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Technical Report

The major achievement during this project was upgrading the following characterization setups
in UA:

1) Photoluminescence measurement setup.
1) Electroluminescence measurement setup
I11) FTIR setup for detector measurement system

1) Upgrading the photoluminescence measurement setup

Photoluminescence spectroscopy (PL) measurement system has been upgraded by adding two
new laser sources, a cryostat for optical pumping measurements and an Indium Antimonide
(InSb) detector to detect PL spectra of SiGeSn/GeSn materials up to 5 um wavelength. The
schematic drawing of the PL setup is shown in Fig. 1.
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Fig. 1. Photoluminescence spectroscopy measurement setup. The newly added 1064 nm pulsed laser, 1550 nm
CW laser, and the cryostat are shown in red.

To upgrade the PL setup, the following key components have been purchased and added to the
PL setup:

e A pulsed laser source operating at 1064 nm with repetition rate from 15 to 80 KHz and 14
W maximum power output;
e A continues wave (CW) fiber laser operating at 1550 nm with 5 W maximum output power;
e A cryostat with a specific sample holder designed for optical pumping measurement;
Here, the functionality of the major components added to the PL setup is explained. The two
new laser sources, added to the PL setup, provide a unique capability for excitation of the
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SiGeSn/GeSn materials under different excitation energies and pumping powers. i) The high
frequency 1064 nm pulsed laser source with repetition rate of 15 to 80 KHz and pulse width of 6
ns and maximum power of 15 W provides a high pumping power for the power-dependent PL
measurements and also optical pumping measurements for optically-pumped GeSn laser study.
The 1064 nm pulsed laser could provide power densities with a couple of orders of magnitude
higher than the previous 532 nm CW laser. It would be beneficial from the physics aspect to use
laser sources with higher power and scrutinize the emissions under high power density excitation.
The laser power is controlled using the power supply module and further power adjustment is
done using an attenuating polarizer. ii) The 1550 nm CW fiber laser with maximum power of 5
W is suitable to study the band minimum excitation of the SiGeSn/GeSn materials with power
density of one order of magnitude higher than the one for 532 nm CW laser. iii) The cryostat to
conduct optical pumping measurements for the GeSn laser study. Using the new cryostat, a
temperature-dependent PL and optical pumping experiments could be done from 4 K to 300 K.

The optical pumping setup was added to the PL setup using a careful modification on the
optical design. The new cryostat with four windows was placed on the PL setup for the optical
pumping measurements. In general, the pumping excitation laser is focused on the GeSn
waveguides from one direction and the lasing spectrum is collected from another direction which
is perpendicular to the incident beam. The reason is that the lasing emission emerges from the
facet of the waveguides. The optical pumping process includes the excitation of the GeSn
waveguides using the 1064 nm pulsed laser. The laser beam was focused to the GeSn waveguide
using a cylindrical lens with a focal length of 7.5 nm. The rectangular shape focused beam has a
dimension of 3 mm and 20 um distributed homogeneously on the GeSn waveguide. The
emission from the GeSn waveguide was collected with the same CaF; collecting lens used in the
PL setup. A similar optical path was considered to eventually deliver the GeSn waveguide
emission to the spectrometer and detector. Figure 2 shows an image of the PL setup.

Fig. 2 The PL setup constructed for standard PL and optical pumping measurements.



a) Optical pumping measurement

After upgrading the PL setup and integrating the optical pumping measurement capability to
the setup, a series of optical pumping experiments were done on the GegggSng 11 waveguide
structures. The GeggoSng.11 Waveguide was fabricated in clean room using chemical wet etching
of the thick GeggeSno 11 Sample with thickness of 970 nm grown on Ge-buffered Si substrate
(100). The material characterization of the thick Geg goSng 115ample is shown in Fig. 3

iRt : Q, (r.l.u.)
Fig 3. (a) The cross-sectional view TEM image shows two distinct GeSn layers: the bottom layer is defective and
with lower Sn composition of 9% while the top layer is almost defect-free and with higher Sn composition of
11%; (b) The RSM contour plot shows the superposition of bottom and top GeSn layers, which are both fully
relaxed.

