theory [125], is of little

help in interpreting the results that follow. The diode equation strictly only applies to

a p − n junction, for which the applied voltage can be considered to drop entirely across

the region near the junction that is entirely depleted of free charge carriers, and thus of

extremely high resistance (illustrated graphically in the bottom-left of Figure 5.6) . For

n− n+ junctions, this is no longer true, as there is no depleted region due to the lack of a

p-type region. In this case, an applied voltage VA can generally be considered to cause a

voltage drop across both the low-doped side of the junction, as well as the junction (see the

lower-right portion of Figure 5.6 ). Rectification still occurs in such n−n+ junctions under

appropriate conditions [134], but depends on V 0
int being large relative to room temperature.

Specific background for junctions formed with sulfur-doped silicon

We will use equation 5.4, knowledge of the substrate Fermi level, and the obser-

vation of whether or not a junction rectifies to estimate the location of the Fermi level in

the laser doped region. We do not know the location of the Fermi level in fs-laser doped

silicon, which we denote as EF,laser, but we can easily calculate the location of the Fermi

level in our substrates, which are doped with well characterized shallow donors such as

phosphorus and boron. Thus by forming junctions of fs-laser doped silicon with a variety of

conventional (boron- or phosphorus-doped) silicon substrates, and observing whether they

rectify, we can perform a type of Fermi level “spectroscopy,” exploring the effect of varying

resistances, and the voltage drop will occur across both regions.
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qV 0
int = EF,laser − EF,sub. We expect rectification when:

qV 0
int = EF,laser − EF,sub > kbT = 25 meV, (5.5)

The transition from linear to rectifying behavior is not an abrupt function of Vint.

Further, in the case that the sulfur donors act as isolated donors characterized by

discrete energy level(s), we can estimate the value of EF,laser. Although we do not know

if the donors take one or many discrete levels, we will perform this calculation including

the possibility that they all assume either the deepest or shallowest possible state, creating

upper and lower bounds on our calculation of EF,laser. From Figure 3.4, we see that at

room temperature, and at donor densities of about 1019, sulfur donor binding energies in

the range 50 meV ≤ Ed ≤ 300 meV yield a Fermi level that is no farther than 140 meV

below the conduction band edge. This range of donor energies, as evident from Figure 3.5,

encompasses all of the well-noted, singly ionized, sulfur energy levels.2 Thus, we can place

a lower bound on the Fermi level in the laser doped region in the case that the sulfur atoms

are isolated, and introduce discrete states rather than an impurity band:

EF,laser ≥ EC − 140 meV. (5.6)

For the purposes of the experiment described here, this lower bound implies that the junction

between the laser doped region and silicon substrates should be rectifying in nature when

the substrate Fermi level is several kbT below EF,laser ≥ EC − 140 meV. As is clear in

Figure 5.5, it is only for a range of substrate choices that we observe rectification. We

convey this information graphically, along with the location of the substrate Fermi levels

and the (discrete) sulfur states, in 5.7.
2We exclude the doubly ionized levels because the free electron concentration is below the sulfur concen-

tration by at least 1− 2 orders of magnitude, according the SIMS data outlined in Chapter 2.
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Figure 5.7: A graphic illustration of the location of the room temperature Fermi levels for
the substrates used (right side; with the most heavily p-doped at the bottom, proceeding to
the most heavily n-doped at the top) relative to the sulfur impurity levels (left side). The
inability to achieve rectification for the more heavily doped n-samples indicates a small or
non-existent Fermi level offset.

Interpretation of I − V data

We use the above arguments to interpret our I − V data. We first analyze the

lack of diode formation when the Fermi level is near the bottom of the band gap. At this

dopant concentration, the substrate Fermi level is near the valence band edge; we thus

expect V 0
int � kbT and to observe rectification. However, closer consideration reveals that

it is unsurprising that we do not observe rectification. At this high p-type doping level,

it is likely that the p-type dopant concentration exceeds the free electron concentration

due to the sulfur donors. As we can see, the boron concentration is 5.5 × 1018 cm−3; in

equation 5.2, we estimated the sulfur concentration to be comparable. If the boron dopant
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concentration exceeds that of the sulfur donors, the sulfur donors will merely compensate the

positive boron dopants concentration, introducing free electrons that annihilate a fraction

of the free holes, but having the net effect of simply reducing the free hole concentration.

However, unless the compensation is almost exact, the resulting fs-laser doped region will

still have on order 1018 cm−3 free holes. The Fermi level will thus not be coerced into moving

into another region of the band gap, and there will be no significant internal potential to

cause rectification. This data point confirms our approximation of the sulfur concentration

in the surface region.

For samples with lower concentrations of p-type doping, we do observe rectification.

In these samples, the sulfur donors far exceed the background hole concentration, thus we

end up with an n-type laser-doped region, with a Fermi level in the upper half of the band

gap. This introduces a significant internal potential and yields rectification. Similarly, for

our most lightly doped n-type sample, we observe rectification for the same reason.

For n-type substrates with doping concentrations of greater than 1013 cm−3 (ρ >

100 Ω·cm), we cease to observe rectification between the fs-laser doped region and the

substrate. We carefully consider this fact under two possible scenarios: one in which the

high density of sulfur levels gives rise to an impurity band in the doped-region, and one in

which they remain isolated electron states.

If no impurity band forms, the Fermi level must remain fairly far above the impu-

rity levels introduced, simply to accommodate the fact that a large fraction of these deep

levels must be filled at T = 300 K. As we discussed for equation 5.6, for isolated sulfur states

we can place a lower bound on the location of the Fermi level in the laser-doped region:

EF,laser ≥ EC − 140 meV.3 In this case, we would still expect V 0
int to be fairly large for

3Note that the graphical results we used to generate this estimate can were calculated using the Equation
3.27. For example, for a sulfur concentration of NS = 1020 and Ed = 300 meV, we calculate a Fermi level
located 130 meV below the conduction band edge — a level that remains substantially above the substrate
Fermi level in which we cease to observe rectification. Levels lying closer to the conduction band edge would
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the junction between laser-doped silicon and n-type, 100 Ω·cm substrate (V 0
int ≥ 200 meV).

However, we do not observe rectification between fs-laser doped silicon and this substrate,

suggesting that V 0
int is smaller than this value and that EF,laser is substantially farther from

the conduction band than we predicted.

If an impurity band of deep sulfur levels forms, however, the additional empty

states that become available after the impurity electrons delocalize will pin the Fermi level

approximately at the location of the original impurity level states [13]. We observe recti-

fication to cease once the substrate Fermi level approaches the well-known sulfur impurity

levels. Thus, we hypothesize that the Fermi level must be pinned near these states, sub-

stantially below the Fermi level that would be enforced by discrete defect levels. This would

introduce a Vint that is close to zero even for these lightly doped n-type samples, and explain

the electrical properties we observe. Thus, we can say that the I −V properties we observe

are consistent with the formation of an impurity band near the published sulfur electron

levels in silicon. We view this as corroborating evidence of the conclusion of our Hall data:

fs-laser doped exhibits electrical characteristics that suggest the high density of sulfur states

has driven a transition to a metallic state through delocalization sulfur electron states.

5.5.3 Comments regarding potential errors in the measurement of the

Hall effect

There are several potential errors that can be present when performing Hall ef-

fect measurements on samples such as the ones on which we report. We believe we have

avoided such errors. First, the dopant distribution is the laser-doped region is likely quite

inhomegeneous with depth in the laser-doped layer. For this reason we present only the

sheet-carrier concentration and sheet conductivity in Figure 5.3.

only yield Ef closer to the conduction band edge.
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Second, in the temperature region T ≤ 355 K, we are relying upon the rectifying

junction between the laser-doped region and the substrate to isolate the surface layer. For

T < 355 K, the junction between the laser-doped region and the p-type substrate rectifies

with leakage currents on the order of µA. As has been reviewed before [111], diodes can be

used for isolation of surface layer provided care is taken to ensure that the surface layer will

always be reverse biased relative to the substrate (in the case of an n-type surface layer). In

our case, we ensured this scenario by grounding the negative terminal of the current lead.

We investigated the effect of gating the surface region as well (lifting the negative current

terminal above ground to further reverse-bias the junction), but saw little effect in our data.

Leakage currents can also introduce errors into our data due to our use of diode-isolation.

Leakage currents can reduce the real excitation current Ie or shunt the Hall voltage VHall of

equation 5.1. However, by keeping excitation currents significantly larger than the junction

leakage current in reverse bias, we minimize such problems.

Errors can also be introduced due to variation in the depletion region width across

the device. However, we believe such errors do not effect our data. We can demonstrate

this with a simple calcualtion. For an n-doped layer with a density of approximately ND =

5 × 1018 cm−3 free electrons brought into contact with a p-type region with a free hole

concentration of NA = 1015 cm−3, we can calculate the penetration of the depletion region

into the n-type layer:

d =

√
2εε0
q

NA

ND(NA +ND)
V (5.7)

where ε is the relative permittivity,ε0 is the permittivity of free space, q is the elementary

charge, V is the difference in potential across the junction (including the internal potential

of the junction), and NA and ND were defined above. For a potential difference on the

order of 1 V, we obtain a depletion into the n-doped region of d ≈ 0.2 nm, or less than
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Figure 5.8: Although the Hall mobility demonstrates the same discontinuity in around
T = 355 K as the conductivity and sheet carrier concentration, it shows that fs-laser doped
silicon has a room temperature Hall mobility close to that of a crystalline sample.

one atomic layer. This calculation is valid over the entire measured temperature range for

which we observe rectification. Thus we can neglect depletion effects.

Finally, there is the disordered nature of the laser-doped region to consider. Trans-

mission electron microscopy and selected area diffraction indicates that a layer extending

100 nm from the surface of the silicon wafer is highly polycrystalline, with a grain size less

than 50 nm [66, 69]. Hall effect data measured in such a polycrystalline system must be

considered carefully. As discussed in more detail in references [113] and [132], the grain

boundaries in polycrystalline systems can have a significant impact on transport properties.

For example, there can be an accumulation of amorphous material, dangling bonds, and

trap states in the intergrain region. In the cases of dangling bonds and traps, these can de-

plete carriers inside the grain and cause a reduction in the measured carrier concentration;

this effect has an exponential temperature dependence. If the grains are populated with
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a significant fraction of amorphous material, even stranger phenomena can occur, such as

anomalous changes in the sign of the Hall coefficient [132]. However, we do not observe any

of these types of behavior below the Ttrans = 355 K. There is a small increase in the apparent

sheet carrier density as we cool down (from 4.2×1013 cm−3 just below room temperature to

5.8×1013 cm−3 at T = 90 K). There are a number of possible explanations for this, including

a change in the Hall scattering factor rH , or the presence of impurity band conduction [19]

yielding a minimum in the carrier concentration. However, all of these imply that, to first

order, we are indeed measuring the properties of the crystal grain rather than the properties

of the boundary. Additionally, given that there are approximately 1020 cm−3 sulfur atoms

in the laser doped region, the magnitude of the room temperature carrier mobility ( 22

cm2/V·s) is comparable to published values of crystalline silicon (100 cm2/V·s) [133], and

much higher than typical microcrystalline films even (< 2 cm2/V·s [135]) suggesting grains

do not play an overwhelming role in transport.

5.6 Conclusion

We have explored a variety of phenomena in silicon doped with sulfur using fem-

tosecond laser irradiation to a concentration above the critical concentration for a Mott

transition. We have demonstrated that a rectifying junction exists for T ≤ 355 K between

the laser-doped region and a p-type substrate that allows us to isolate the laser-doped re-

gion for Hall effect measurements. The laser-doped region exhibits n-type conduction, but

the carrier concentration is nearly insensitive to changes in temperature. This observation

is consistent with a transition to metallic transport. We have investigated the location of

the Fermi level by inspecting the current-voltage properties of fs-laser doped silicon with a

variety of silicon substrates; results indicate the Fermi level is pinned in the same vicinity as
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many of the well-known sulfur states. These observations are consistent with the formation

of an metallic-like impurity band, but further work, especially information regarding optical

absorption at sub-band gap photon energies, should be considered in the future.
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5.8 Layer isolation using Silicon-On-Insulator (SOI) wafers

Hall measurements that employ a rectifying junction for layer isolation have sev-

eral complications [111]. To get a sense of the whether such factors were complicating the

measurements described above, in which we employed the rectifying junction between fs-

laser doped S:Si and a p-type 1 − 20 Ω·cm substrate to isolate the laser doped region, we

performed the same experiment using SOI wafers. Although the results and the interpre-

tation are the same, likely because of the relatively thick device layer we used (2 µm), we

accumulated expertise in handling and irradiating such substrates. We document it here

for future experimenters.

