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I. Program Objective: Develop nanophotonic devices based upon coupled QD emitters
in a PhC nanocavity.

The ultimate objective of the proposed research was to establish the next generation of nano-photonic light sources
and optical memory. To this end we worked to combine engineered QDs with engineered PC cavities to explore and
exploit simultaneous electronic and optical confinement. Technical thrusts included Nanocavity design and device
development along with integration with the quantum dot active (QD) region. The first approach which we
considered was to incorporate self-assembled QDs into the starting epitaxial material, where the PC nanocavities are
fabricated after growth. The PCs design and fabrication was optimized for high cavity Q and minimal cavity
volume. In parallel, we developed nanopatterning capability to arbitrarily place a single QD or an ensemble of
identical QDs within the PC. The outcome of these thrust areas are described below.

II. Technical Thrusts:
a. Quantum Dot Nano-Cavity Development:
Fabricate 2D nanocavity devices with self-assembled and nanopatterned OD active regions.

The nanocavity devices samples are grown by metal organic chemical vapor deposition (MOCVD) at 60 Torr
using trimethylgallium (TMGa), trimethylindium (TMIn), tertiarybutylphoshine (TBP) and Arsine (AsH3) or
tertiarybuthyarsine (TBA). Two types of structures have been grown, optically and electrically injected structures.
The cross-sectional of the diode structures are shown in figure 1. In this structure, growth is initiated on a GaAs

(001) substrate with a 3000 A GaAs layer at 680 'C after the thermal deoxidation step at 820 'C. Next, at same
growth temperature, 1000 nm of undoped A10.94Gao.o6As layer was grown. Then the temperature is reduced and
stabilized for active region growth within the range of 450-520 'C. The active region consist of a 5 ML
In0.15Ga0.85As buffer layer, a 3 ML InAs QD coverage, and a 25 ML In 0.15Gao.85As cap. A post nucleation AsH3

pause is used after the growth of each QD layer to reduce the defect density. The stacked QD layers are separated
by a GaAs barrier sandwiching the GaP strain-compensation layer. The strain compensation layers were use to
compensated the compressive strain in active region, which results in lower defect density and improved PL
efficiency. The optimization of GaP thickness is 4 MLs, results in 36 % of strain reduction in our structure. The SC
layer thickness are measured from high resolution transmission electron microscopy (TEM) images and confirm by

high resolution x-ray diffraction (HRXRD). The interface regions, GaAs/GaP and GaP/GaAs, are optimized
through the switching of gas flows to minimize In segregation and As-P interchange. The total thickness of SAQD
active region was fixed at 220 nm.

Room temperature photoluminescence (RTPL) from a series of optically pumped nanocavity device samples
with varied number of stacking including 1, 6 and 10 stacks was also studied. Several trends can be observed here.
Overall, the PL intensity of 6 stacks and 10 stacks samples are more than one order of magnitude higher with GaP
SC layers than without. As the staking number increases from 1 stack to 6 stacks, we observe a red shift from 1.30

[tm to 1.31 [tm due to increased in QD size driven by the accumulated strain. The PL intensity increases with

stacking number from 1 stack to 6 stacks then decreases for 10 stacks. The decrease in PL intensity associated with
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Figure 1 Schematic illustration of electrically pumped structure containing stacked InAs SAQD. (a) p side-up

and (b)n side-up structures.



the number of stacking can be attributed to increased defect density in the structure as result of high accumulated
strain. This result suggest that number of stacking for nanocavity devices should not be more than 6 stacks.

The cross-sectional of electrically pumped structures
are schematically illustrated in figure 2 (a) p side-up

0.20 structure and (b) n side-up structure. In the p side-up
p side-up structure (a), Si-doped ( with density of 5xl0'8 cm 3 ) n-
n side-up type GaAs substrate has been used. After the thermal

15 - deoxidation step at 820 'C, 300 nm of n-doped GaAs

(with doping density of 5xl018 cm 3), using silicon for
W.10 dopant, was grown at 720 TC. Next, at same growth
t /temperature, 500 nm of n-doped (doping density of

0.05 -. 2x 1018 cm-3) A10. 94Gao.06As layer were grown followed by
5 nm of n-doped (doping density of 5xl017 cm"3)

1.00 I.. 2,00 13 ..0. 0 14 100 1' Al0.1oGao.9OAs lower clad layer (LCL) and 5 nm n-GaAs at
Wavelength (o 2 31the same doping level. Then, the temperature of the
Wavelength (nm) substrate was decreased to 520 TC, and strain-