The layer thickness, the Sn composition, and the strain of the sample were carefully analyzed
using transmission electron microscopy (TEM) and high-resolution X-ray diffraction (XRD)
techniques. Figure 3(a) shows the TEM image of the sample. A 210 nm-thick bottom GeSn
layer over the Ge buffer. This layer is defective due to the high density of threading dislocations,
which arose mainly from the lattice mismatch between the Ge buffer and the GeSn alloy. The Sn
composition in this layer was measured as 9%. A 760 nm-thick high quality top GeSn layer
above the bottom GeSn layer. The top GeSn layer achieved extremely high material quality. The
reciprocal space map (RSM) of the sample is shown in Fig. 3(b). The broadened contour plot of
GeSn indicates the existence of two layers. The part annotated by dashed ellipse corresponds to
the bottom GeSn layer, whereas the solid ellipse part featuring full relaxation is associated with
the top GeSn layer.

Prior to the waveguide fabrication, the PL spectra of the thick GeggeSno11 Sample were
measured using the new high frequency 1064 nm pulsed laser. The temperature-dependent and
power-dependent PL measurements on the thick GeggsSng.11 Sample is presented in Fig. 4(a) and
4(b), respectively.

Figure 4(a) shows the temperature-dependent PL spectra under the optical injection level of
270 kW/cm? using 1064 nm pulsed laser. Previously, using the 532 nm CW laser, the maximum
power density was limited to 15 KW/cm? and penetration depth of less than 100 nm in the GeSn
sample. The new 1064 nm laser has the penetration depth of almost 1 um. Note that at the
temperature below 100 K, a shoulder at the higher energy side of the main peak was observed
(2150 nm). This feature is assigned to the optical transition in GeSn bottom layer (9% Sn)
revealed using the 1064 nm pulsed laser. Furthermore, the PL intensity of GeggeSho1z at 10 K
could compete with that of the bulk Ge sample, indicating the extremely high material quality.
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Fig. 4 (a) Temperature-dependent PL spectra of GeggeSng11 Using 1064 nm high-frequency laser with 5 ns pulse

width at 45 kHz repetition rate as pumping source. The PL of Ge is also plotted for comparison; (b) Pumping

power-dependent PL of GeggeSng 11 at 10 K. PL emissions from both GeSn top and bottom layers were observed
at high optical injection level.

The power-dependent PL measurement at 10 K was conducted to further confirm the transition
from GeSn bottom layer, as shown in Fig. 4(b). At low injection level, only a single peak was
observed which is associated with the emission from GeSn top layer. As the pumping power
exceeds 270 kW/cm?, a peak at 2250 nm can be observed, and becomes stronger as the pumping
power increases. We thus assigned this peak to the emission from GeSn bottom layer: at
relatively low optical injection, almost all photo-generated carriers are confined in a GeSn top
layer which features narrower bandgap. As injection level increases, more incident photons were
absorbed in GeSn bottom layer, leading to that the radiative recombination could occur in GeSn
bottom layer before all the carriers transferred to GeSn top layer. However, the major
contribution of PL is always from the optical transitions in GeSn top layer, as can be seen in Fig.
4(b).

The sample was fabricated into a ridge waveguide with 5 um-width for optical pumping
characterization. A low temperature wet chemical etching process was developed in this study.
By using the mixture of HCI: H,0,: H,0=1:1:10 at 0 °C, smooth sidewalls were achieved. The
average etching rate is ~20 nm/min. The etching depth was measured as 800 nm. Due to the
lateral etch, the waveguide width at the top was measured as 3 um, while at the bottom was
measured as 5 um. The wet etching process developed in this study offers a robust recipe for the
fabrication of GeSn-based devices. After etching, the sample was lapped down to ~70 pum
followed by cleaving to form the mirror-like facets. Devices with cavity lengths of 300, 600, and
1100 um were investigated in the optical pumping experiment.