5.8.1 Structural considerations when fs-laser doping an SOI wafer

The basic structure of an SOI wafer is shown in Figure 5.9. A crystalline layer of

thickness ddev, known as the device layer, sits atop a thermal SiO2 layer of thickness dox.

Underneath this insulating oxide is a bulk crystalline silicon substrate, called the handle,

which has a thickness of many hundreds of microns. Also shown in Figure 5.9 is an SEM

image of the cross section of such a wafer. We see that it is quite straightforward to use

simple SEM imaging to identify the oxide layer. Chemical data from Energy Dispersive

X-ray (EDX) spectroscopy (inset) confirms that the contrast in SEM image corresponds to

the three layers of the SOI wafer. We obtained SOI wafers4 with an undoped device layer

(ρ > 10, 000 Ω· cm, thickness ddev = 2 µm) and a buried oxide (thickness dox = 0.5 µm).

Our goal in using an SOI wafer is to more thoroughly isolate the laser-doped region,

avoiding reliance on the rectifying junction which may fail at elevated temperatures. Thus,
4We used Ultrasil as a vendor; they produce so-called bonded SOI wafers, in which a thermal oxide is

grown on two wafers, after which they are pushed together at high temperatures. The oxides fuse, and one
of the two wafers is ground, etched, and polished to the desired device layer thickness ddev. These types
of SOI wafers are limited to ddev > 1 µm. Other SOI technology exists that can get ddev < 100 nm, but
bonded wafers are far less expensive.
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Figure 5.9: Left: Silicon-on-insulator wafers are formed with a thin device layer of crys-
talline silicon, separated from a thick crystalline substrate by a thin buried oxide. Middle:
Electron microscopy reveals contrast that is indicative of the chemical differences in these
three layers. Right: Energy dispersive x-ray spectroscopy (EDX) measurements confirm the
interpretation of SEM imaging.

we wish to choose ddev such that it is as small as possible. However, because morphology

often develops when using many laser pulses to dope, ddev cannot get too small, lest we

ablate the device layer all the way to the oxide in certain locations, thus creating “islands” of

fs-laser doped silicon. Additionally, the presence of the oxide — especially as ddev approaches

the melt depth of the silicon, alters the thermal boundary conditions. The oxide acts as a

thermal bottleneck because of its lower thermal conductivity relative to crystalline silicon,

and changes the dependence of the morphology on laser parameters. Thus, we begin by

determining the laser exposure parameters necessary to ensure the resulting sample has

morphology suitable for a Hall measurement of the laser doped region.

We prepared samples in the same fashion as described in section 5.3, but varied

the laser fluence and translation parameters to yield different values of πw2/∆y∆x. We

then diced the SOI wafers by scoring them (on the side opposite of that exposed to the
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Figure 5.10: A cross-section of a 2 µm device layer doped with sulfur using a fs-laser. In
this figure we explore a variety of exposure parameters.

laser) and imaged them in a scanning electron microsope. We used EDX spectroscopy to

confirm that the contrast we observed in our images implied the chemical contrast for which

we were looking. Figure 5.10 summarizes the results of a basic investigation of the effect of

laser parameters on the resulting morphology. We see that even at relatively low intensity

laser exposure (2 kJ/m2, πw2/∆y∆x = 100), we risk creating “islands” in our SOI wafer.
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5.9 Extended optical absorption data on un-annealed sam-

ples

We close by recording the current status of ongoing optical absorption measure-

ments regarding the low-energy cut-off of the sub-band gap absorption in fs-laser doped

silicon. Using Fourier Transform Infrared spectroscopy (FTIR), we find that absorption

extends to photon energies lower than 0.3 eV in fs-laser doped S:Si. We have currently

only measured samples directly after laser-doping, and prior to thermal annealing. Thus,

although this correlates well to the data reported above regarding Fermi-level pinning in

the same vicinity, we cannot state with confidence that the two datasets are describing the

same sulfur states, and we report it here only as a postscript to the data described above.

Following the same sample preparation outlined in section 5.3, we prepare samples

doped to high concentrations of sulfur via fs-laser doping. We measure the optical properties

of a non-annealed sample using two instruments. For photon energies between 0.5 − 5.0

eV, we use a UV-VIS-NIR spectrophotometer to measure transmittance and reflectance.

The spectrophotometer is equipped with an integrating sphere for measurement of diffuse

reflectance. For photon energies between 0.08 and 0.6 eV, we use a Fourier Transform

Infrared spectrometer (FTIR), also equipped with an integrating sphere. With both devices,

we measure reflectance R and transmittance T . Absorptance is then calculated as A =

1−R− T .

In Figure 5.11 we plot the optical absorptance (A = 1− T −R) of an unannealed,

laser-doped silicon wafer. Data at the high energy end of the spectrum are from the UV-

VIS-NIR spectrophotometer, while data at the low energy end of the spectrum are from

the FTIR. This behavior is roughly independent of the parameters of the substrate. There

is an 8% mismatch where the two data overlap, due to the difficulties of calibrating the
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Figure 5.11: The absorption spectrum of black silicon from 0.080 eV to 1.5 eV. Note that
the primary x-axis is energy, with wavelength marked on the top axis for reference. The
dashed curve is the previous result; solid curve is the new data. Also shown on the plot are
the positions of the silicon band gap (Eg ≈ 1.12 eV), as well as known energy sulfur states
in silicon, measured as Ec − ES .

integrated reflectance measurement. The sample exhibits broadband infrared absorptance

for photon energies as low as E = 0.25 eV; below this energy the absorption rapidly rolls

off. We observe a small resonance at 140 meV, which corresponds to the well-known oxygen

A-center absorption line [136], and we disregard it for our analysis.

Due to thermal broadening, it is difficult to interpret the absorption data as arising

from a particular resonance. We know that the absorption we observe must fundamentally

arise from the introduction of available electronic transitions into the silicon band structure

that couple to photons with energy as low as 300 meV. Because the band gap of silicon is

1.1 eV, these states must be introduced within the band gap of silicon. Sulfur is known to

introduce donor states located in the upper half of silicon’s band gap that have energies
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appropriate to account for the observed optical absorption; we show these states schemat-

ically in Figure 5.11 [129, 130]. We speculate that a high density of such states, present in

the laser-doped region, is responsible. In the future, we plan to probe this behavior at low

temperature and lower sulfur concentrations in an attempt to reduce thermal broadening

and learn more about the specific transition energy for infrared absorption.

The samples shown in Figure 5.11 have not been thermally annealed, whereas the

electrical measurements we describe above were carried out on samples annealed to 975 K

for 30 min. Thermal annealing reduces the infrared absorption, and is also required for

observation of a diode when doping with sulfur. Thus, it is possible that the predominant

sulfur state changes during annealing, and the optical data is not directly comparable to

the electronic data we report. However, as apparent in Figure 2.11, even at these annealing

temperatures, significant sub-bandgap absorption persists to photon energies as low as 0.5

eV. Future measurements are necessary to determine absorptance at lower photon energies

also persists, and especially to determine if the low-energy cutoff is the same after annealing.

If so, such optical data would strongly support our conclusions above, based entirely on

electronic data, that sulfur dopants introduce a high density of states 250−300 meV below

the conduction band edge that exhibit behavior consistent with an impurity band.



Chapter 6

Silicon doped with sulfur via

laser-induced melting and rapid

solidification

In the previous two chapters, we have explored significant new findings regarding

silicon doped to non-equilibrium chalcogen concentrations using femtosecond laser pulses.

In many regards, however, our analysis has been complicated by the lack of a high degree

of crystalline order in the samples. In this chapter we describe measurements made on

silicon doped to comparable concentrations using an altogether different technique: ion

implantation followed by pulsed laser melting and crystal regrowth. This material system

offers the advantages of a highly crystalline and well-studied physical structure; it exhibits

similar optical absorption of photons with energy less than the band gap of silicon. In this

chapter, we focus on understanding the experimental issues involved with measurement, as

well take a first step toward extracting information from temperature-dependent transport

data in this rich and complex material system. We identify the ionization energy of the

109
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sulfur donors introduced at low sulfur implant dose to be Ed = 117 ± 2 meV. We also

report, to the author’s knowledge, the first observation of a sulfur-driven metal-insulator

transition in silicon; we find the critical concentration necessary for a sulfur-driven transition

to metallic conduction to be ncrit ≈ 1019 cm−3.

6.1 Introduction

Silicon manifests several intriguing optoelectronic properties when it is doped with

sulfur above the solubility limit, including absorption of photons with energy less than the

band gap [49,53,65], donor activity by the sulfur [50,71], and photodiode response at photon

energies as low as 0.8 eV [71]. Such effects were first reported as a result of a femtosec-

ond laser implantation process; however, the laser process significantly disrupts the crystal

structure in the doped region, resulting in a sub-micron crystalline grain structure [66] that

complicates the interpretation of many traditional electronic transport measurements [113].

Ion implantation followed by pulsed laser melting and crystalline re-growth is an

established method to obtain dopant concentrations well above the solid solubility limit,

while retaining the crystalline order of the pre-implanted substrate [43]. These highly non-

equilibrium dopant concentrations are achieved via a process known as solute trapping, a

phenomenon in which the resolidification front moves through the molten silicon slow enough

for solidification be epitaxial, but fast enough that the dopant atoms cannot diffuse away

from the interface quickly enough to establish equilibrium solid concentrations. Predictive

models of this phenomenon exist [45] that have been tested in a number of material systems

[46,47,137].

Specifically, ion implantation and pulsed laser melting have been well-studied for

sulfur in silicon (S:Si): the implantation parameters [138], the crystal structure [50], and sul-
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fur concentration profile [49] are well-documented. In addition, because dose is easily varied

using an ion-implantation process, it is possible to study the properties of this material as we

transition from equilibrium sulfur concentrations for which no anomalous optical properties

are observed, to non-equilibrium concentrations at which the doped layer absorbs photons

with energy less than the band gap. In this chapter, we describe temperature-dependent

measurements of the Hall effect and resistivity in such systems. Our goal is to characterize

the nature of conduction in S:Si, extract information regarding the electronic states that

sulfur introduces into the silicon band structure, and speculate on role of metal-insulator

transitions in the optical and electronic properties of S:Si.

6.1.1 Details of S:Si

In this section we reproduce, for the readers benefit, previous results by the Aziz

group on sulfur in silicon via ion implantation. The purpose of this chapter is not to

discuss the ion implantation process or pulsed laser melting process; the reader is referred

to references for that information [49, 50]. Here we summarize only the pertinent points

for this chapter. After ion-implantation and pulsed laser melting, sulfur is distributed in

a relatively uniform fashion in a layer that extends 400 nm from the surface of the wafer.

The doped region is a single crystal, free of extended defects. Figure 6.1 illustrates these

facts.

At high sulfur doses (1016 cm−2), the sulfur dopants act as electron donors and

form a rectifying junction with the substrate immediately following pulsed laser melting [50].

We will assume that lower doses do the same, an assumption that our experiments with

silicon-on-insulator wafers will show are merited. Similar to fs-laser doped silicon, the high

sulfur concentration leads to anomalously high infrared absorption, which is characterized

by featureless absorption from the band edge to photon energies as low as 0.5 eV. The Aziz
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group has estimated the absorption coefficient to be as high as 2.3 × 104 cm−1 at optical

wavelengths of 2300 nm. Similar to fs-laser doped silicon, annealing leads to a reduction in

the sub-band gap infrared absorption.

6.2 Experimental setup

In all experiments described below, a lightly p-type (boron doped, ≈ 25 Ω·cm)

silicon region is ion implanted commercially; the specific dose varies for certain experiments.

All samples are implanted using a sulfur ion energy of 95 keV; for sulfur doses below 3×1015

cm−2, the sulfur implant is preceded by a silicon implant of 3 × 1015 cm−2 at energies of

85 keV so that all samples have similar amorphous regions before laser-exposure. Table 6.1

outlines the doses for the samples on which we report in this chapter. The doped region

is amorphized by the implantation, and crystal order is re-established using the pulsed

laser melting (PLM) method (performed by the Aziz group). The process is described in

detail for this experimental system elswhere [49, 50]. We prepared a selection of samples

representing different dose and annealing conditions. For most of the measurements we

report here, a single crystal silicon wafer is used; however, we report on one sample for

which the implanted region is the device layer of a silicon-on-insluator (SOI) wafer (device

layer depth 260 nm, implantation depth 200 nm, PLM melt depth approximately 230 nm).