Figure 2 RTEL of electrically pumped structures. compensated SAQD stacks were formed using the growth
parameters close to those in optically pumped structure.
Then, the active regions were capped by 5 nm of C-doped

(doping density of 5x 1017 cm"3) GaAs followed by a 5m p-dopedAlO. 1OGao. 9oAs lower clad layer (UCL) at the same
doping level with increasing the substrate temperature from 520 TC to 560 TC. At the final growth step, p+-doped
(doping density of 3x10' 8 cm-3 ) GaAs contact layer was grown. For n side-up structure (b), both growth procedures
and growth parameters are similar to p side-up structure but with the opposite p-doped and n-doped layers. It should
be noted here that highly p-doped (doping density of 2x10 18 cm-3 ) A10.94Gao,06As layer in figure 3 (b) was not
achieved by C-doping, but by Zn-doping. The RTPL spectra of the electrically pumped structure is shown in figure
4. The result shows very similar emitting wavelength and FWHM in both structures, suggesting no different in
SAQD formation between these two structures.

b.) Design, fabricate, characterize opto-electronic devices (LEDs, lasers).
Photonic Crystal Design
In order to design the photonic crystal defect nanocavity, first we have to calculate the photonic band structure using
the plane wave method [ 1 ]. The spectra and quality of the defect mode in the cavity can be determined from the time
evolution of the resonant mode propagation calculated using the finite-difference time-domain (FDTD) method [2],
which will be discussed later. In general, there are three design parameters: the thickness of the semiconductor
membrane (t), the lattice spacing (a), and the radius (r) of the air hole in the photonic crystal. The generated modes
from the photonic crystal with infinite thickness (air holes) are classified as transverse electric (TE) and transverse
magnetic (TM) modes in Figure 3. TE modes are defined as the electric field polarized normal to the axis of air
holes, and TM modes as the electric field polarized parallel to the axis of air holes [3]. The modes are thus classified
as TE and TM modes, but they can also have even and odd spatial symmetry with respect to the center of the slab.
However, the resonant modes of the 2-D photonic crystal slab with finite thickness are not purely TE or TM, rather
they are designated as TE-like and TM-like modes [4]. The TE-like and TM-like modes are classified by a
horizontal mirror operation in the middle of the slab. TE-like modes are even under mirror reflection, while the TM-
like modes are odd. Thus, TE-like modes consist of even TE slab modes and odd TM modes. The quantum wells in
the slab are designed to provide gain for electric fields polarized in the plane of the quantum wells, which are TE
slab modes. Therefore, our designs are focused on supporting TE-like localized modes in the optical cavity, which
can strongly couple to the material gain of a quantum well.
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Fig. 3 Photonic band structure of hexagonal lattice. (Red: TE mode; Blue: TM mode). Cross hatched region
corresponds to band gaps.

There are two typical photonic crystal patterns: the square lattice and the hexagonal lattice. The square lattice
photonic crystal has approximately four times smaller TE-like (even mode) photonic band gap than the hexagonal
lattice, but it can produce a high quality whispering-gallery-like mode [5]. Because of the larger band gap and
flexibility of the photonic crystal structure, many photonic crystal defect lasers reported to date are based on a
hexagonal lattice. The simulation of the photonic band structure with a hexagonal lattice using a commercial
software package, BandSOLVE [6], is shown in Figure 3. In the photonic band diagram, the vertical axis represents
a normalized frequency a/I to describe the photon frequencies, where X is the wavelength in air. The horizontal axis
corresponds to an in-plane wave vector (k) in the irreducible Brillouin zone of reciprocal lattice [3]. The red hatched
regions in Figure 1 represent the photonic band gap for TE mode. The photonic band gap for TM mode does not
exist in this photonic crystal structure.

Unlike the infinite thickness structure shown in Figure 3, there is a light line (green line) in the photonic band
structure for the photonic crystal slab with a finite thickness as shown in Figure 2. The light line divides guided
modes and leaky modes generated from the slab. The region above the light line corresponds to modes which leak
energy out of the slab into the surrounding material. The modes in the bands below the light line can propagate in
the slab without energy loss. Since the light line can be simply interpreted as the linear dispersion curve of a photon
in the surrounding material, the slope of the light line represents the refractive index ratio between the slab and
surrounding material. As the index difference is larger, the slope increases. In Figure 2, the red hatched region
represents the photonic band gap of TE-like mode. The photonic band gap for TM-like mode does not exist in this
structure. In the air-suspended photonic crystal with a 210 nm thick slab, the photonic band gap for the TE-like
mode exists from 0.255 to 0.342 a/I shown in Figure 4 (a).
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Fig. 4. Photonic band structure of hexagonal lattice with a finite thickness (210 nm). (a) air-semiconductor-air
structure and (b) air-semiconductor-oxide cladding structure.