Figure 5(a) shows the TEM image of the GeSn waveguide fabricated for the optical pumping
experiment. The laser-output versus pumping-laser-input (L-L) curves of the 600 um-long device
at 10 and 90 K is presented in Fig. 5(b) using optical pumping setup. The threshold
characteristic was clearly observed. The threshold values were measured as 68 and 166 kW/cm?
at 10 and 90 K, respectively. The low resolution (1 nm) directional emission spectrum measured
at 3 times of the threshold at 90 K is plotted in the Fig. 5 inset (red peak). The FWHM of the
peak is 26 nm (5.1 meV). Compared to the FWHM of the PL peak at 10 K (28 meV), the
dramatically reduced line-width further confirms the lasing characteristic. The emission
spectrum measured at 10 K (not shown) also revealed a similar FWHM of 28 nm (5.6 meV),



which is comparable with that of reported GeSn lasers. The laser operating wavelengths were
determined as 2476 and 2503 nm at 10 and 90 K, respectively.
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Fig. 5. (a) The SEM image of ridge waveguide device fabricated by wet etching process. (b)The L-L curves of

the 600 pm-long edge-emitting device at 10 and 90 K. The thresholds were measured as 68 and 166 kW/cm?,

respectively. Inset: Optically pumped lasing spectra at 90 K.

To further investigate the lasing mode characteristics, the device with a cavity length of 300
pm was studied. The L-L curve of device at 10 K was plotted in Fig. 6(a) showing a threshold of
106 kW/cm? The high-resolution spectrum (0.1 nm, spectrometer limit) measurement was
performed for the device operating at 2 and 5 times of threshold (Fig. 6(a) inset). Due to the
relative large area of the cavity facet, the device spectra show a typical multimode lasing
characteristic. The spectrum taken under 2 times of threshold shows multi-peaks that are located
between 2400 to 2500 nm. As the pumping power increased to 5 times of the threshold, most
peaks grow and the overall intensity increases.
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Fig 6. (8) L-L curves of the 300 um-long edge-emitting device at 10 K. The threshold was measured as 106
kW/cm?. Inset: The high resolution spectra under 2x and 5x threshold pumping power; (b) L-L curves of the 1100
um-long edge-emitting device taken at the temperatures from 10 to 110 K. The temperature-dependent thresholds
were extracted from 87 to 396 kW/cm?, based on which the T, was extracted as 65 K. Inset: Laser threshold versus
temperature for the purpose of fitting T,.



The 1100 um-long device was selected for detailed temperature dependent characteristic
study since the longer length cavity reduces the mirror loss and therefore enables the exhibition
of the intrinsic characteristics of the material. The L-L curve shows that the lasing operation
could reach as high as 110 K, as shown in Fig. 6(b). The measured thresholds range from 87 to
396 kW/cm? at the temperatures from 10 to 110 K. The characteristic temperature To was further
studied. By fitting the temperature-dependent lasing threshold, the T, was extracted as 65 K, as
shown in Fig. 6(b) inset. The T, was also extracted from L-L curves of 300 and 600 pm-long
devices as 78 and 90 K, respectively.

b) Photoluminescence study of SiGeSn/GeSn/SiGeSn quantum wells using different
excitation lasers

The SiGeSn/GeSn/SiGeSn QW structures were epitaxially grown on 200 mm Si (100) using
an industry standard ASM Epsilon® 2000 Plus reduced pressure chemical vapor deposition
(RPCVD) system. The low cost commercially available SiH4, GeH,4, and SnCl, were used as Si,
Ge, and Sn precursors, respectively. A 700-nm-thick Ge buffer layer was grown prior to QW
growth by a two-step growth method. The two QW structures with a variation of Si and Sn
compositions were grown consisting of a 50-nm-thick SiGeSn barrier, a 10-nm-thick GeSn well,
and another 50-nm-thick SiGeSn barrier. A 10-nm-thick Ge cap layer was deposited at the very
tOp. The Si0,07G80,838no,oslGEO,gzsno,()g/Sio,o7Geo,338no_o5 and Sio,12Geol7gsno,og/Geolgsno,1/
Sig.12Gep.79SNp.09 QW structure were labeled as sample A and B, respectively.