The parameters of the samples that we measured are represented in Table 6.1

After receiving samples from the Aziz group, they are ultrasonically cleaned in

successive solutions of acetone, methanol, and isopropanol. In some cases, a brief etch in

dilute (5%) hydrofluoric acid is necessary to remove a surface oxide that prevented adhesion

of photoresist. As received, the PLM area is a square with edge lengths of approximately 2.5

mm. In order to create samples of repeatable dimensions, as well as prevent leakage through
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Figure 6.1: Properties of silicon implanted with a sulfur dose of 1016 cm−2 and subsequently
pulsed-laser melted with 4 nanosecond laser pulses. Top: Sulfur concentration obtained via
SIMS after pulsed-laser melting; bright-field TEM atop the graph demonstrates continuous
single crystal into the un-implanted substrate. Bottom: High resolution TEM demonstrates
the high quality of the implanted region. Data was obtained by the Aziz group; TEM from
reference [50], SIMS data via private communication.
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Dose Anneal temperature (K)

(cm−2) − 425 475 525 575 625

1× 1013 ×

3× 1013 ×

1× 1014 SOI

3× 1014 ×

3× 1015 ×

1× 1016 × × × × × ×

Table 6.1: Enumeration of the samples that are reported on in this chapter. Except for the
one exception marked as such in the table, all samples were sulfur implanted into a lightly
p-type silicon substrate. The“SOI” sample was implanted into an SOI wafer. All samples
are implanted using an ion energy of 95 keV; for sulfur doses below 3×1015 cm−2, the sulfur
implant is preceded by a silicon implant of 3× 1015 cm−2 at energies of 85 keV.

the surrounding implanted (but still amorphous) regions, a smaller (2 × 2 mm) region is

masked within the PLM area using standard positive photoresist, and the surrounding area

is etched to at least 1 µm depth using a reactive ion etch. The masked region is a standard

van der Pauw geometry, either square or cloverleaf in shape. Sample geometry is detailed

along with specific results in Figures 6.2 and 6.3.

A subsequent photoresist mask is employed for metallization of contacts (Ti−Ni−Ag,

20−20−200 nm) in the corners of the samples. In the case of the square geometry, right-

triangular contacts are placed in each corner of the sample (oriented with two edges of the

triangular contact parallel with the sample edges); for the clover-leaf geometry, small circu-

lar contacts are placed near the edge of each quadrant of the cloverleaf. In the case of the

square, contacts are placed no farther than 5 µm from a side, and extend no farther than

30 µm from a corner, in order to minimize errors due to contact placement. We estimate

errors from contact placement to be less than 1% for the square samples; such errors are

negligible for the clover-leaf samples [117].

The quality of our contacts, combined with the doping level of the samples, de-
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termines the minimum measurable temperature. For samples with a sulfur dose of 1016

cm−2, the contact metallurgy is sufficient to temperatures as low as T = 10 K. However,

at lower doses, contact resistance limits the minimum temperature of measurement; in the

case of the lowest doses, we can only measure at temperatures T > 100 K. Improving the

performance of the contacts at low temperature will be a priority in future experiments.

After metallization, samples are mounted onto chip carriers; using Al wire bonds,

we connect the sample contacts to large area contacts on the chip carrier. The carriers are

mounted on a cold finger in a closed cycle helium cryostat which is capable bringing the

sample to temperatures 10 K < T < 800 K. Standard techniques are used to measure the

resistivity [115] and the Hall effect [109]. The lowest measurable temperature is sometimes

higher than 10 K due to the quality of our contacts. We begin measurements at the lowest

measurable temperature, and proceed with measurements at progressively higher sample

temperatures. We calculate the sheet carrier concentration and Hall mobility using:

ns = rH
IeB

qVHall
(6.1)

µHall = (qρsns)−1, (6.2)

where Ie is the exciting current, B is the magnetic field, q is the elementary charge, and

VHall is the measured Hall voltage. We make the approximation that the Hall scattering

factor rH = 1, which we expect introduces an error on order unity [107]; this error was

discussed in detail in chapter 3. For Hall effect measurements, the samples are immersed

in a magnetic field of 0.65 T; we excite samples with the minimum current necessary to

achieve signals greater than 10 µV. We observe no self-heating effects.
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6.3 Results

In Figure 6.2, we show the sheet carrier concentration ns, Hall mobility µH , sheet

resistivity ρs, and sample geometry for PLM samples of increasing dose; we did not anneal

these sample. We observe that ns, which has a negative sign at all temperatures, generally

increases monotonically for all samples with increasing temperature. The sample with

the highest sulfur dose (1016 cm−2), however, goes through a soft minimum near room

temperature. In general, higher doses yield a larger ns at all temperatures, although the

samples implanted with a sulfur dose of 3× 1014 cm−2 exhibits comparable behavior to the

sample with the sample with dose 3×1013 cm−2. Below 1000T−1 ≈ 2.5 K−1, ns exhibits an

identical and significantly increased slope with decreasing T−1 for all samples. As we will

show below, careful analysis of this behavior indicates that we are measuring the intrinsic

carrier concentration in this regime, and that the data are probably contaminated by the

substrate. Thus, we cut off all other data sets below 1000T−1 ≈ 2.5 K−1 (T > 400 K). Also

in Figure 6.2, the sheet resistivity indicates a steep increase in resistivity with decreasing

temperature for samples with low sulfur doses. At a dose of 3×1015 cm−2 this slope is much

more gradual, and at a higher dose of 1016 cm−2 the resistivity shows very little slope with

decreasing temperature. Resistivity decreases monotonically with dose at all temperatures.

In Figure 6.3, we show the sheet carrier concentration ns, Hall mobility µH , sheet

resistivity ρs, and sample geometry for PLM samples of increasing anneal temperature (all

with a sulfur dose of 1016 cm−2). We note here that all samples are effectively annealed to

425 K during the fabrication process due to exposure to hot plates and etching processes.

We observe that ns, which has a negative sign at all temperatures, is relatively insensitive

to temperature. All samples, though, do show a soft minimum near room temperature.

With increasing anneal temperature, ns increases at all measured temperatures. Sheet
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Figure 6.2: Temperature dependence of electronic transport properties for un-annealed
samples of increasing sulfur dose. We show (top left) sheet carrier concentration versus
inverse temperature, the sign of the charge carrier is negative at all temperatures; (top
right) Hall mobility versus temperature; (bottom right) sample geometry; and (bottom left)
sheet resistivity versus temperature. Lines are only to guide the eye.
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Figure 6.4: Temperature dependence of sheet carrier concentration for a silicon on insulator
(SOI) silicon wafer implanted with 1014 cm−2 sulfur atoms. The sign of the charge carrier
is negative at all temperatures. Line is to guide the eye.

resistivity ρs exhibits slightly more temperature dependence, with a slight and monotonic

decrease as temperature increases. Additionally, resistivity decreases with higher annealing

temperature at all measured sample temperatures. The Hall mobility, also shown in Figure

6.3, increases with increasing measurement temperature until going through a maximum

near room temperature for all samples. Interestingly, mobility decreases in samples annealed

at higher temperatures when we measure it at room temperature, but increases for the

samples annealed at higher temperatures when we measure it near T = 10 K.

Finally, in Figure 6.4, we plot the sheet carrier concentration of an SOI wafer

implanted with a 1014 cm−2 dose of sulfur. We observe that the sheet carrier concentration

ns increases monotonically with decreasing T−1. Two distinct slopes are evident, one each

in the high and low temperature regimes.
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6.4 Discussion

Three aspects of the data will be discussed in detail in this chapter. We will first

discuss the impact of the sample structure on the result of transport measurements. Second,

we will discuss what we can learn from the samples we have measured regarding the energy

states introduced by the implanted sulfur. Finally, we will speculate to the extent that the

data allow us on the nature of charge transport and discuss what conclusions we can draw,

if any, regarding the presence of an impurity band.

6.4.1 Diode-isolation of the implanted layer

For all data presented in Figures 6.2 and 6.3, we are relying upon the rectifying

junction between sulfur implanted layer and the p-type substrate to electrically isolate the

sulfur-doped region. A pre-requisite to any discussion of experimental data is to determine

the extent to which this condition obtains in our experimental measurements. We begin

with a discussion of where it demonstrably does not.

High temperature isolation

Perhaps the most striking feature in the behavior of ns for all the samples rep-

resented in Figures 6.2 and 6.3 is the sharp increase in slope with decreasing T−1 near

1000T−1 ≈ 2− 2.5 K−1 (temperatures T > 400 K). This slope is less obvious for the sam-

ples represented in Figure 6.3, as the highest temperature measured was T = 500 K, but it is

still apparent. We will argue that this region of increased slope arises due to an unavoidable

breakdown in the isolating junction as the substrate enters an intrinsic conduction regime.

This transition introduces large errors into the measurement of the Hall voltage, and the

subsequent calculation of the sheet carrier concentration. Because of these errors, we will

neglect this high-temperature data.
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Figure 6.5: A detailed view of the sheet carrier for one of the samples shown in Figure 6.2
along with a wafer comparable the substrate on which it was fabricated.

In Figure 6.5, we show in detail what occurs near this transition, and we also show

the behavior of a similar p-type 1 − 20 Ω·cm substrate. For the substrate, we observe a

small singularity in the sheet carrier concentration near T = 500 K; for lower temperatures

the sign of the majority charge carrier is positive, as expected for a p-type substrate. For

higher temperatures (smaller T−1), the majority carrier is of a negative sign and the carrier

concentration is steeply dependent on T−1. These observations indicate a transition to

intrinsic conduction; indeed, the slope in this regime can be analyzed to yield the band

gap of the material, as predicted by crystalline semiconductor statistics [114]. With this

transition to intrinsic conduction, the Fermi level moves into the upper half of the conduction

band and into the vicinity of the Fermi level in the the sulfur doped layer. As we discussed in

detail in section 5.5, as the difference in Fermi level on opposite sides of a junction becomes

small, rectification is no longer possible.
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As the junction between the sulfur-doped region and the p-type substrate ceases

to rectify, the current with which we excite the sample will begin to distribute itself between

the sulfur-rich region and the substrate. The distribution of current will occur according to

simple circuit laws, with the sulfur-doped region in parallel with the substrate. As we men-

tioned above, the breakdown of the rectifying junction arises from a transition to intrinsic

carrier excitation; in this regime, the sulfur-doped region and the substrate will possess car-

rier concentrations that grow exponentially similar with increasing temperature. Because

the substrate is substantially thicker than the sulfur-rich region (dsubstrate ≈ 1000dsulfur),

its resistance at these temperature will be lower and the current will be distributed with

increasing preference to the substrate. Because of this transition, the sheet carrier den-

sity — the product of carrier density in the measured region with layer thickness of the

measured region — will increase even faster than we might expect as we begin to probe

the substantially thicker substrate region. The resistance of the junction, however, does

not abruptly go to zero at a particular temperature, and thus the precise calculation of

the current distribution is not practical — as it requires a detailed knowledge of the exact

degree of isolation that the diode is providing, as well as the electrical characteristics that

these measurements are designed to probe. We thus conclude only that the data in this

high-temperature regime is not useful for the purposes of this chapter, and we neglect it in

future considerations.

For the lower dose samples, the transition to this steep slope occurs at slightly

lower temperatures (T ≈ 400 K). Recalling section 3.3.4, this behavior should not surprise

us. As we showed there, for a given temperature and donor level, decreasing the number

of donors Nd forces the Fermi level to decrease as well in order to account for a greater

fraction (of fewer donor electrons) to ionize. This lowering of the Fermi level means that

the internal potential Vint will go to zero more quickly, keeping in mind that the substrate
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Fermi level is increasing with temperature. Moreover, even in lieu of such arguments, we

can determine that the the steep slope of the carrier concentration with T−1 in this high

temperature regime is not physical. Fitting ns according to a simple formula for dopant

activation:

n ∝ eEa/kbT , (6.3)

yields an activation energy Ea of approximately 1 eV. This observation is actually apparent

in Figure 6.5 without doing the fitting; the slope is obviously steeper than that of the

intrinsic excitation of carriers in the substrate, which has an activation energy Ea = Eg/2 ≈

0.55 eV. The relationship between such activation energies and a donor energy is generally

of the form Ea ≤ Ed, implying that a potential donor binding energy Ed would have to

be as large or larger than this value. Such deep donors are highly unlikely, as they have

never been documented for sulfur; and even if they did exist, they should have an activation

dependence of Ed ≥ 2Ea, as is typical when compensating impurities do not play a role

(the presence of a significant number of compensating impurities between such a deep level

and the valence band is also unlikely). The failure of our rectifying junction is the only

reasonable conclusion for this steep temperature dependence; thus we neglect any data near

or above the temperatures of these steep slopes. We can thus conclude that rectification will

not be a viable route of isolation for exploring the high temperature regime above T ≈ 400

K. Low temperature measurements appear to achieve far superior isolation.

Although we have addressed the high temperature performance of the diode iso-

lated samples, we must approach transport measurements performed on an SOI device layer

with a critical eye as well. The structure of the SOI still includes a layer of undoped crys-

talline silicon underneath the sulfur-rich region that is approximately 20 − 40 nm thick.