When an oxide cladding layer (n = 1.6) is incorporated below the semiconductor slab for electrical injection, it

breaks the air-semiconductor-air symmetry of the structure. The light line shrinks down due to the smaller index
difference in the oxide cladding structure as shown in Figure 2 (b). The oxide cladding structure increases the
radiation loss into the oxide layer corresponding with the lesser slope of the light line. Unlike the photonic band

structure of the air suspended membrane, most optical modes lie above the light line in Figure 2 (b). Since these
modes are not completely guided within the slab [7], the optical loss increases in the photonic crystal.

2.2) Defect Cavity Resonant Mode Calculation
Once the photonic band structure is obtained, the next step is finding the resonant frequencies of the cavity. A
commercial 3-D FDTD simulation package, FullWAVE [6] is used to calculate resonant frequencies from our cavity
design. Figure 3 (a) shows the relative intensity profile as a function of frequency for the H2 defect cavity structure
with 320 nm lattice spacing and r/a = 0.35. In this dissertation, the number following H, which means "Hexagonal",
represents the number of missing holes in a single side of the hexagon defect. Electric field intensity profiles of in-
plane propagation of the resonant mode are obtained as a function of time as shown in Figure 3 (b). The in plane

electric field profile indicates the symmetry of a specific resonant mode. Many of simple defect structures like Hi,
and H2 produce multiple resonant modes, but the cavity modes matching the gain spectrum are typically dipole
modes. Moreover, modification of the nearest holes around the defect has been developed to create new resonant
modes like monopole and hexapole [8], or to suppress unwanted resonant modes [9, 10].
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Fig. 5 (a) Resonant frequencies of the H2 cavity. (b) Electric field intensity profile.

The strongly confined electric field profile of the resonant mode in Figure 3 (b) indicates that spatial gain
localization within the defect region of the photonic crystal allows for efficient coupling of the optical mode to the
gain medium. We would like to apply novel semiconductor growth techniques in order to localize the gain media
such as quantum dots and quantum wells. Furthermore, we can engineer the position of the gain medium within the
defect region to optimally overlap the electric field profile. Thus, the optical emission from the gain media in the
nanocavity can be efficiently coupled to the cavity modes, which can be lithographically engineered.

Design Parameters
Since the peak emission wavelength of the InGaAs/GaAs quantum well used in this thesis is 1025 nm, the lattice
spacing (a) can be determined from the normalized frequency (a/) in the photonic band structure. We need to
decide the thickness of the slab to maximize the photonic band gap because both lattice spacing and radius can be
lithographically modified, but the thickness of the slab is fixed after it is epitaxially grown. For a given r/a ratio and
known emission wavelength from the material gain spectrum, the photonic band gap will be maximized when the
thickness of the slab is 0.5-0.6 a [11]. For a given thickness of the slab, as the r/a ratio increases, the size of the
photonic band gap is larger, and the center frequency of the photonic crystal band gap tends to increase because the
average refractive index is lower due to the larger air fraction [3,4]. However, the realizable maximum value of the
r/a ratio is less than 0.35 because of the mechanical stability of the membrane structure and fabrication limitations.
Thus, the r/a ratio of the photonic crystal and the thickness of the membrane in our cavity design are fixed to 0.32
and 210 nm, respectively.

Photonic crystal fabrication

Device Fabrication Overview
Fabrication processes of photonic crystal defect cavities have been developed using air-suspended slab structures
because of the process complexity of the regrown structure which includes two electron beam lithography steps and
a regrowth process. We first implemented the photo-pumping cavity structures as a preliminary step toward an
electrical current injection structure. The electron beam lithography, sequential dry etches, and undercut wet etch of
the photonic crystal cavities will be discussed in the following sections.