The cross-sectional transmission electron microscopy (TEM) and high-resolution X-ray
diffraction (HRXRD) was employed to investigate the layer thickness, the Si, and Sn
compositions, and the strain for each sample.

Figure 7(a) shows the typical cross-sectional TEM image of sample B. Each layer can be
clearly resolved and features low defect density. The high material quality is due to the
optimized growth of the Ge buffer which localizes the defects at the Ge/Si interface allowing
almost no threading dislocations to propagate to the active layers. The measured thickness of
each layer is consistent with the target value within an error of £5 nm for the barrier and +2 nm
for the QW region.
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Fig 7. (a) Cross-sectional TEM image of sample B. The XRD 20-w scan of sample B. The gray and red curves are
experimental data and simulation results, respectively. Inset: The RSM shows that each layer was grown
pseudomorphically to the Ge buffer.



The XRD 2theta-omega (26/w) scan from (004) plane of sample B is shown in Fig. 7(b). The
gray and red curves are plotted according to experimental data and simulation, respectively. The
Ge, SiGeSn, and GeSn peaks are clearly observed. The multiple oscillations are associated with
the thickness of multi-layered structure (thickness fringes). Their presence indicates the high
quality of the interfaces and permits to extract the thickness of the layers. The experimental data
agree well with the simulation results. The reciprocal space map (RSM) of sample B performed
from asymmetrical plane (224) to find the out of plane lattice constant as well as strain
information of the layers. The strain calculation of the layers is made based on the slight tensile
strain of the Ge buffer layer. The RSM shown in Fig .7(b) inset reveals that all SiGeSn and
GeSn layers are lattice matched (in-plane) to the Ge buffer layer, thus feature compressive strain
due to their larger lattice constants compared to that of Ge.

Characterization results achieved through simulation of the XRD results of these two
samples are summarized in Table I.

Table I. Information of QW samples in this study

Sample A Sample B
) Thickness Strain ) Thickness )
Si (%) Sn (%) (nm) %) Si (%) Sn (%) (nm) Strain (%)

Ge cap 0 0 11.0 0.01 0 0 10.0 0.01

Sb'Ge.S” 700 478 50.0 053 | 12.00 8.51 42.0 -0.84
arrier

GeSn well 0 6.97 8.0 -0.80 0 9.51 12.0 -1.59

SiGesn 700 561 46.0 041 | 12,00 9.27 445 071
barrier

Ge buffer 0 0 700.0 0.01 0 0 700.0 0.01

The photoluminescence of QW structures were studied under different excitation laser
sources. The laser sources used in this analysis consist of 1) a 532 nm continuous wave diode-
pumped semiconductor laser, 2) a 1064 nm pulsed laser with the pulse width of 5 ns and
repetition rate of 45 KHz, and 3) a 1550 nm continuous wave fiber laser. The standard off-axis
PL setup was exploited to investigate the PL emission in room temperature and low temperature.
Based on the varied power densities and also different penetration depth of the lasers, distinctive
PL emission characteristics were observed. Analysis of the PL emission at room temperature and
low temperature indicates that the 1064 nm pulsed laser with high power density and large
penetration depth increases the carrier concentration in the Ge buffer and cap layers and also
SiGeSn layers. That phenomenon suppresses the emission from the GeSn QW region and the PL
emission from Ge and SiGeSn would be the dominate emissions while using the 1064 nm pulsed
laser. The excitation energy of the lasers and also their penetration depth inside the QW samples
are different. The 532 nm laser has higher excitation energy (Eex.=2.33 eV) than 1064 nm laser
(Eexc=1.2 eV), and both are higher than 1550 nm laser (Eex.=0.8 V). Moreover, the penetration
depths of the lasers are different in each layer of the QW structure due to the change in the layer
absorption coefficients. In order to have a better understanding of the penetration depth of each
laser employed in this study, the absorption coefficient of Ge, SiGeSn, and GeSn layers in
sample A and B is provided. Simply, 1/(absorption coefficient) was considered as a nominal
penetration depth for 532 nm, 1064 nm, and 1550 nm wavelength corresponding to the lasers’