As a result, we are still relying on a rectifying diode to isolate the sulfur-rich region from
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Figure 6.6: Detailed view of the sheet carrier concentration of an SOI wafer implanted with
1014 cm−2 along with comparable doses isolated via diodes.

this layer. As we can see in Figure 6.6, the behavior of ns for the SOI implanted layer

exhibits a significant change in curvature at precisely the temperature where the low-dose

diode-isolated samples shift to the steep slope that we attribute to loss of the diode. The

same arguments we made above regarding contamination by the substrate apply, and we

must regard these data with equal skepticism.

Low temperature isolation

In Figure 6.6, we can inspect in detail the low temperature behavior of samples

with a low sulfur dose compared to an SOI wafer with a comparable dose. Although

these data appear to be in relatively good agreement, we can see that around T = 200 K

there is a noticeable shift to lower concentrations that occurs in the diode-isolated samples

but not in the SOI sample. This is far from the drastic deviations that occur at high
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temperature (visible in the upper left of Figure 6.6), but are still of concern if our interest

is in a high-resolution fit for the carrier binding energy. Because the samples have different

substrate doping, the degree of compensation is likely different, which would explain the

differences in this temperature range. Additionally, the implantation and laser exposure

parameters are slightly different among these samples; thus it is also possible that the

sulfur introduces different states, or different amounts of similar states. It is not possible to

determine for certain the reason for the deviation based on these data alone. Indeed, it is

possible that all of the samples, including the SOI, suffers from some contamination from

the undoped crystalline region below the sulfur-rich region. As a result, we must approach

the fitting we discuss below with caution. In the future, experiments must confirm the

fit in an experimental geometry that entirely avoids the ambiguity introduced by an un-

doped crystalline layer adjacent to the sulfur-rich region. We will discuss the appropriate

experimental approach for such confirmation below.

Contacts

We close our discussion of experimental concerns with a brief mention of contacts.

To a great degree, measurements of the lower dose samples were hindered by the poor quality

of the contacts. The high contact resistance lead to noisy measurements at all temperatures,

and severely limited the most interesting low temperature measurement regime. In the

future, either a better contact metallurgy, or a means to locally dope the surface in an n+

fashion will be required.

6.4.2 Determining the binding energy of implanted sulfur at low doses

Given the ambiguities present in interpreting the carrier concentration data from

diode-isolated samples, we will only attempt to analyze in detail the carrier concentration
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data for the SOI implanted wafer. We view this fit as a first step, and as a reference point

for future efforts with this material.

Beginning our fit, we must determine the degree, if any, of degeneracy in our

measurements. As discussed in Chapter 3, the statistical description of charge carriers

in semiconductors is made considerably easier if the Fermi level Ef remains far from the

conduction band Ec throughout the temperature range of interest. As we discussed then,

we can make this determination quite simply by ensuring the condition of equation 3.22 is

met:

n(T )
Nc(T )

≤ F (η = −2) ≈ 0.13.

The maximum value that we observe occurs near room temperature, where n/Nc ≈ 0.01.

This value corresponds to a reduced Fermi level η ≤ −4. Thus, our system resides safely

in the regime for which the non-degenerate approximation is valid. We can thus write

F (η) ≈ exp(η), and the calculations required for fitting are made substantially less complex.

Recalling the equations of section 3.3.3, our approach is made easier by the fact that we

know a great deal about our samples: the electron effective mass m∗e is known, and we

can make an educated guess regarding the compensating impurity density NA, as it should

not differ significantly from the background boron concentration in the originally p-type

SOI wafer. There is some ambiguity regarding the value that β, the spin degeneracy of

the impurity level, but it can take only a limited number of values, as we also discussed in

section 3.3.3. These considerations leave only Nd, and Ed as unknowns, although we leave

NA as a fitting variable. We will later consider the fitted value in comparison to the known

substrate acceptor concentration as a indication of the quality of our fit.

We begin with a simple model for our system, in which we attempt to fit only the

low temperature data. We will model the system as made of a single, monovalent species
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Figure 6.7: The data of Figure 6.4, shown with a fit to the data below room temperature.
The fit is performed to equation 3.29. Uncertainties are derived by analyzing the sensitivity
of the fit to the assumed layer thickness (200 nm < d < 250 nm) and upper temperature
cutoff (275 K < Tcutoff < 325 K)

of electron donor. We approximate the sulfur dopants as being homogeneously distributed

in the upper 240 nm of the SOI layer, and also assume that the doped region is perfectly

isolated below T = 400 K. We will address the impact of these assumptions below. Under

this approximation scheme, our system is comfortably over-determined, and we can proceed

to find a best fit (in a least-squares sense ) for equation 3.29 to the data in Figure 6.4. The

fit and its parameters are shown in Figure 6.7.

The quality of the fit is quite good. In addition to minimal deviation from the

measured data in the temperature region of interest, we can compare the value of NA

generated by the best fit to the known boron acceptor density in the device layer prior to

sulfur implantation. These boron dopants introduce compensating states near the valence
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band edge, and their concentration NB should be quite close to the density of compensating

centers NA. For the SOI wafer in this experiment, the device region of the SOI wafer was

doped with boron in a range 0.6× 1015 cm−3 < NB < 1.1× 1015 cm−3. Given that a small

concentration of additional compensating impurities likely exist deeper in the gap, the value

generated by our fit of Na = 1.2× 1015 cm−3 compares quite well.

The value of Nd is particularly interesting; given a sulfur dose of 1014 cm−2, a layer

thickness d = 240×10−7 cm, and accounting for about half of the sulfur evaporating during

the PLM process, we expect a total sulfur concentration of approximately NS = 2 × 1018

cm−3. Thus, our fit for Nd = 1.4×1017 cm−3 indicates that roughly 90% of the sulfur in the

device layer occupies a different state than the one we observe ionizing over the temperature

range of our fit. If, due to the inhomogeneous sulfur profile, we are actually probing a far

thinner layer than d = 240 nm, this could account for the difference. Future work, such

as successive Hall measurements interspersed with etching thin layers of the sample, could

determine the depth profile of carrier concentration unambiguously [139, 140]. It is also

possible, however, that the sulfur is distributed roughly as we have estimated, and the

other 95% of sulfur atoms exists in deeper states that we have not excited.

The value for the binding energy of the sulfur electrons, Ed = 117 ± 2 meV,

needs careful consideration. This value is comparable to the sulfur “A-center” that has

previously been reported [127,141]; some authors attribute this center to a neutral, isolated

sulfur impurity of as-yet unknown structural coordination in the lattice. Other authors

have argued that this center must be more complicated [129, 130]. Our fit indicates that

it has a spin degeneracy β = 1/2, which is not consistent with an isolated double donor.

Further investigation into this issue is merited, and data at lower temperatures − in the

regime where n � NA � Nd would be particularly helpful. As we discussed in section

3.3.3, the slope of n vs. 1/T should change substantially here as we enter the compensation
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dominated excitation regime. Our fit, if we extended to these temperatures, would predict

a significant increase in the rate of donor freeze-out. Confirming this prediction would yield

significantly more confidence in the fit.

We note in closing that we can proceed in a similar fashion with a fit that incorpo-

rates a second, deeper level that describes the higher temperature behavior. Such a fit can

describe our data accurately, and yields a realistic deeper sulfur state with a binding energy

near Ed = 290 meV, quite close to the well-known substitutional state of sulfur [129]. As we

have previously discussed, though, it is unclear whether our data in the high temperature

regime is contaminated by the substrate. Thus, at the current time we do not pursue a

more sophisticated fit.

Impact of model assumptions

We now discuss the assumptions present in our model. First, we address the

assumption that the sulfur is uniformly distributed in a layer of thickness 240 nm. The fit

is not particularly sensitive to the thickness that we choose, with changes of ±10% yielding

comparable changes in the fitted values for NA and Nd, but changes of less than 1% in the

fitted value of Ed. Thus, our assumption of layer thickness is not particularly important to

the fit. The assumption of uniformity is difficult to address without further experimental

efforts, involving repeated Hall measurements interspersed with etching of thin (≈ 5 nm)

layers of the samples. Unfortunately, not even depth dependent structural and electrical

measurements, such as SIMS and spreading resistance profiling, respectively, can resolve

the depth dependence of carrier concentration and mobility unambiguously. Although the

dopant distribution is not precisely known in the SOI device layer, we assume it does not

differ significantly in character from the SIMS profile shown in Figure 6.1, in which we

observe a fairly uniform profile for > 80% of the doped region thickness. Thus, we do not
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expect substantial variations due to dopant inhomogeneity, but we must acknowledge that

the actual value we report as n is actually a weighted average of the carrier concentration

in infinitesimal slabs (weighted by the conductivity of that slab). We proceed with that

in mind, but neglect such effects, regarding them as secondary at this point to the larger

uncertainties introduced by a potential lack of isolation from the substrate.

Our assumption that the donor state is monovalent is likely suspect, but does not

necessarily impact accuracy. The energies required to ionize subsequent levels in a multi-

valent sulfur impurity typically differ by > 100 meV due to the large Coulomb attraction

on the electrons that remain bound to an ionized impurity [129]. Given that ionization

of the level we are observing will not be complete until the Fermi level moves several kbT

below it, deeper levels should remain un-ionized until the level we observe is empty. Thus,

our approximation of a monovalent impurity likely has negligible impact on the statistics of

ionization. However, we have also neglected the excitation spectrum of the impurity we pre-

dict; this spectrum contributes to the temperature dependence of the ionization to a small

degree. However, incorporating such higher order aspects of the sulfur energetics requires

specific knowledge of the sulfur complex we have introduced. We see no evidence in the

current data that the excitation spectra of the sulfur state we are measuring significantly

impacts the data, at least when considering only in the low-temperature regime in which

we have confidence in the layer isolation. Collecting data at lower temperatures would help

clarify this large uncertainty, and we do not speculate further on this issue.

6.4.3 High dose samples and impurity band conduction

We also consider behavior of the electrical properties as we increase the sulfur

dose. It is at these high doses that we observe the interesting sub-band gap absorption.

The highest sulfur dose we study is 1016 cm−3. At this dose, sulfur concentrations will
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Figure 6.8: A plot of the concentration of ionized impurities at the minimum measurable
temperature versus the concentration at room temperature. The black circles represent
the data from reference [119], and are the prototypical example of identifying a metal-
insulator transition in a doped semiconductor (phosphorus dopants in silicon). We identify
the critical concentration as the concentration at which n(Tlow) = n(Troom). For P:Si, this
concentration is approximately 3.7× 1018 cm−3. For the sulfur-implanted samples that we
measure, we calculate the concentration by dividing the sheet carrier concentration (from
Figure 6.2) by d = 400 nm (note that the original sulfur dose is labeled on plot). We
estimate that the metal-insulator transition occurs at Log10(ncrit × cm3) = 18.7± 0.5.

exceed 1020 cm−3 throughout much of the 400 nm implanted depth. This is well above

the concentrations necessary for delocalization of the electrons associated with these deep

states [13, 19, 23]. We discussed the semiconductor-to-metal transition in chapter 1, and

estimated the critical concentration for common sulfur states in chapter 3. As we mentioned

then, at impurity densities near or above 1019 cm−3, we predict that the electrons associated

with sulfur donors will delocalize and form an impurity metal. As we will see below, our data

indicate such a transition to metallic conduction at the highest sulfur doses we measure.
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Effect of increasing the dose

The rigorous definition of the transition from impurity states to an impurity band,

in the sense of metallic electron transport, is finite conductivity at T = 0. In the resistivity

data of Figure 6.2, we can immediately observe that at the highest dose of 1016 cm−2,

the resistivity appears insensitive to temperature as we cool as low as T = 10 K. Such

performance is the hallmark of metallic conduction. A better way to quantify this is to

compare the low-temperature carrier concentration to that at room temperature [20, 119].

For metals, a plot of n(Tlow) versus n(Troom) should form a straight line of n(Tlow) =

n(Troom); i.e., gold has as many conduction electrons at low temperature as it does at high

temperature. In Figure 6.8, we reproduce data from reference [119] for phosphorus dopants

in silicon; from this plot, researchers have previously identified the critical concentration of

phosphorus for a metal-insulator transition to be ncrit = 3.7× 1018 cm−3. We plot the data

for our sulfur-implanted samples on this same plot by using the sheet carrier concentration

of Figure 6.2, and estimating the carrier concentration by dividing by an approximate layer

thickness of d = 400 nm. The only two data points that fall inside our plot correspond to

sulfur doses of 3 × 1015 cm−2 and 1016 cm−2; lower doses fall too far below this line to be

plotted. We see that the highest sulfur dose sample does indeed fall on the “metal-line”,

while the lower dose is substantially below it. Thus, we identify a sulfur-driven metal-

insulator transition to occur at Log10(ncrit×cm3) = 18.7±0.5, or approximately ncrit ≈ 1019

cm−3. Another remarkable observation regards the high dose (1016 cm−2) anneal series.