Optical Pumping Structure
The epitaxial structure for optically pumped photonic crystal cavities consists of an 220 nm thick GaAs membrane
containing multiple stacks of self-assembled quantum dots and a 1 pm thick AIO.96Ga0.04As sacrificial layer on a
semi-insulating GaAs substrate. Unlike the electrical injection structure, this optical pumping structure is undoped.
The quantum dots are designed to have a photoluminescence peak near _ 1300 nm. Figure 4 shows the schematic
process flow of optically pumped photonic crystal structures. It begins with the completed epitaxially grown
material. A dielectric layer is deposited to serve as an etch mask. Electron beam lithography defines photonic
crystals with opening structures for the undercut wet etch. Using the dielectric mask, a dry etch perforates the
photonic crystal air holes through the membrane and penetrates partially into the sacrificial layer. Finally, an
undercut wet etch with a diluted hydrofluoric acid solution removes the sacrificial layer under the photonic crystal
and the remaining dielectric mask layer.
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Fig. 6. Fabrication flow of the optically pumped photonic crystal.

Photonic Crystal Definition
Two nano-lithographic approaches to define photonic crystal cavities have been developed. First, a focused ion
beam (FIB) system is used to directly mill the photonic crystal patterns on a dielectric layer, which is deposited for
the etch mask [1]. The photonic crystal cavities are transferred to the GaAs membrane by a dry etch with an
inductively coupled plasma reactive ion etch (ICP-RIE) system. The primary advantage of FIB nano-patterning is

that FIB can directly create patterns into a dielectric layer or a semiconductor without a resist. FIB can also define
patterns on the sample with height variations such as a mesa and a ridge because it does not require a spin-coated
resist. Thus, the FIB patterning process is easy to develop prototype devices. In addition, FIB can achieve gray scale
patterns by controlling the beam current and milling time, whereas EB lithography is a binary process. FIB can even
allow patterns to perforate a metal layer. This is a unique capability of FIB patterning. This technique can also be
applied to create a periodic pattern or a single hole in the metal layer for studying surface plasmonic devices.
However, there are several disadvantages of FIB nano-patterning for photonic crystal fabrication. The r/a ratio of the
actual pattern in the semiconductor is smaller than that desired because the sidewall of the FIB milled pattern in the
dielectric mask layer is not cylindrical but more conical. The FIB lithographic pattern relies sensitively on the
conditions of electron and ion beam, so reproducibility and uniformity are not as good as electron beam lithography
of described below. Furthermore, the field of view in the scanning electron microscope (SEM) of the FIB system
limits the pattern area. It also takes an enormous time to create multiple patterns due to the serial patterning process.

Electron beam lithography has also been used for the photonic crystal pattern definition. The electron beam
lithography requires an electron beam resist. The electron beam pattern written on the resist is transferred into a
dielectric layer by a Freon reactive ion etch. An ICP-RIE is then performed to create the photonic crystal pattern in
the semiconductor as previously described. A comparison of holes generated by FIB and electron beam lithography
shows that the photonic crystal patterns defined by the electron beam lithography have better uniformity and less
roughness. However, electron beam lithography requires stringent process control, dose test, and proximity
correction.

Focused Ion Beam Nano-patterning
FIB patterning has been widely used as a versatile maskless lithography technique in numerous fields [1]. FIB
systems generally use an ion beam of Ga, focused to a spot size as small as 7 nm in diameter, and accelerated up to
50 keV energies. Since FIB patterning saves process steps and time, it can be exploited to develop prototypes of



both electrical and optical devices [1-6]. However, FIB nanolithography is generally a destructive method to
generate patterns directly on the surface with small lateral dimensions. Therefore, it requires a milling strategy
dependent on the geometry of the pattern and inclusion of material related issues such as redeposition and material
swelling [7, 8]. The major problems occurring during FIB patterning are sputtered material redeposition and incident
ion beam contamination [9], that may alter the material properties. The sputtered material redeposition can be
eliminated by using dielectric layers, and the effect of incident Ga ions is not critical in GaAs based materials. The
resolution of the defined features is fundamentally limited by the spot size of incident ion beam, which is typically
10 nm in diameter. Recently, many optoelectronic devices employ subwavelength-scale structures, such as

diffraction gratings, distributed Bragg reflectors (DBRs), 1- or 2-dimensional photonic crystals, and surface plasmon
devices. It can be difficult to create these nano-structures using conventional optical photolithography. Thus, nano-
scale lithography techniques such as electron beam lithography and FIB patterning are necessary for their
fabrication.

FIB experiments are performed with an FEI Strata DB-235 Dual-beam FIB system at the Materials Research
Laboratory, which is comprised of a high-resolution field emission scanning electron microscope and a scanning Ga
metal ion beam column. The 30 keV ion column with a Ga metal ion source provides ion beam current ranging from

1 pA to 40 nA. The Ga ion beam resolution is 7 nm at 1 pA beam current with a fixed 30 keV accelerating voltage.
The beam spot size and resolution will vary with the ion beam current.