wavelengths. As indicated in Table Il, the penetration depth of 532 nm laser in the layers of QW
structures is less than 50 nm, however, for 1064 nm and 1550 nm lasers, the penetration depths
are almost higher than 500 nm stating that both lasers could excite the Ge buffer layer. Thus, the
bandgap emission from Ge buffer layer influences on the overall emission of the QW structure.

Table Il. The penetration depth of the layers used in the QW structures of sample A and B in 532, 1064, and

1550 nm wavelengths. The units are in nm.

Sample A Sample B
Ge Sio.07G€0.88SN0.05 Gep.93SNg 07 Ge Sio.12G€0.88SN0.09 GeggeSng
532 nm 38 18 20 36 19 21
1064 nm 1006 480 535 1006 503 418
1550 nm 7758 965 1418 7758 780 916

Figure 8 illustrates the excitation energy (a) and estimated penetration depths (b) of 532 nm,
1064 nm, and 1550 nm lasers. As shown in the Figure 8(a), the 532 nm and 1064 nm lasers are
able to excite the carriers higher than the I" valley and L valley minimum of all layers. Lower
excitation energy of the 1550 nm laser reduces the carrier densities in the QW structures. On the
other hand, both 1064 nm and 1550 nm lasers penetrate all the way down to the Ge buffer layer
that eventually enhances the carrier density available for recombination process due to the high
thickness of Ge buffer layer. Overall, the 1064 nm laser is able to provide the highest carrier
concentration, due to its high penetration depth and also relatively high excitation energy. To
investigate the effect of each laser on the optical emission of QW structures, the PL spectra of
samples A and B were examined under different excitation lasers using the standard off axis PL

setup.
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Fig. 8. (&) The illustration of excitation energy of the three lasers used to study the emission of the QW samples. (b)
Estimated penetration depth of the three lasers inside the QW structures. None of the diagrams are in scale.



The samples A and B were mounted inside the closed cycle cryostat of the PL setup updated
with adding the new excitation lasers. Samples A and B were optically excited using excitation
lasers CW 532 nm, pulsed 1064 nm, and CW 1550 nm and the PL spectra of each sample were
measured at 10 K and 300 K. The repetition rate of the 1064 nm pulsed laser was 45 KHz and
the pulse width was 6 ns. To avoid penetration of the laser sources inside the spectrometer,
specific longpass filters were placed in front of the spectrometer entrance slit. The PL emission
of sample A and B under different excitation power densities was desired. Therefore, the laser
powers were adjusted to different values for that purpose.

Table I11. The summarized information of the average power, power densities and the number of incident photons on
the samples generated by lasers.

Excitation laser Average Average power Peak power Energy per  Number of incident
power (W) density density pulse photons (cm™s™)
(KW/cm?) (KW/cm?) (Jicm?)
532 nm CW 0.65 15 - - 4% 107
1064 nm pulsed 0.2 - 2.7x10" 0.13 3x10%
1550 nm CW 0.7 160 - - 2 x 10%