Annealing has the effect of increasing the carrier concentration at all temperatures. We will

not speculate on the nature of the change in sulfur state that causes this behavior. Rather,

we will focus on the result this increase in ionized impurities has on the mobility. At room

temperature, an increase in the ionized impurity concentration lowers the mobility. This

result is in accord with standard results for semiconductors, which predicts that an increase
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Figure 6.9: The mobility at T = 15 K as a function of ionized impurity concentration for
the samples implanted with a sulfur dose of 1016 cm−2; moving from left to right the data
points represent samples annealed to temperatures of (425, 475, 525, 575, 625) K. General
results are shown in Figure 6.3; note that the ionized impurity concentration increases
monotonically with annealing temperature. The low temperature mobility increases with
the concentration of impurities, which is the signature of impurity-mediated conduction.

in ionized impurities results in an increase in scattering centers and a decrease in mobility

at all temperatures [142]. However, in Figure 6.9 we plot the low temperature behavior of

the mobility. We observe a significant increase in mobility at T = 15 K as ionized impurity

concentration increases. Such behavior has been observed before in silicon [20, 143], and

is an element of hopping theories of transport [144]. The temperature range we probe

does not allow us to distinguish between hopping and true impurity band conduction, but

the behavior we observe in the mobility unambiguously supports an impurity-mediated

form of transport at low temperature. By “impurity mediated” we mean that conduction

occurs among impurities rather than strictly within the conduction band; charge-hopping

or conduction within a metallic impurity band are examples of such conduction.
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6.5 Conclusion

We have discussed a wide range of data in this chapter, and learned a great deal

about the electronic transport properties of silicon implanted with sulfur and processed using

pulsed-laser melting. We have seen that transport measurements in the sulfur implanted

region cannot be carried out at temperatures much higher than room temperature due to

contamination of the signal from the substrate. Because of this possible ambiguity, we

considered Hall effect measurements performed on an SOI implanted layer. A fit of the

carrier concentration to a monovalent impurity yields an ionization energy of Ed = 117± 2

meV of the sulfur donor active in this region; this value corresponds to a well-known sulfur

complex in silicon. Our measurements, though, were hindered by poor contacts to samples

with low implant density; for some samples the minimum measurable temperature was T =

100 K. Additionally, future measurements must include a detailed characterization of the

depth-dependence of transport properties, obtained by successive transport measurements

interspersed with etching of the active layer to unambiguously determine the true active

layer depth.

By considering the low temperature data in samples of increasing dose, we have

identified the critical concentration of sulfur dopants for a transition to metallic conductivity

to be Log10(ncrit × cm3) = 18.7 ± 0.5, or ncrit ≈ 1019 cm−3. We wish to emphasize that,

to the author’s knowledge, this is the first identification of the critical concentration for

a metal-insulator transition for such deep states in silicon. This conclusion is supported

by high dose samples that have been annealed. In these samples, annealing yields higher

free electron concentrations; strikingly, the low temperature mobility increases with ionized

impurity concentration. This result unambiguously supports the conclusion of impurity

dominated conduction.
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Additional work must be done at lower temperatures. Such work would confirm the

nature of transport (i.e. hopping versus free-electron transport), and a wider temperature

range would clarify if other sulfur states are present. However, Hall measurements will be

of no use in determining impurity energy states at the high concentrations at which we see

evidence of impurity based conduction. Thus infrared optical spectroscopy is imperative;

such measurements would both confirm the results of the value of Ed that we extracted on

low-dose samples, and also yield information on the presence (or lack thereof) of this state

in samples of higher dopant densities. Hall measurements, however, still have an important

role in telling us about these metallic-like samples, as they can provide crucial insight into

the nature of transport by revealing the behavior of the electron mobility.

We have yet to address the fascinating issue of the infrared absorption. The

measurements presented in this chapter do not directly address optical sensitivity of an

impurity band formed by sulfur dopants. Other researchers have reported that high densities

of indium dopants (which introduce p-type states state of an ionization energy similar to

our findings with sulfur) may improve long-wavelength response of crystalline silicon solar

cells [145]. However, we are unable to conclude if the optical absorption does indeed arise

from sulfur states centered at these this level, so such speculation is likely premature. A

particularly confusing issue − assuming our ignorance of the impact of the sulfur profile on

transport data did not lead us significantly astray − is that over 90% of the sulfur impurities

appear to reside in a different state than the one we identified in our fit. It remains to be

seen if the sulfur state we observe in this work represent clusters, or if a significant fraction

of sulfur atoms reside in a much deeper state; alternatively, a fraction of the sulfur atoms in

the implanted region could have somehow “deactivated” electronically through a structural

rearrangement such as precipitation. Temperature-dependent measurements of electronic

transport will surely play a significant role in answering these questions.
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Summary and future directions

We conclude with a brief, critical analysis of the work documented in this thesis,

and commentary on the future directions of this field. The sub-band gap optical absorption

exhibited by silicon doped with chalcogens beyond the equilibrium solubility limit moti-

vated this thesis. As we discussed in chapter 1, doping semiconductors beyond the critical

concentration for the metal-insulator transition is a potential route to realizing improved

photovoltaic efficiencies via the impurity band photovoltaic effect. We presented the back-

ground of non-equilbirum chalcogen concentrations in silicon in chapter 2: whether via ion

implantation or fs-laser implantation, high concentrations of S, Se, or Te in silicon yield sig-

nificant sub-band gap absorption. We argued then that critical, fundamental information is

missing in our understanding of these materials: primarily the energy states introduced into

the silicon band structure by the dopants, and the existence or lack thereof of an impurity

band.

Although previous researchers have probably made this realization, the author’s

view is that it is often overlooked that “black silicon” is a result of two unique fs-laser effects.

The first is the capability of fs-laser irradiation to implant high concentrations of impurities

136
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into a silicon substrate. The second is that given proper laser exposure and post-exposure

annealing parameters, the laser-doped silicon has a physical and electronic structure ap-

propriate for optoelectronic devices (e.g. high gain photodiodes). Chapter 4 explored this

distinction, proving that irradiation of silicon (while in an SF6 environment) just above the

melting threshold yields a non-equilibrium sulfur concentration. It is the author’s view that

this is a critical area for continued study: other means are available for regaining crystal

structure of a shallow amorphous layer, such as ns-laser melting. However, a more rigor-

ous understanding of the mechanism and limits of laser-implantation may establish it as a

method for achieving repeatable, predictable dopant distributions. Critical areas of future

study in this area will be the time-resolved melting and resolidification dynamics, with the

eventual goal of elucidating the implantation mechanism. Future investigations should also

explore the effect of varying laser fluence as a potential means to change the phase of the

re-solidified silicon layer, and partial pressure of the sulfur bearing gas as a means to effect

the resulting laser-implanted dose.

Our study of electronic transport in silicon doped beyond equilibrium limits with

chalcogens had some striking successes. In samples doped via ion implantation, described

in chapter 6, we successfully determined one of the sulfur states introduced at low dose,

and provided strong evidence of a metal-insulator transition at high doses. Future steps in

this area are quite clear: transport information at lower temperatures must be obtained to

rigorously show that the samples we study exhibit metallic conduction, as well as determine

the nature of electron transport. Both of these will demand measurements at lower temper-

atures. Additionally, successive transport measurements should be carried out interspersed

with shallow etching to determine the depth dependence of these transport properties.

Our study of transport properties in silicon doped with sulfur using many fs-

laser pulses above the ablation threshold had successes, but also areas for improvement.
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In chapter 5, we presented new evidence for the formation of an impurity band using

arguments of Fermi level pinning, lack of temperature sensitivity in the Hall coefficient,

and new extended optical absorptance data. However, our efforts were complicated by lack

of layer isolation at high temperatures, and an inability to vary the sulfur dose. Future

efforts in this area should certain explore methods to lower the sulfur dose by, for example,

lowering the partial pressure of SF6 during laser exposure. It may be that photoconductivity

could better show the existence and characteristics of an impurity band, and this technique

should be aggressively pursued in the future. However, the lack of detailed information

regarding the depth profile of sulfur dopants will significantly hinder the ability of any

future researcher to make rigorous conclusions based on such transport data.

The final issue we address here is that of layer isolation. For all the experiments

discussed in this thesis, the issue of layer isolation proved particularly vexing, and — al-

though it may not be apparent in these pages — the author expended substantial time on

this issue. For fs-laser doping, one potential route for layer isolation is to perform single-

shot studies on SOI wafers with a device-layer thickness tuned to be approximately equal

to the laser interaction depth. Chapter 4 provides all the information necessary to move

forward in this fashion. The author’s efforts in this regard were hindered by a lack of

structural knowledge in the resulting doped layer. As we found in Chapter 4, there is an

amorphous layer near the surface following irradiation just above the melting threshold.

This layer probably contaminated transport measurements, and efforts to thermally an-

neal the laser-implanted layer were misguided, as the sulfur dopants will simply precipitate

out in equilibrium configurations. Thus, the PLM technique must be employed with such

samples such that solute trapping can guarantee both high chalcogen concentration as well

as crystallinity; alternatively, higher laser fluences during the initial fs-laser process may

yield re-solidification in a crystalline phase. For both the fs- and ns-laser doping processes,
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transport measurements interspersed with successive shallow etching will clarify the need

for further layer isolation.

We wish to close with a few final thoughts regarding the motivation behind this

entire thesis: impurity band photovoltaics. Femtosecond laser doping of silicon is but

a small piece of this emerging and exciting field. By providing the first evidence of a

chalcogen-driven transition to metal-like conduction in silicon, this thesis provides abun-

dant justification for further study of high chalcogen concentrations in silicon. As we have

described above, there is substantial work remaining to be done. With specific regard to

the fs-laser process: this thesis has tried to address both the fs-laser doping process, as

well as the resulting properties and structure as they are potentially relevant to impurity

band devices. Because impurity band devices are an emerging field on their own, it is

challenging — and perhaps even ill-advised — to attempt addressing both the laser-doping

technique and its photovoltaic applications simultaneously. However, fs-laser doped silicon

has already demonstrated its capacity for unique technological applications. Thus, even

with the risks of addressing a new techology with a new technique in mind, I am hopeful

that future researchers continue to study this field and its enoromous potential in the field

of photovoltaics.



Appendix A

Controlling surface morphology in

fs-laser doped silicon

We demonstrate a large area (> 1 cm2) of silicon implanted with a sulfur dose

of 3 × 1014 cm−2 via femtosecond laser irradiation in a gaseous SF6 environment. Unlike

previous reports of fs-laser doping, the resulting surface is specular. Near the surface,

concentrations are as high as 1020 cm−3, nearly four orders of magnitude above the solid

solubility limit. Scanning and transmission electron microscopy indicate a surface with

roughness well below the Rayleigh roughness criterion for specular reflection of visible light.

The doped region is amorphized, and demonstrates anomalously high levels of absorption

for photons with energy less than the band gap of silicon or optical gap of amorphous silicon.

A.1 Introduction

We have previously demonstrated that fs-laser pulses above the ablation threshold

can be used to dope silicon with an ambient gaseous or solid dopant beyond the solid

solubility limit [53,68]. When the dopant is chosen from among the heavy chalcogens (S, Se,
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Te), the resulting doped silicon exhibits remarkable optical properties, such as absorption

of photons with energy less than the band gap of silicon, to energies as low as 0.5 eV

[53, 65, 68]. We have also shown that these unique optical properties can be incorporated

into novel optoelectronic devices, such as high gain silicon photodetectors that demonstrate

responsivity at photon energies as low as 0.8 eV [71].

However, treatment of a silicon surface with fs-laser pulses above the ablation

threshold generates significant changes in the surface morphology [51]. Indeed, a variety of

surface morphologies can be developed by adjusting the local chemical environment [54,60,

61, 66, 69], and several have had interesting biological [146] and sensing [62] applications.

The surface roughness has been explained as an evolution of laser-induced periodic surface

structures [56]. However, for the purposes of material characterization, and potentially

some devices, this surface roughness is an obstacle. In this paper, we describe successful

efforts to generate fs-laser doped layers that are optically flat.

A.2 Experimental

We begin by outlining the general principal of generating the specular surface, and

then proceed to the experimental particulars of this experiment. The goal of this experiment

was to melt all points on the surface without reaching the ablation threshold at any point.