In order to develop the FIB lithography technique of photonic crystal nano-cavities, we first create simple patterns
with similar scale as the photonic crystal air holes using a simple structure with an epitaxially grown 100 nm thick
GaAs layer on a GaAs substrate. Approximately 50 'A thick film of titanium (Ti) is deposited in order to avoid
surface charging while the samples are exposed to electron or ion beams, which could deform the ion beam shape.
Similarly, a gold palladium alloy is typically used for silicon based materials. This Ti layer can be easily removed in
a buffered oxide etch solution without damaging the GaAs materials. Figure 5 shows a 10 x 10 array of holes that
are patterned using FIB with ion beam current of 50 pA. The measured period and diameter of holes are 150 nm and
80 nm, respectively. The designed ratio of the hole diameter to the hole period is 0.35, and thus the patterned holes
in Figure 5 are broadened by about 50 %. The depth of the holes is measured to be 125 nm using a FIB milled cross
section image, as shown in the inset of Figure 5. The shape of the holes is affected by the aperture of the ion beam
column. The diameter and depth of the hole can be controlled by changing the dwell time and beam current. For a
fixed total milling time, when reducing the dwell time, the number of ion beam scans for each hole increases.
Repeated scans of the ion beam into a hole results in broadening the hole. As the beam current increases, the
aperture and the spot size of the ion beam increases. Thus, the size of the holes becomes larger. Therefore, a long
dwell time with the smallest beam current is the best condition for patterning the smallest nanostructures using FIB.
However, this also requires long milling times and thereby we do not consider such cases in this study.

Fig. 7 (a) SEM of 1Oxl0 array of FIB holes. (b) Close up of hole profile.
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Fig.8. (a) SEM image of photonic crystal cavity defined by FIB; (b) close up image of holes.

In addition to the sputtered material redeposition, another drawback using FIB is the typical conical profile of the
feature due to the ion beam shape and the sputtering process. As the size of the pattern is smaller, this effect is more
serious as shown in Figure 6. Vertical and smooth sidewalls of the hole etch profiles are desirable in many optical or
electrical devices. To achieve an anisotropic hole shape, we have developed a process using FIB patterning of a thin
dielectric mask layer followed by a dry etch process [1]. This approach yields vertical sidewalls and also solves the
redeposition problem. A SiO2 or Si3N4 layer protects the sample surface from the redeposition, and serves as the

etch mask for the dry etch process. A thin Ti layer can be deposited on the dielectric layer to avoid surface charging
during FIB patterning. After the FIB patterning is performed, this patterned dielectric mask is used for a dry etch.
The ICP-RIE process is controlled to give proper hole depth and profile, and also removes the remaining Ti layer
and redeposited materials on the dielectric layer. The dielectric mask layer can then be selectively removed. We
observe that etched holes retain their cylindrical shape in deeper etches as compared to direct FIB etching cases,
where the holes take on a more conical appearance.

The sample shown in Figure 6 consists of 400 nm GaAs and 600 nm AlAs layers epitaxially grown on the GaAs
substrate. A 100 nm thick SiO2 is deposited by plasma enhanced chemical vapor deposition for the etch mask with
50 'A thick Ti layer on top. FIB milling is performed at 100 and 300 pA ion beam current with 30 keV Ga ion beam.
A simple photonic crystal pattern can be directly transferred to Ti/SiO2 mask under the precise control of FIB. ICP-
RIE with SiCI4/Ar plasma then propagates the air holes into the semiconductor slab using the FIB patterned
dielectric mask. During the ICP-RIE process, most of the Ti layer is also etched away. The remaining Ti/SiO2 layer
can be easily removed by a diluted hydrofluoric acid etch which also removes the 600 nm AlAs sacrificial layer
under the GaAs membrane. Figure 6 shows an undercut etched photonic crystal structure. The lattice spacing and
diameter of holes are 350 nm and 200 nm, respectively. Since the sidewall of the FIB milled pattern in the Ti/SiO2
layer is not very cylindrical, the measured r/a ratio of the actual pattern in the slab is smaller than that desired (_ 250
nm).

The FIB lithographic pattern relies sensitively on the conditions of the ion beam column, so reproducibility and
uniformity are not as good as those of electron beam lithography. Furthermore, the field of view in scanning electron
microscope of the FIB limits the pattern area. It is difficult to create more than about 10 photonic crystal periods in a
single pattern. The primary advantage of FIB nano-patterning is that FIB can directly generate mask patterns into a
dielectric layer or a semiconductor without a resist.