As indicated in Table Ill, the power density of the 1550 nm CW laser was almost one order
of amgnitiude higher than the one for 532 nm CW laser. The peak power density of the pulsed
laser was one order of magnitude higher than that of 1550 nm and two orders of magnitude
higher than the that of 532 nm laser. Furthermore, the number of incident photons per second per
unit area could be calculated for each laser based on their power densities and wavelengths.
Calculation of the incident photon numbers could be beneficial to understand the generated
carrier density in the QW samples. After adjusting the laser powers based on Table I, the laser
beam was delivered to the QW samples and the PL spectra were collected at 10 K and 300 K for
sample A and B, respectively. The PL peak positions were extracted to analyze the transitions
due to the excitation of carriers. Figure 9(a) and 9(b) show the PL spectra of sample A at 10 K
and 300 K, and Figure 9(c) and 8d indicate the PL spectra of sample B at 10 K and 300. The
achieved PL spectra from 532 nm, 1064 nm, and 1550 nm lasers are shown in black, red, and
blue colors, respectively. All observed peaks in each plot were labeled as numbers in order to
clearly identify the peak and describe the related transition.
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Fig. 9. The PL spectra of sample A at 10 K (a) and 300 K (b) using 532 nm CW laser, 1064 nm pulsed laser and
1550 nm CW laser with different power densities. The PL spectra of sample B at 10 K (c¢) and 300 K (d) using the
same lasers with the same power densities are also presented.

Peaks No. (1) and (2) at 1475 nm and 1688 nm are related to the direct and indirect bandgap
transition of Ge buffer layer and cap layer. The transition source of peak No. (3) at 1768 nm is
related to the indirect bandgap emission of the SiGeSn barriers. Peaks No. (4) and (5) have
almost the same positions at 1947 nm which were attributed to a transition from the first
quantized energy level of the L valley (n1L) of the conduction band to the first quantized energy
level of the heavy-hole (n1HH) in the valence band in the GeSn QW. It is important to notice
that for the pulsed laser the n1L-n1HH transition in the GeSn QW was not dominant. This
phenomenon is related to the high population of the carriers distributed in Ge and SiGeSn layers.
High carrier concentrations in the Ge and SiGeSn layers suppress the emission from GeSn QW
due to the loss mechanisms. In Fig. 9(a), the PL peak No. (6) and (7) at 2510 nm and 2638 nm
are the defect-related emissions. Such an emission from defects has been observed in low
temperature PL study of GeSn QWs. Figure 9(b) shows the PL emission of sample A at 300 K.
Peak No. (1) and (2) at 1569 nm are related to the direct bandgap transition of Ge buffer layer
and cap layer. Peak No. (3) and (4) at 1795 nm are related to the indirect bandgap transition of
Ge buffer layer and cap layer. Peak No. (5) and (6) at 1930 nm are related to the first quantized
energy level of the T" valley (nlI') of the conduction band to the n1HH in the valence band.
Similar to Fig. 9(a), the PL emission from direct bandgap of Ge is stronger than the PL emission
of GeSn QW once the 1064 nm pulsed laser was used. Similarly, it is related to the high carrier
density in the Ge and SiGeSn layer that dominates the PL emission. Figure 9(c) represents the
PL emission of sample B at 10 K. Similar to Fig. 9(a), the PL peak No. (1) and (2) are related to
the direct and indirect PL emission from Ge buffer and cap layers. The PL peaks (3), (4), and (5)
are related to the indirect bandgap emission of SiGeSn layers. The reason for multiple PL peaks
is related to the variation of thickness and also Si and Sn compositions in the barriers. Peaks (6)
and (7) are assigned to the n1L-n1HH indirect transition inside the GeSn QW layer. PL peaks (8)
to (11) are attributed to the defect-related emissions at low temperatures. Figure 9(d) depicts the
room temperature PL emission spectra from sample B. The peak No. (1) and (2) is related to the
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direct and indirect bandgap transition of Ge layers. Peak No. (3) is referred to the indirect
bandgap emission of the SiGeSn layers. Thus, using 1064 nm pulsed laser led to no GeSn
emission at 300 K for sample B. Peaks No. (4) and (5) are related to the n1I'-n1HH direct
transition of GeSn QW.