We begin with a laser pulse traveling in the z direction, with a Gaussian spatial fluence

profile in the x-y plane:

F (r) = F0exp

(
r2

2σ2

)
, (A.1)

where r2 = x2 + y2; fluence is the energy in a pulse divided by its area. Several important

thresholds are traditionally defined in terms of their fluence, such as melting (1.5 kJ/m2) [89]

and ablation (3.0 kJ/m2) [90] in silicon. Average fluence, defined such that it is equivalent
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to peak fluence, is calculated by dividing the energy in the pulse by the area containing

points with local fluence great than 1/e of the maximum intensity. To generate a uniformly

melted laser area, we seek a peak laser fluence F0 greater than the melting threshold but

less than the ablation threshold. For any choice of F0, we find the distance rmelt defined as

the distance away from the peak fluence of an incident pulse that fluence will fall below the

melting threshold:

F (rmelt) = Fmelt = F0exp

(
r2
melt

2σ2

)
. (A.2)

Our experimental goal is to raster the laser beam such that successive pulses strike

the surface of our substrate no farther than rmelt from the previous pulse. Indeed, in order

to obtain a laser-treated surface with the most uniform characteristics possible, we wish

to choose a small value for r. However, our experimental efforts are complicated by the

fact that nanoscale capillary waves can be excited on the silicon wafer’s surface while it is

molten due to laser-melting [54]. These waves can focus the laser beam into the valleys

formed by these structures. This effectively increases the fluence, potentially above the

ablation threshold. This would result in the creation of large amounts of surface roughness

as we have observed in much of our previous work. Thus, it is to our advantage to select

the largest r that satisfies r < rmelt. Experimentally, we will find only a narrow window of

laser parameters that meet both requirements.

To test this principle, we prepared a (111) Si wafer, doped n-type with phosphorus

to a resistivity of ρ = 800 − 900 Ω·cm. We cleaned the surface using ultrasonic cleaning

in baths of acetone, methanol, isopropanol, and deionized water. We etched the wafer in

dilute (5%) HF to remove the native oxide, and immediately placed the silicon wafer in a

vacuum chamber. We evacuated the chamber to < 1 Pa, and backfilled the chamber with

SF6 at a pressure of 6.7× 104 Pa.

Our regeneratively amplified laser system has an average pulse energy of 300 µJ and
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Figure A.1: The calculated fluence exposure on the silicon surface given the laser and
rastering parameters we have chosen. We note that all locations are exposed to a laser
fluence above the melting threshold.

a repitition rate of 1 kHz. To satisfy the requirements outlined above for silicon (Fmelt = 1.5

kJ/m2, Fabl = 3.0 kJ/m2), we reduce our laser repetition rate to a frequency f = 11 Hz using

a mechanical shutter, reduce laser pulse energy to 140 µJ, focus the laser beam to a full-

width at half-maximum of 250 µm, and space the laser pulses in the x- and y- directions

by 58 µm. We accomplish this pulse spacing by translating the silicon wafer at a speed

v = 640 µm/s in the plane perpendicular to the laser beam using stepper motors. Figure

A.1 illustrates the calculated fluence exposure of an arbitrary line on the silicon surface; we

see it satisfies the predicted requirements for a flat surface.

After fabrication, we measure the transmittance and reflectance in a UV-VIS-NIR

spectrophotometer equipped with an integrating sphere. We imaged the surface in a scan-

ning electron microscope (SEM), and also prepared a cross-sectional sample for transmission

electron microscopy (TEM). Secondary ion mass spectroscopy was performed using using
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a 7 keV Cs ion beam and an ion current of 200 nA. The SIMS signal was collected from

a square region 100 µm × 200 µm. Because the most abundant isotopes of oxygen and

sulfur have atomic weights of 16 and 32, respectively, there is potential ambiguity over

which species we are counting when we monitor the atomic mass 32 signal, assuming singly

ionized masses are being measured. To ensure we are measuring sulfur, we monitor the

ratio of atomic mass 32 to 34 coming from the sample. By comparing the ratio of these

signals to known values for sulfur’s isotopic abundance (32S:34S ≈ 22), we ensure that we are

measuring sulfur rather than oxygen in the SIMS signal. Count profiles were corrected for a

non-linear detector saturation counting error, and calibrated against a known ion implanted

sample to generate concentration versus depth.

A.3 Results

After the laser-exposure, the surface appears to remain specular to visible light;

we show this in a photograph in Figure A.2 (left, see caption for identification of doped

region). Closer inspection under an SEM (Figure A.2, right) also shows no significant surface

roughness. A small surface feature, the largest we could find after searching a significant

area, is highlighted in the image. No roughness could be observed of significance to visible

light (λ > 400 nm).

The bright-field TEM image is shown in Figure A.3. The image confirms that

the surface has little or no surface morphology. A selected area diffraction (SAD) pattern

is shown inset. The aperture was placed over the surface region; the diffraction pattern

indicates amorphous arrangement of the silicon atoms. The amorphous surface layer is

70± 5 nm thick. A high magnification image is also shown in the figure, in which columns

of atoms are evident in the lower layer, but not in the surface region.
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2 µm

Figure A.2: Left : A photograph of the laser-irradiated area, demonstrating specular re-
flection. Right: A high magnification image of the surface; the largest surface feature the
author could find is outlined in the white box.

Si substrate

amorphous region

epoxy

100 nm 5 nm

Figure A.3: Left:A bright field TEM illustrates two distinct regions with different crystalline
structure; the top layer is amorphous (selected area diffraction inset); the layer below is
crystalline and of the same orientation as the substrate. Right: High magnification view of
the interface (note reversed contrast); atomic columns are visible in the crystalline region.
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Figure A.4: SIMS reveals a sulfur concentration significantly above the solid solubility limit
extends almost 100 nm into the silicon wafer.

The results of SIMS are shown in Figure A.4. The first two data points were

contaminated by oxygen from the native oxide and we discard them. The concentration

near the surface is at least 6× 1019 cm−3, and concentrations significantly above the solid

solubility limit (1016 cm−3) extend at least 100 nm into the material. The detection limit

of the measurement, due to oxygen contamination in the chamber is approximately 1017

cm−3. The total sulfur dose, obtained by integrating the area under the curve in Figure

A.4, is (2.8± 0.2)× 1014 cm−2.

The normalized absorptance A, calculated from the transmittance T and the re-

flectance R as A = (1 − R − T )/(1 − R) reflects the fraction of unreflected light that is

absorbed in the material. In Figure A.5 we plot this quantity as a function of wavelength.
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Figure A.5: Sulfur introduced into silicon via femtosecond laser doping yields significant
infrared absorption.

A.4 Discussion

As originally pointed out by Lord Rayleigh [147], waves will reflect in a specular

fashion when

λ� σh, (A.3)

where λ is the wavelength of a wave incident upon a surface with an average roughness σh.

By simple inspection of Figure A.2, we can see that we have met this criteria for visible

wavelengths. The SEM and TEM both confirm this simple observation. Indeed, the feature

highlighted in the box in figure A.2, a feature demonstrating a variation of surface height

on order 100 nm, was quite difficult to find, and required searching over a relatively large

area.
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Consistent with our observations in chapter 4, our TEM image indicates that at

least the upper layer of the volume melted by fs-laser irradiation is amorphous. This obser-

vation should be contrasted against our previous publications regarding irradiation above

the ablation threshold [66, 69], for which we observed significant crystallinity in the laser-

doped region. Other authors have previously noted — for both picosecond and femtosecond

laser irradiation of silicon — that there is a low fluence regime in which the irradiated sil-

icon resolidifies in an amorphous phase, while at higher fluences there is an “annealed”

regime in which crystal order is recovered because the additional energy deposited by the

laser pulse leads to a longer cooling period, and sufficient time for crystal regrowth [77].

The threshold for this annealing process has been estimated to be 5.5 kJ/m2, signficantly

above the fluences used in this experiment [91]. It is important to note, however, that the

experiments in reference [91] were carried out in air, however, rather than SF6.

These published observations regarding the crystal structure of the re-solidified

layer are consistent with our observations, as we are operating at a fluence just above the

melting threshold (F = 2 kJ/m2). It is unknown at the current time if, by increasing fluence

into the “annealing” regime, we could fabricate a substrate with both a specular surface,

significant doping levels, and crystalline order. However, our experience with this sample

suggests it would be difficult, as any increase in fluence above 2 kJ/m2 generated rough

surfaces in our experiments. With this in mind, it is useful to note that the amorphous,

sulfur-bearing layer we observe after irradiation is similar to the amorphous layer found

after ion-implantion silicon; to regain crystalline order and maintain supersaturated dopant

concentrations in those materials, ns-laser melting is used [43]. We anticipate such methods

methods would similarly allow the recovery of crystal order (in samples such as the one we

discuss here) while maintaining supersaturated concentration of sulfur. Similar work has

already been published for silicon supersaturated with sulfur via ion implantation [49].
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The solid-solubility limit of sulfur in crystalline silicon is about 1016 cm−3 [38–40].

The SIMS data that we report in figure A.4 demonstrates concentrations 3 – 4 orders

of magnitude greater than the equilibrium level, extending approximately 100 nm from

the surface. As we discussed in chapter 4, the presence of the amorphous layer proves

that the velocity of the resolidification front was moving faster than 15 m/s [96]. Such

high resolidification front speeds are well in excess of the velocities necessary for solute

trapping [45], and we believe this explains the high concentrations of sulfur in our samples.

It is interesting, though, to compare the data in this chapter to what we reported in chapter

4 for irradiation with a single shot of the same fluence used here (2 kJ/m2). We immediately

observe the following distinctions for the sample on which we report in this chapter:

1. The dose of sulfur is an order of magnitude higher

2. The dose extends almost twice as deep (100 nm vs 50 nm)

3. The shape of the sulfur profile is flatter, and a high concentration extends deeper into

the sample

We can calculate the number of times an arbitrary area of the sample surface

was exposed to laser fluence higher than the melting threshold Nmelt; given the exposure

parameters described above, we find Nmelt ≈ 6. Interestingly, the ratio of the total sulfur

dose D implanted into the samples described in this chapter, to those doped using a single

laser pulse (chapter 4) is about DN≈6/DN=1 ≈ 8±2. Thus, to first order, the dose of sulfur

appears to scale with melt duration. In chapter 4, we speculated that the dose of sulfur

was consistent with the kinetic flux of gas particles across the gas-liquid interface over the

duration we expect the silicon surface to be molten. The ratio we observe above is consistent

with this observation. However, directly comparing the two results is potentially misleading.

The result from chapter 4 was obtained using a different laser system and a shorter pulse



Appendix A: Controlling surface morphology in fs-laser doped silicon 150

duration (τ = 75 fs) than the results reported here. Additionally, the laser exposure is

more complicated for the sample on which we currently report: any given location on the

surface has an exposure history consisting of several overlapping laser pulses. However, it

seems clear that there is a significant range of doping that can be achieved by altering some

combination of laser parameters. Future experiments will explore this relationship in more

detail.

Finally, from the optical data presented in Figure A.5, we note the presence of a

significant increase in absorptance at photon energies below the optical band gap of silicon

(crystalline or amorphous). One reason fs-laser doping of silicon with sulfur is interesting

is that it demonstrates strong absorption of photons with energy less than the band gap.

The absorptance we observe in figure A.5 is significantly lower than what we observe in

roughened black silicon [53, 65], but significant nonetheless. Such similar absorption —

featureless absorption between 1100 nm and 2500 nm — suggests that similar impurity

levels must be available regardless of the lack of longer-range order. The lower value of this

absorptance could be due to several reasons, such as the shorter path length through the

sulfur rich region due to a lack of surface roughness. Alternatively, the amorphous structure

of the doped layer reported here could affect the local coordination and energy states of

the implanted sulfur. In silicon ion implanted with sulfur above the solubility limit, other

researchers have observed significantly increased sub-band gap absorption when crystal

order is restored to an amorphous silicon layer supersaturated with sulfur [49].

A.5 Conclusion

We have demonstrated silicon implanted with sulfur beyond the solid solubility

limit using fs-laser irradiation. The resulting surface maintains a highly polished, specular
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appearance, an observation maintained under inspection by high magnification electron

beam imaging. We have characterized both the sulfur concentration profile, as well as the

crystal structure. We find that a sample prepared in this manner also displays currently

unexplained absorption photons with energy less than the band gap.

The results described here represent the first successful use of fs-lasers to generate

super-saturated concentrations of sulfur in silicon without generating substantial surface

roughness. Although ion-implantation techniques are capable of reaching super-saturated

concentrations of sulfur in a silicon lattice [49], the use of lasers to these concentrations over

a large area is potentially attractive from a manufacturing perspective. Lasers are easily

integrated into an in-line process, while ion-implantation is a high-vacuum batch-process.