Electron Beam Lithography
Electron beam (EB) lithography has been commonly used to define nano-scale patterns. Both EB lithography and
FIB patterning can create nano-scale patterns, but each method has performance advantages and inherent limitations.



The EB lithography process is done using an EB resist such as polymethylmethacrylate (PMMA), which transfers a
pattern to another mask material. The EB lithography can align the multiple levels with alignment marks and can
write a larger area in a relatively shorter time than FIB. The photonic crystal patterns defined by the EB lithography
show better uniformity and less feature roughness than FIB patterns. Therefore, we primarily use the EB lithography
for our fabrication of electrically injected photonic crystals.

After the regrowth process discussed in the Chapter 3.2, the sample is rinsed in a concentrated hydrofluoric acid
solution for 15 sec to remove amorphous GaAs grown on the SiO2 mask layer and the remaining SiO2 layer at the
alignment marks for the second electron beam lithography. A 100 nm thick layer of SiO2 is deposited by plasma-
enhanced chemical vapor deposition to serve as an etch mask. A 100 nm thick 3% 950-K PMMA is spun onto the
sample, and baked at 200 _C for 2 min. Electron beam lithography is performed at 100 pA beam current by a JEOL
JBX-6000FS electron beam lithography system at the Micro and Nanotechnology Laboratory. The photonic crystal
cavities and oxidation trenches are simultaneously written for self-alignment. The PMMA is developed in a 1 : 2 =
methyl-isobutyl-ketone : isopropanol solution for 90 sec, and rinsed in isopropanol for 30 sec. At this point, the
patterned quantum well must be placed within the photonic crystal defect defined by the EB lithography.

Figure 7 shows a H3 photonic crystal cavity defined on the PMMA layer. The lattice spacing of the photonic crystal
is 250 nm, which is the smallest one in the layout. The r/a ratio of _ 0.34 is measured. The air holes are uniform
from the center to the outer 12th period by using proximity correction, which increases the dose in the outer most
four periods of the photonic crystal pattern. The photonic crystal patterns are then transferred to the SiO2 layer
using a Freon 23 (CHF3) reactive ion etch (RIE) system. The etch selectivity of 1:1.5 for PMMA is achieved when
etching a photonic crystal pattern into the 100 nm thick SiO2 layer. The relatively poor selectivity of the PMMA
limits the SiO2 thickness to _ 120 nm. The PMMA is stripped in a 1 : 1 methylene-chloride methanol solution,
and the residual PMMA is removed by 02 descum for 3 min.

Fig. 9. SEM images of H3 photonic crystal pattern on the PMMA layers.



Fig. 10. SEM image of a (a) mesa and (b) Photonic crystal hole.

Inductively Coupled Plasma Reactive Ion Etch
The photonic crystal nanocavities require an anisotropic dry etch process with a SiO2 mask to GaAs. A Plasma
Therm SLR-770 ICP-RIE system in Micro and Nanotechnology Laboratory is used for all etches described in the

following. Since an etch depth of more than _ 500 nm is sufficient for both air-suspended and oxide cladding
structures, an approximately 100 nm thick SiO2 layer is needed for the greater than 1 : 10 dry etch selectivity of the

Si02 mask to GaAs. The etched air holes with vertical and smooth sidewalls will influence the cavity quality and
the optical performance of the devices. Rough sidewalls would increase scattering loss and angled sidewalls would
cause radiative loss of the unconfined modes because of the broken vertical symmetry. From the aspect of device
fabrication, the dry etch profile also influences the mechanical stability of the air-suspended membrane structure
during the sequential undercut wet etch process.

Figure 8 shows that the etch profile of the photonic crystals in the GaAs/AIGaAs material system is quite different
from that of mesa structures etched by ICP-RIE with the same process condition. We typically etch the mesa
structures for VCSELs with a SiCI4 : Ar gas ratio of 2 : 2.5 sccm at a chamber pressure of 1.5-2 mT. The ICP and

RF powers are 110 W and 35 W, respectively. The etch rate is 400 nm/min, and the etch selectivity is generally
greater than 1 : 20 for a SiO2 mask. In Figure 8 (a), the mesa structure is etched to greater than 4 gtm depth with
smooth and vertical sidewalls. On the other hand, the photonic crystal air holes in Figure 8 (b) are severely undercut
using the same process condition. We also observe that the etch rate is over 50% slower when the feature size is
smaller than 200 nm, and the etch profile is no longer vertical and smooth. Thus, we have developed an optimized

ICP-RIE process for the photonic crystal structure with the optical pumping material as described in Section 4.2.1.