I1) Upgrading the electroluminescence measurement setup

The electroluminescence spectrum measurement setup is constructed for light-emitting
diodes (LED) characterization. The system consists of the components of the setup including
current/voltage source, multi-mode fiber, optics, temperature control, spectrometer, detector,
signal amplifier, and computer. The electrical connection is constructed by connecting the LED
device to the current/voltage source by using probe station. A resistor with 50 Ohm resistance is
connected in series to ensure the minimum load resistance of the circuits. The emission is
collected by the florin-based fiber directly coupled from the emission surface of the LED. The
collected light is then guided through two CaF, lenses and sent to the spectrometer. The pulsed
injection is offered by using the pulsed high voltage source newly added to the EL setup. The
pulsed current is monitored using inductive current meter. The equipment of the EL setup is fully
automatic controlled by using LabVIEW program.
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Fig 10. The EL measurement setup with the newly added pulsed current source and temperature controller (in
red) for the electrical characterization on the GeSn LEDs in different temperatures.

Each individual equipment communicates with the computer through the GPIB. The typical
measurement cycle starts at the turning on of the injection source, followed by the moving the
grating position of the spectrometer, and then collected the data from the amplifier voltage
reading, where the detector signal is being filtered and amplified; eventually the collected data
are plotted and saved. The graphical user interface of the Labview program to synchronize the
EL equipment and run the measurements is provided in the following figure.
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Fig. 11. The Labview program prepared to control the equipment in the EL setup. The pulsed current source,
spectrometer and the lock-in amplifier are synchronized to achieve the EL spectrum of the GeSn LEDs.

Due to the relative high noise level of mid-infrared detector comparing to the one for visible
range, signal from the detector requires noise suppression to have better signal to noise ratio.
Lock-in and boxcar techniques are used for CW and pulse mode injection, respectively. The
optical chopper modulates the collected light with a certain frequency, and the lock-in amplifier
amplified the signal of that frequency and filtered the noise with the other frequencies. Pulsed
signal is amplified using boxcar technique. The pulsed signal is being amplified only during the
high level of the pulse. The true signal level is reached by averaging multiple samples of the
repeating high levels. Figure 12 shows an image of the EL setup.

Fig. 12 The EL setup constructed for the electrical characterization of GeSn devices.
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The GeSn samples have been fabricated into emitters, including light-emitting diodes (LEDs)
and lasers. In-depth characterization of these devices has been conducted. A list of work
performed in this year and highlights of results are given in below.

e Temperature-dependent characteristics of GeSn light-emitting diodes with Ge/GeSn/Ge
double heterostructure (DHS) and Sn composition up to 10% have been systematically
studied. Both photoluminescence and electroluminescence spectra have been characterized
at temperatures from 300 to 77 K;

e The electroluminescence emissions under current injection levels from 102 to 357 A/cm?
were investigated at 300 K. The monotonic increase of the integrated electroluminescence
intensity was observed for each sample;

e The electronic band structures of the DHS were studied. Despite the indirect GeSn
bandgap owing to the compressive strain, type-1 band alignment was achieved with the
barrier heights ranging from 11 to 47 meV;

a) Surface Emitting LED

The samples were fabricated into circular mesa structures with diameters of 100, 250 and 500
um using photo lithography and etching processes. The LEDs with mesa diameter of 500 um
were selected for EL study since they feature lower dark current density.
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Fig. 13. Electroluminescence spectra of Ge/Ge;.,Sn,/Ge DHS samples at the temperatures from 300 K to 77 K.

Temperature-dependent EL spectra under an injection current density of 255 Alcm?® are
shown in Fig. 13. The temperature of the cryostat was controlled using the newly purchased
LakeShore temperature controller. For each device, as the temperature decreases from 300 to 77
K, the EL intensity decrease was observed, which agrees with the emission behavior of indirect
bandgap material. The main emission peak at each temperature is determined to be the direct
band-to-band transition. The position of the main peak blue-shifts as the temperature decreases
from 300 to 77 K, which can be explained by the Varshni relation. For the samples with 6, 7 and
10% Sn, the main peak shifts from 0.638 to 0.650 eV, 0.606 to 0.612 eV and 0.537 to 0.546 eV,
respectively.
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I11)Upgrading the FTIR setup for detector measurement

The FTIR detector testing setup has been upgraded by adding two sources inside the FTIR
system. The white light source and infrared source have been added to the FTIR, so the detector
characterization measurements could be conducted with high performance light sources and
provide more accurate photoresponse measurements. The spectral response of GeSn
photoconductor which was measured at room temperature using new IR source shows an
improvement of 33% in intensity. The enhancement was clearly observed beyond 2um.