Additionally, the large area of non-equilibrium doped substrate makes available new optical

techniques for characterizing this fascinating material.
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Femtosecond laser doping of silicon

with selenium

In this chapter, we record the current status of investigations currently ongoing

regarding femtosecond laser-doping of selenium in silicon. Although we are not ready to

draw firm conclusions, we have accumulated significant new results in the last year and

it seems appropriate to summarize them here. Recently, collaboration among the Mazur

(Harvard), Buonassisi (MIT), and Gradecak (MIT) groups has brought together a new

variety of tools, including optical and electronic characterization, x-ray spectroscopy, and

high resolution transmission electron microscopy. We choose selenium as a dopant, in part

because it provides similar optical properties as fs-laser doping of sulfur, and as such offers a

degree of freedom that may shed light on the questions we have posed throughout this thesis

regarding the origin of the interesting optical properties in non-equilibrium chalcogen-doped

silicon. For more practical reasons, though, selenium is employed in this collaborative effort

because it is heavier than sulfur, and offers a larger cross-section for many of the chemically

sensitive techniques described in this chapter. As already mentioned, this chapter is not

152
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intended to tell a complete story, but rather place a bookmark in an ongoing and exciting

collaborative investigation of non-equilibrium chalcogen-doped silicon.

B.1 Introduction

Although in this thesis we have primarily focused on non-equilibrium concentra-

tions of sulfur in silicon, the Mazur group recognized early on that all of the heavy chalcogens

(S, Se, Te), when introduced in comparable concentrations, yield the same sub-band gap

optical properties as non-equilibrium concentrations of sulfur [68,70,72]. In a sense, this is

a powerful observation, as it allows us to explore a family of dopants that introduce similar

optical properties, but that differ in important ways. In this way, exploring the effect of

changing dopant may allow us to identify common elements or properties that are impor-

tant to optical or structural properties of fs-laser doped silicon. For example, S, Se, and

Te have significantly different diffusivities in a silicon lattice. By exploring the response

of infrared absorptance to various thermal treatments, we have previously shown that the

de-activation of infrared absorption if fundamentally linked to diffusion of the dopant [70].

We expect similarly powerful insights to result from continued investigation of similarities

and differences that result from choosing different chalcogens for the fs-laser doping process.

This chapter mirrors many of the measurements made in Chapter 5. We dis-

cuss the optical properties of silicon doped to non-equilbrium concentrations (Se:Si), which

primarily confirm previously observed phenomena [68, 70]. We present new data regarding

electronic properties of the laser-doped region and the silicon substrate, as well as electronic

transport within the laser-doped region. We include key results from our collaborators in

the Gradecak and Buonassisi groups. The reader should refer directly to those groups

and their publications for detailed exposition regarding these data, and we present them
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here simply for completeness. Finally, we also identify some complications that arise when

introducing dopants into the laser-silicon interaction via thin-solid films.

B.2 Experimental

The results described in this appendix all regard silicon doped with selenium be-

yond the solubility limit using femtosecond laser irradiation in the presence of a thin solid

film of selenium, which refer to below using the shorthand “Se:Si.” Selenium is introduced

via a thin solid film due to the hazards of working with selenium-bearing gases.

For all measurements below, we prepare (100) silicon wafers; for optical, x-ray,

and transmission electron microscopy experiments, we study float-zone grown silicon wafers,

doped n-type with phosphorus (ρ = 3000−6000 Ω·cm). For temperature dependent electri-

cal measurements we prepare p-type (boron dopant, 1− 20 Ω·cm) wafers, a choice that we

will see later is necessary for diode isolation of the laser-doped region. As in chapter 5, we

employ a variety of substrates for room-temperature I − V measurements (see table B.1).

For all substrates, we begin by cleaning the wafers using the standard RCA clean [104].

After cleaning, we etch the native oxide in a dilute (5%) HF solution, and immediately

transfer the wafer to the vacuum chamber of a thermal evaporator. We deposit 75± 5 nm

of Se at rate of approximately 0.2 nm/s. Following Se deposition, we confirm the thickness

using an ellipsometer, and then immediately transfer the wafer to a vacuum chamber in the

laser-doping setup. The chamber is evacuated to high vacuum (p < 10−8 Pa), and subse-

quently backfilled with 6.7× 104 Pa N2 gas. The N2 gas is used as an inert ambient to keep

the hydrodynamics of the melted silicon similar to other experiments; a detailed explanation

of this process and the impact of various laser parameters can be found elsewhere [68,72].

The wafers are placed before the focus of a train of amplified femtosecond laser
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Type / Dopant Resistivity (Ω·cm) Carrier concentration (cm−3) Ec − Ef (meV)

p/B 1 +1.6× 1016 924

p/B 10 +1.5× 1015 862

p/B 5000 +2.2× 1012 694

n/P 5000 −1.0× 1012 444

n/P 100 −4.9× 1013 343

n/P 10 −5.0× 1014 283

Table B.1: Selected properties of silicon substrates laser-doped with selenium

pulses, oriented with the wafer surface perpendicular to the laser beam. The laser pulses are

produced by a regeneratively amplified Ti:sapphire femtosecond laser system with a center

wavelength of 800nm, pulse duration of about 75 fs, and repetition rate f . We measure

the spatial profile at the sample surface by deflecting the beam into a CCD camera, and

calculate laser pulse fluence by dividing pulse energy by the area of the pulse (defined as the

area of the pulse with intensity greater than 1/e of the maximum). Using stepper motors,

we translate the silicon wafer in raster scan pattern that achieves a uniform distribution

of laser pulses across the area to be doped. Translation parameters are chosen such that

the distance between any two laser pulses is ∆x = v/f in the x-direction, and ∆y = ∆x

in the y-direction. We choose the spatial extent of the laser intensity profile and stepping

distances (∆y,∆x) such that πw2/∆y∆x = 100; where w if the full-width at half-maximum

of the laser intensity profile, and all other parameters are defined above. Specific parameters

are approximately: f = 25 Hz, v = 1500 µm/s, and w = 875 µm, and pulse energy 1.7

mJ. The laser fluence is 2 kJ/m2, and the attentive reader will note that these parameters

correspond to 175 shots per area (see section 2.4).

Following laser-irradiation, we thermally anneal the doped wafer for 30 min in an

open tube furnace, while flowing 300 sccm (5× 10−2 standard l/s) forming gas (95% He, 5

% H2). For all optical, x-ray, and TEM measurements, samples for each measurement are
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cleaved from a single doped region to ensure that identical samples are compared between

experiments. The set of samples that we studied include a non-annealed sample, as well as

wafers annealed at T = [475, 600, 725, 850, 975, 1100, 1225] K. The thermal profile of each

anneal was square-wave in shape, with samples placed directly into a preheated oven and

quenched in air after 30 minutes of heat treatment.

After irradiation, we prepare samples appropriate for Hall and I-V measurements.

We etch the native oxide from the surface using a dilute (5%) solution of hydrofluoric acid,

and evaporate aluminum contacts on both sides using an electron beam evaporator. For

I-V measurements, we then isolate the edges and define approximately square areas with

sides L ≈ 5 mm by cleaving the wafer. We then measure the current-voltage properties of

the junction between the laser-doped region and the substrate by applying a bias between

the front and back contact and measuring the resulting current. The voltage is defined

positive when the p-type substrate is raised to a higher potential than the laser-doped

region. For Hall and resistivity measurements, we take the metallized sample and mask

a square array of 1.5 mm diameter circles (array spacing of 1 cm) on the doped surface

using positive photoresist. We etch the unmasked Al layer using a commercial Al etch,

and cleave the waver such that we form square van der Pauw samples with dimensions 1

cm x 1 cm and semi-circular contacts that extend 0.75 mm from each corner. We load

the Hall samples into a closed-cycle helium cyrostat and measure the resistivity and Hall

effect using standard techniques [109]. Our setup includes signal multiplexing that allows

us to correct for standard errors by collecting redundant measurements of the Hall voltage.

We collect resistivity and Hall effect data over a temperature range 20 K < T < 800 K.

Temperature steps are taken to be either ∆T = 10 K or ∆(1000/T ) = 2 K−1, whichever

corresponds to a smaller temperature change. The samples are immersed in a magnetic field

of approximately 0.75 T (data are collected for positive and negative fields), and excited
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Figure B.1: SEM images of selenium films direclty after emerging from a thermal evaporator;
films thicknesses shown are a) 7.5 nm,b) 25 nm, c) 38 nm, and d) 120 nm.

with the lowest possible current to generate a Hall voltage of approximately 10 µV. We

observe no self-heating effects.

Finally, we measured the optical properties of the samples before and after anneal-

ing by measuring the infrared absorptance with a UV-VIS-NIR spectrophotometer equipped

with an integrating sphere detector. The diffuse and specular reectance (R) and transmit-

tance (T) were measured for the wavelength range of 0.4− 2.5 µm, in 1 nm increments to

determine the absorptance (A = 1 − R − T ) at each wavelength One set of samples are

delivered to our collaborators are prepared for TEM bright field and dark-field imaging, as

well as scanning TEM (STEM) dark-field imaging, which is particularly sensitive to chem-



Appendix B: Femtosecond laser doping of silicon with selenium 158

ical contrast. A second set are prepared for Extended X-ray Absorption Fine Structure

(EXAFS) spectroscopy . We will provide an extremely brief overview of this technique later

in this appendix.

B.2.1 Special notes regarding selenium doping

We spent considerable time and effort developing techniques for introducing sele-

nium into silicon. We initially observed significant degradation of our selenium films after

a few hours: they would transform from sheen, specular, and slightly green in appearance

to a distinctly cloudy, smoky appearance. A great deal of time and effort was expended

on improving the cleanliness of our sample surface and our thermal evaporator before we

noticed that samples kept in a vacuum did not undergo this transformation. Inspection

under an SEM (Figure B.1) revealed that the films were degrading over time: collapsing

due to what we speculate is a surface tension instability of thin selenium films. We found

that films of approximately 75 nm thickness maintain their stability for several hours while

also yielding acceptable results for the laser-doping process: high selenium concentrations

in the laser-doped region, and no evidence of Se left on the surface after irradiation.

B.3 Results

In Figure B.2, we show an SEM image of the surface morphology that forms as a

result of the laser-doping process. Features are larger and blunter than similar structures

formed during irradiation in the presence of SF6 gas; the interested reader should refer to

Figure 2.2 and reference [72] for more information and discussion. In Figure B.3, we show

the results of the optical absorptance; they are in agreement with previous results [70]. We

observe broad, featureless optical absorption from the visible to photon energies as low as

0.5 eV. The average sub-band gap photon absorption decreases with thermal annealing,
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2 µm 2 µm

Figure B.2: Scanning electron microscope image of silicon doped with selenium via fs-laser
irradiation. Left: Top view. Right: 45o view.

with higher annealing temperatures yielding lower sub-band gap absorptance.

In Figure B.4, we see the I − V properties of Se:Si for two different experiments.

In the top portion of the figure, we see the manner in which I−V properties of the junction

between Se:Si and a p-type, 1 − 20 Ω·cm substrate change with annealing. We observe

rectifying behavior for all annealing temperatures except 1100 K. The leakage current is

smallest for the highest anneal temperature of 1225 K. In the bottom portion of the figure,

we summarize the results of the I − V properties of Se:Si with a variety of silicon substrate

doping types and concentrations. This experiment was explained in detail in chapter 5. For

all of these experiments the laser-doped wafer was annealed at 975 K for 30 min following

laser exposure. In the figure we show the rectification ratio, which expresses the ratio of

current through the junction at a forward bias of +1 V to that at a reverse bias of −1

V. This offers us a semi-quantitative picture of the “quality” or existence of rectification

at a junction. In the figure, we see that only a narrow range of substrate types yield

rectification: p-type substrates with a dopant concentration of less than about 1016 cm−3.

Dopant concentration is simply found from resistivity using standard tables [133].

Low resolution temperature-dependent I−V measurements were conducted to get
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Figure B.3: Optical absorptance (A = 1 − R − T ) for silicon doped with Se using fs-laser
irradiation, subjected to 30 min thermal anneals of various temperatures.

a crude sense of whether we could expect diode-isolation of the laser-doped region. These

measurements indicated that rectification at the junction between the laser-doped region

and a p-type (1 − 20 Ω·cm) substrate only occurred below room temperature for samples

annealed to 975 K. Keeping this in mind, we plot the results of temperature-dependent

transport measurements for the substrate and Se:Si in Figure B.5 (Se:Si formed on a p-type

1 − 20 Ω·cm substrate, annealing temperature labeled in plot). We plot the magnitude of

sheet carrier concentration ns, sheet resistivity rs, and calculate the mobility µ = (qrsns)−1.