Optimization etched are done with a fixed chamber pressure of 2 mT. All the etches in this thesis are performed at
room temperature. The SiC14 : Ar gas ratio, ICP power, and RF power are varied. After 3 min etch, the samples are
cleaved, and then observed in a Hitachi S4800 SEM. An initial etch profile is shown in Figure 8 (b). To improve the
anisotropy of the etched air holes, ICP and RF powers are increased while keeping the DC bias at 120 V. Figure 10
are taken from three different samples etched using the same conditions. They all show smooth and vertical etch
profile without deterioration of the Si02 mask. We primarily use this etch condition for both air-suspended photonic
crystal structures.

0 ; m



Fig. 11. Top view (a), side view (b) and cross section view (c) of optimized ICP-RIE photonic crystal etch.

Membrane Formation
The EB lithography and sequential dry etch processes can reproducibly define the photonic crystal structure into the
semiconductor membrane. Simultaneously, a large refractive index difference in the vertical dimension is required
for guiding the optical mode. There are several ways to achieve this, such as an undercut wet etch to build a air-
suspended structure [10], incorporating an oxide cladding layer underneath the slab [11], and wafer bonding to
lower refractive index materials [12,13]. The air-suspended structures can create a larger TE-like photonic band gap
than the oxide or low index material under the membrane, so most of optically-pumped photonic crystal lasers are
air-suspended structures.

In order to fabricate the free standing slab, a 220 nm thick GaAs membrane including a InGaAs QW layer is
epitaxially grown on 3 [im thick AIO.60Ga0.40As sacrificial layer, which can be selectively etched by a
concentrated HF solution [ 15]. The AIGaAs layer with over 90% Al-content can also be selectively wet etched by a
diluted phosphoric acid [16] or a diluted HF solution [17]. The undercut etch is performed through the ICP-RIE
etched photonic crystal air holes and U-shape opening around the photonic crystal as shown in Figure 11 (c) to
prevent the membrane from bending during the wet etching and drying [16]. The 220 nm thick GaAs membranes are
very fragile, so they are easy to break or collapse down to the substrate due to the surface tension during the wet
etching. To avoid either membrane collapse or bowing, the samples etched by a diluted HF solution are first rinsed
in deionized (DI) water, and transferred into methanol and isopropylalcohol (IPA) mixture. The samples are then
soaked in a hot methanol for a while. Finally, the solvent is allowed to evaporate without any treatment. Figure 11
shows L3 photonic crystal cavity, formed by three missing air holes in a line within a hexagonal photonic crystal
lattice, as previously mentioned in Chapter 1.3. The air holes at both edges are displaced by 0.15 a to increase the
quality factor [18]. An array of L3 cavities are designed to have 32 patterns from a = 310 nm to a = 403 nm with a 3
nm increment. The r/a ratio of 0.31 are measured from the SEM image. The FIB milled image in Figure 11 (d)
shows a clean undercut with vertical and smooth sidewalls. A slight bowing of the membrane in this image has been
created during the FIB milling.
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Fig. 12. SEM images of L3 photonic crystal.
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c.) Engineered Photonic Crystal Optical Characterization
Optical Pumping Experiment

Undercut etched photonic crystal cavities are optically pumped by either 850 nm or 980 nm diode laser through a
single mode fiber with an infrared objective lens (Mitutoyo NIR 50X, NA=0.42) at room temperature. The
photoluminescence spectra from the sample are collected into a optical spectrum analyzer (OSA) through the same
objective lens. A schematic of the free-space experiment setup used at the University of Southern California (ref) is
shown in Figure 12. A typical pulse condition is 16 ns pulse width with a 1-4% duty cycle. The pump beam is
focused at normal incident to a 2-3 pm spot size on the sample. The sample is mounted on a xyz-stage, and is
observed by an infrared camera.
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Fig. 12 Schematic of the micro-photoluminescence setup.