To further improve the FTIR setup capability, it is necessary to purchase a laser diode
beyond 2 pm. At the moment, 2.2 pum laser diode with a power of 3-5mW is sufficient to
conduct responsivity measurement of high Sn incorporation photodetector.
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Fig 14. Spectral response of Gegg;Sng 09 photoconductor measured at 1.3V forward bias voltage.

The 9% Sn thick (~ 1um) GeSn sample was fabricated into photoconductor devices with the
fingers width of 3, 6 and 12 um and corresponding spacing between fingers of 6, 12 and 24 um,
respectively (annotate as 3-6, 6-12 and 12-24 hereafter). Figure 15(a) shows temperature
dependent spectral response of 500 pum 3-6 device. The cut-off wavelength of 2.6 pum was
observed at 77 K and was extended to longer wavelength as the temperature increases.
Compared to our previous study on thin film (less than 200 nm) Geg.93Sho o7 photoconductor, the
photo response signal is significantly enhanced, indicating the improved material quality.
Moreover, the cut-off wavelength shifts towards longer wavelength. This can be explained as the
thicker GeSn layer relaxes the material, which narrows the bandgap of GeSn, resulting in the
extended spectral response. Figure 15(b) shows the responsivity of 3-6, 6-12 and 12-24 devices
at 77 K, respectively. Since the photoconductive gain is reverse proportional to the carrier transit
time, the responsivity increases as the spacing between the electrodes reduces, as shown in Fig.
15(b).
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Fig. 15 (a) Temperature dependent spectral response of 500 um 3-6 photoconductor device. (b) Responsivity at
1.55 um, 77 K of different devices.

For each device, as the applied bias increases the responsivity increases. The saturation
behavior was observed at around 2 V. This behavior in the photoconductive gain is due to the
minority carrier sweep-out effect. The temperature dependent responsivity of 3-6 device is
plotted in Fig 16. As the temperature decreases, the carrier lifetime increases due to the reduced
concentration of scattering centers in the material, therefore more photo generated carriers can be
collected before their recombination, resulting in the enhanced photoconductive gain and

responsivity.

Fig. 16. Temperature dependent responsivity at 1.55 pm of 500 um 3-6 photoconductor device for different

applied voltage.

Spectral D* of photodiodes (measured at 1 V reverse bias voltage) is shown in Fig. 17 to
directly compare with D* of other market-dominating detectors that use Ge, PbS, InAs, and
InGaAs technologies. The spectral response absorption edge is extended to 3 um at 300 K for
the 9% Sn (nominal) photoconductor coplanar device. At 77 K, the cutoff wavelength is 2.6 pum,
which is comparable with the response of an extended-InGaAs at 300 K. The peak D* of 6x10°
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cm*HzY?*W™ was observed at 1.55 um and 10 K for interdigitated electrodes photoconductor 3-
6 (IEPC). It was later increased to 1.7x10' cm*HzY**W™ at 2.35 um and 10 K. This is on the
same order of magnitude and 2-3 times lower than that of extended-InGaAs detectors. The
enhancement in D* is mainly due to thicker GeSn layer. A decrease in the device dark current
application of the passivation technique and via reduction of defects layer at the interface of Ge
and GeSn would dramatically reduce the noise and therefore significantly improve the D* of
GeSn photodiode detectors, making them competitive with commercially available detector
technologies in the above-discussed SWIR FPA applications-space.
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Fig. 17. Spectral D* of 9% Sn photoconductor measured at 1 V reverse bias voltage across a 500 pum 3-6 device and
500 um coplanar device. Other market dominating detectors in same spectral range are plotted for comparison.
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