We calculate ns as

ns = rH
IeB

qVHall
, (B.1)

where Ie is the excitation current, B is the applied magnetic field, q is the elementary charge,
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Figure B.4: Top: I − V properties of the junction between Se:Si and a p-type 1− 20 Ω·cm
substrate as a function of annealing. Botton: The rectification ratio (current at forward
bias of +1 V divided by current at back bias current at −1 V), calculated from the the
room temperature I − V properties of the junction between Se:Si and silicon substrates of
various doping concentrations and types. We see behavior similar to that shown in Figure
5.5, for which we performed the same experiment using sulfur-doped silicon.
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Figure B.5: Temperature-dependent electric transport properties of silicon doped with se-
lenium using fs-laser exposure; here we show (top left) sheet carrier concentration versus
inverse temperature, the sign of the charge carrier specified in Figure B.6; (top right) Hall
mobility versus temperature; (bottom right) sample geometry (dark grey area represents
laser-doped region, light grey represents the substrate); and (bottom left) sheet resistivity
versus temperature. For these plots, sampling was fine enough that plotted points merge
into lines.

VHall is the measured Hall voltage, and rH is the Hall scattering factor. We approximate

rH = 1, which we expect introduces an error of order unity, but is unimportant to our

conclusions here. The sign of the carrier concentration is somewhat complicated to repre-

sent. The p-type substrate exhibits the expected behavior, with a positive charge carrier

at all temperature below T ≈ 500 K, above which it transitions to intrinsic conduction and

a negative charge carrier. The unannealed Se:Si sample exhibits the same behavior, and
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Figure B.6: A detailed view of the high temperature behavior of the sheet carrier concen-
tration for the Se:Si sample annealed to 975 K for 30 min. The spikes in the data represent
temperatures at which the Hall voltage changes sign, going through zero and causing large
anomalies in ns.

nearly the same values, as the substrate at all measurable temperatures. The Hall voltage

in the unannealed Se:Si sample is only measurable for T > 250 K. The sign of the charge

carrier in the annealed Se:Si sample is complicated, and we show the behavior of ns in

detail in Figure B.6. For temperatures T < 300 K, the sign of the charge carrier is negative.

Above 300 K, the Hall voltage goes rapidly through zero as the sign of the charge carrier

changes to positive, and ns appears to have the same or similar values as the substrate for

all temperature above this point. This reflects the loss of diode-isolation of the Se:Si region;

this loss of isolation is also evident in the sheet resistivity (shown in Figure B.5, where we

see that for temperatures above T = 300 K, this samples exhibits nearly identical values as

the substrate. Thus, we do not consider any data above T = 300 K.
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B.3.1 Collaborative results

In this section, we briefly highlight some key findings of the Gradecak and Buonas-

sisi groups. In Figure B.7, we show a bright-field TEM image obtained by the Gradecak

group of an unannealed Se:Si sample. The image shows a single cyrstal substrate with

a region of differing crystal structure extending throughout the depth of the laser-formed

surface features (i.e. spikes and ripples). Selected area diffraction reveals that the spike is

highly polycrystalline, and chemically sensitive x-ray spectroscopy, conducted during imag-

ing, shows that the entire spike is rich with selenium (the ability to detect it using the EDX

tool indictates the selenium is of a concentration on the order of 1%). There are a variety of

additional features observable in TEM, such as an oxygen rich surface region approximately

50 nm thick, and as well as a variety of as-yet unidentified structural features within the

polycrystalline region.

The Buonassisi group performed Extendend X-ray Absorption Fine Structure (EX-

AFS) spectroscopy on Se:Si on series of samples annealed to different temperatures (the same

group of samples represented in Figure B.3). EXAFS is an x-ray technique that carefully

examines oscillations in the x-ray fluorescence just above resonance for a particular element;

in this case, the spectral region in the vicinity of the selenium absorption edge (12.6 keV)

line was examined. The average local environment (structural and chemical) of the selenium

impurities imparts small features (or fine structure) to the behavior of this fluorescence sig-

nal. When examining a series of samples in which the state of the impurity is expected to

change — as we expect selenium changes from an absorbing to non-absorbing state with an-

nealing — principal component analysis can be used to estimate the fraction and spectrum

of individual states that add together to create the overall result. The Buonassisi group has

published their findings in this area [148], but we summarize one of the most interesting

findings in Figure B.8. In this figure, we show the combined results of principal component
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500 nm

Figure B.7: Bright-field TEM image of silicon doped with selenium via fs-laser exposure.
The TEM image reveals a polycrystalline region extending throughout the entire depth (≈ 1
µm) of the laser-formed surface morphology, while x-ray spectroscopy reveals about 1% Se
throughout the polycrystalline region. Results should be compared to Figure 2.4. TEM
imaging performed by Matt Smith of the Gradecak group at MIT.

analysis (PCA) of the x-ray fluorescence spectra, and the infrared optical absorption data of

Figure B.3. We see that the average sub-band gap absorptance scales almost monotonically

with the fractional presence of a unique chemical state identified in the EXAFS spectra.

B.4 Discussion

The purpose of this appendix it not to offer a full interpretation of these results;

we cannot resist the opportunity to comment briefly, though. We begin by noting that
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Figure B.8: EXAFS performed by Bonna Newman and Joe Sullivan of the Buonassisi group
at MIT; figure adapted from reference [148]

the optical data of Figure B.3 are consistent with previous experiments, in which we have

shown that the deactivation of optical is strongly linked with diffusion of the dopant on a

length scale of 20− 40 nm [70]. We will not address this data further.

Next, we consider the data I − V data of Figure B.4. This figure represents, in

a semi-quantitative fashion, the nature of the junction between the selenium-doped region

and silicons substrate of varying doping type and concentration. As we discussed in detail

in section 5.5.2, this experiment represents a type of spectroscopy that yields information

regarding the location of the Fermi level. In comparison to Figure 5.5, in which we plot the

same data for a fs-laser doping with sulfur, we can make several immediate observations.

1. The sulfur doped substrates provide a higher quality rectifying junction, with larger

rectification ratios in the case of a rectifying junction. Rectification ratios approached

104 for sulfur doped layers, whereas they hardly exceed 102 with selenium.
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2. The selenium doped layers do not form rectifying junctions with any n-type substrate,

whereas sulfur-doped layers would form rectifying junctions with lightly-doped n-type

substrates.

We can draw two conclusions from these observations. First, the lower value of

the rectification ratio for selenium-doped layers indicates a lower quality junction between

Se:Si and the substrates relative to the same junctions formed with S:Si. This leakier

junction is somewhat surprising given the apparently thicker, and more highly crystalline

selenium doped regions apparent in Figure B.7. From the TEM images, we initially supposed

that higher crystallinity in the laser-doped region would lead to lower leakage through the

junction and a higher “quality” of rectification. The fact that rectification is of lower quality

could stem from a more conductive (and thus leaky) inter-grain region. Currently, TEM

imaging has not identified specific differences in the inter-grain region, so at this point we

cannot draw firm conclusions regarding potential differences between sulfur- and selenium-

doped inter-grain regions. The laser-exposure process is dramatically different: selenium

doping occurs in an ambient environment of N2 with an optically thick (75 nm) film of Se

atop the silicon, whereas sulfur doping occurs in an ambient environment of SF6 in which

the laser interacts directly with the silicon surface. Thus, it would be unsurprising if the

differing laser-exposure yields a different net energy deposition and cooling rate — and thus

resulting crystal structure — in the laser-doped region. Second, comparison of Figures B.4

and 5.5 indicates that the Fermi level in Se:Si is pinned slightly lower than in S:Si, given

the lack of rectification for junctions formed with any n-type substrates. However, as we

described in detail in section 5.5.2, the resolution of this type of spectroscopy is limited

to a few multiples of kbT , so it may be misleading to read much into this difference. We

do note, however, that many of the Se dimer and complex states introduce energy levels

10− 30 meV below the comparable centers introduced by sulfur in silicon [129].
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The temperature-dependence of important charge transport parameters, such as

sheet carrier concentration, mobility, and sheet resistivity, are difficult to interpret. Layer

isolation is more difficult to achieve in the selenium doped samples, relative to the sulfur-

doped samples that we discussed in chapter 5. As we can see by comparing Figures B.4 and

5.5, this difference clearly stems from the lower quality of the rectifying junction between

Se:Si compared to S:Si. Besides the difference in the ability to isolate the doped region, the

behavior of selenium- and sulfur-doped samples — both their sheet carrier concentration and

sheet resistivity — is quite similar. The lack of temperature sensitivity in the Hall voltage

(and thus carrier concentration) is consistent with a transition to metallic-like conduction

[119], but without measuring the resistivity at temperature closer to absolute zero, this

distinction remains ambiguous.

Finally, we comment briefly on the data obtained by our collaborators, and how

they are relevant to previous and current findings regarding Se:Si. As we have already

mentioned, the TEM images of Figure B.7 may represent the most puzzling piece of data

currently. A polycrystalline region extends as deep as 1 µm, all of which is rich (≈ 1%

atomic) in selenium. We remind the reader that when doping with sulfur from an atmo-

sphere of SF6, sulfur is distributed in the region melted by the femtosecond laser pulse;

this depth, regardless of laser fluence, is always in the range 50 − 150 nm. We discussed

these observations at length in chapter 4 for doping below the ablation threshold, but this

behavior is the same for laser-doping with sulfur above the ablation threshold (see Figure

2.4). Thus, this substantially deeper distribution of selenium is quite puzzling. Because the

ability to engineer the depth of the dopant implant would be a powerful technological tool,

this difference merits significant attention.

At a fundamental level, the EXAFS data is a significant addition to our knowledge

regarding the origin of sub-band gap infrared absorption. The PCA analysis indicates that
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annealing causes a transition from predominantly one chemical state (which we call “A”)

to a second chemical state (which we call “B”). We emphasize to the reader that the PCA

analysis does not assume this type of behavior (transition from one state to another), nor

this number of states. The PCA analysis simply attempts to take the EXAFS fluorescence

signal, which for a given state of selenium is akin to fingerprint but changes over the course

of annealing, and find the statistically most probable superposition of spectra that will

result in the observed behavior. We find it unlikely that the correlation between optical

absorption and the chemical states is coincidental. Indeed, it is possible that state A

represents the fluorescence signal from the non-equilbirium selenium state that introduces

sub-band gap absorption, and which transitions to the equilibrium state B (which is not

sensitive to sub-band gap photons) following thermal annealing. Such a relaxation could

take the form of dopant precipitation, or something more exotic. Additional analysis of

the EXAFS data, in principle, could allow for identification of the atomic arrangements of

state A and B. Identification of the chemical and physical structure responsible for sub-band

gap absorption is currently the most pressing question regarding non-equilibrium chalcogen

doping of silicon. We note in closing, however, that the EXAFS signal is weighted by

a chemical state’s concentration. Thus, it is possible that one or both states that the

PCA analysis identifies are not responsible for the sub-band gap optical properties but are

simply more numerous and react in a similar fashion to annealing. Although we consider this

coincidence unlikely — especially give that this would imply that a very small concentration

(� 1020 cm−3) of dopants are responsible for near-unity sub-band gap absorption in a layer

that is less than 1 µm thick — we cannot currently rule it out. Addressing this ambiguity

must be a priority for future work.
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B.5 Conclusion

Our investigation into silicon doped with selenium beyond equilibrium solubility

limits via fs-laser irradiation is on-going. The optical and electronic results presented in

this chapter paint very similar picture to that which we discussed in chapter 5 for sulfur in

silicon. The high selenium concentration yields donor activity and a temperature-insenstive

sheet carrier concentration. Although this is suggestive of a metal-insulator transition, the

resistivity remains relatively high and we cannot comment rigorously on this topic until data

at lower temperatures are available. Fermi level spectroscopy via I −V measurements on a

variety of substrates suggest Fermi level pinning at a lower level than in sulfur-doped silicon.

Junctions formed between Se:Si and silicon substrates exhibit poorer rectification than S:Si,

and they are less stable to temperature increases. This observation is especially puzzling

given the higher quality crystal structure resulting from this doping process evidenced in

TEM imaging. We are unsure at the present time if the poor rectification is an artifact of

laser exposure parameters, or is more intrinsically linked to differences between the selenium

and sulfur laser-doping processes.

The preliminary results of a collaborative look into this material are particularly

promising. Chemically sensitive TEM has yielded information regarding the distribution

of selenium that has been impossible to obtain thus far due to problems introduced by the

roughened surface morphology. One particularly poignant question raised by TEM imaging

regards the depth of the apparent laser affected region — if the laser-melt depth is on

the order of 100 nm, how does doping and poly-crystallinity extend almost 1 µm from the

surface? EXAFS measurements have confirmed that the drop in sub-band gap absorptance

is inherently linked to a change in chemical state of the selenium dopants. With further

(and currently on-going) analysis of the EXAFS spectra, it may be possible to determine the
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local chemical coordination of the Se. This is a particularly promising area of research; one

which may finally unlock the chemical structure responsible for the fascinating sub-band

gap optical properties. Such findings would play a large role in determining the suitability

of fs-laser doped silicon for applications such as photovoltaics.
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