Photoluminescence (PL) spectra measured from self-assembled quantum dots and a regrown quantum well are
shown in Figure 13. Black curves in both plots represent the PL spectra pumped by a 0.5 mW continuous-wave
(CW) beam. Red curves represent the PL spectra pumped by a 12.5 mW pulse laser beam with 16 nm pulse width
and 4% duty cycle. The resolution bandwidth of the OSA is set to 5 nm. The quantum dot epitaxial material is
grown by Professor Diana Huffaker's group at the University of New Mexico [1]. The material structure consists of
a 220 nm GaAs layer containing 3 stacks of self-assembled InGaAs quantum dot layers and a 1 pm AIO.94Ga0.06As
undercut layer epitaxially grown on a GaAs wafer. In Figure 13 (a), the ground state, the 1st excited state and the
2nd excited state of the quantum dots are observed from the PL spectra. The emission at the 2nd excited state of the
QDs (red curve) is dominant under the pulse pumping due to the saturation of the ground state by a high pump
power with a short pulse. The regrown quantum well structure is comprised of the same epitaxial material described
in Table 4.1. However, the PL spectra are collected from an unpatterned area. The emission peak of the InGaAs
quantum well in Figure 13 (b) is _ 975 nm and does not shift with pulsed excitation. This material is grown for a
preliminary experiment to investigate the oxidation rate and the doping concentration in the top contact layer. For
the electrical injection photonic crystal structure, the InGaAs quantum well thickness is slightly increased to shift the
emission peak toward longer wavelength (_ 1025 nm).
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Fig. 13 Photoluminescence spectra pumped by: black 0.5 mW CW; red: 12.5 mW pulsed for (a) quantum dots and
(b) quantum wells.

L3 photonic crystal cavity structures are introduced in the 3-stack quantum dot materials to create high Q cavities.
The undercut photonic crystal cavity structures are formed through the fabrication procedure described in section
4.2.1. The spectra for 8 devices in Figure 14 (a) are taken under pulsed pumping by 3.75 mW peak power with pulse
width 16 ns and 1% duty cycle using the OSA with 5 nm resolution bandwidth. From bottom up in Figure 14 (a), the
lattice spacing is 310, 340, 350, 360, 370, 380, 390, and 395 nm respectively. To compare the data in Figure 14 (a),
each spectrum is offset by 2 pW. No peaks are observed for devices with a = 320 and 330 nm, which are not plotted.
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Fig. 14 PL spectra from 3-stack of self-assembled dots (DE2384) (a) L3 photonic crystal cavity (b) unprocessed
material.

None of fabricated L3 photonic crystals exhibit lasing because of two probable causes. First, the material gain from
the 3-stack QD layers is insufficient to overcome the optical loss induced by the fabrication process such as rough
side walls, imperfect undercut wet etch, and membrane bowing. Because of this, we also investigate novel
membrane structures containing 6, 8, and 10 layers of strain-compensated self-assembled quantum dots [1, 2] to
enhance the material gain, which will be discussed in this Section. The second reason for not achieving stimulated
emission is the cavity resonant mode with high quality factor occurs at longer wavelength compared to the PL peak
of the gain shown in Figure 14 (b). The spectra show that the doublet peak overlaps the material gain in Figure 14.



However, the high Q cavity mode of the L3 cavity is typically 100 nm longer than the doublet peak [3, 4], which
would be thus located at _ 1340 nm. From Figure 14 (b), the emission peak is between 1200 and 1250 nm under CW
excitation, which is consistent with the observed cavity emission in Figure 14 (a).

The group at University of New Mexico has recently developed a method to grow greater numbers of quantum dot
stacks using a strain compensated growth technique [1, 2]. The L3 photonic crystal cavity structures are introduced
in wafers with 6, 8, and 10 stacks of QDs within a 220 nm GaAs membrane. Figure 15 shows a PL spectrum from
L3 photonic crystal cavity with the lattice spacing of 382 nm. The device is optically pumped by a 2 mW peak

power laser beam with 16 ns pulse and 1% duty cycle at room temperature. The L3 cavity resonant mode is found at
the wavelength of 1312 nm, but a lasing does not occur. The bulk PL spectrum in Figure 15 (b) shows a broad

emission at the ground state compared to the PL spectrum of the previous 3-stack QD sample as shown in Figure 15
(a) or Figure 14 (b). This may be caused by the nonuniform size distribution of multi-stack quantum dots. In Figure
15 (b), the emissions from the various size of quantum dots are mixed, resulting in an inhomogeneous broadened
linewidth (FWHM _ 200 nm). Even if many QD layers are contained in the GaAs membrane, the peak intensity of
the PL spectrum does not significantly improve. Therefore, the material gain from multi-stack QDs is insufficient to
achieve lasing operation [1].
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Fig. 15 (a) PL spectra from L3 cavity with lattice spacing of 382 nm. (b) bulk PL spectrum of 8-stack quantum dot
wafer (DE2666).
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