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SUMMARY

AstroPower is developing inGaAsSh thermophatovoltaic (TPV) devices. This photovoltaic call is a
two-layer epitaxial INGaAsSb structure formed by liquid-phase epitaxy on 2 GaSb substrate. The (diract) bandgap
of the in,,Ga,As,.,Sb, alloy is 0.50 to 0.55 eV, depending on its exact alloy compaosition {x, ). and is closety
lattice-matched to the GaSb substrate. The use of the quaternary alfoy, as opposed to a ternary alloy — such as,
for example. InGaAs/inP — permits fow bandgap devices optimized for 1000 to 1500 *C thermal sources with, at
the same time. near-exact lattice matching to the GaSb substrate. Lattice matching is important since even a
smanldegree of lattice mismatch degrades device performance and reliabiiity and increases processing
complexity.

internal quantum efficiencles as high as 95% have been measured at a wavelangth of 2 microns. At
1 micron wavelengths, intemal quantum efficiencies of 65% have been observed. The open-Gircuit voitage at
currents of 0.3 Alem? is 0.220 voits and 0.280 V for current densities of 2 Aicm®. Fill factors of 56% have been
measured at 60 mA/em?. However, as current dengity Increases there is some decrease in fill factor. Our results
to date show that the GaSb-based quaternary compounds provide a viable and high performance energy
conversion solution for thermophotovoitaic systems operating with 1000 to 1500 *C source temperatures.

1. INTRODUCTION

We report our latest results on InGaAsSh thermophotovoitaic (TPV) cells. TPVs are p-n junction
somiconductor devicas that convent photons emitted by a heated source directly into electrical power. For TPV
systems utilizing thermat radiation from an amittar heated at 1000 to 1500 °C, there is a need for low-bandgap
celis with a high epectral response in the range of 1500 to 2500 nm wavelength. Thig implies a2 TPV celf with 2
bandgap of ~0.5 V. One important potantial application is the radioisotops General Purpose Heat Source
(GPHS) where 1100 *C blackbody radiation an be used for thermophotovoitaic energy conversion. In this paper
we describe high-gfficiency TPV devices based on lattice matched Ing 0aGag :A80.07Sbog3 (E5 = 0.53 eV) epitaxial
layers on GaSb substrates. To our knowledge, this is the first report of the iInGaAsSb quaternary alloy apglied to

TPV devices.

Several theoretical studias hava indicated that photovoitaic caiis based on the InGaAsSb quaternary allcy
are gcod candidates for TPV apglications that require high spectral response in the 1500 to 2500 nm wavelength
range. Depending cn its ailoy composition (x, v), the direct bandgap of the In,,Ga,As,.,Sb, alloy varies frem
0 18 av (InSb) to 1 43 eV (GaAs) The quaternary alfoy can be closely tattice-matched to the GaSb substrate
provided the composition 18 restrained to values such that y = 0.1 + 0 9 x. With thig lattice matching conditien, the
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pandgap of the quatemary alloy ranges from approximately 0.3 to 0.7 eV. However, there is a further imitaticn
due to @ wide solid-phase miscibility gap in this quatemary at typical growth temperatures. The miscibility gap
gvidently preciudes bandgaps in the range of 0.35 to 0.5 eV. Therefore, for the spectral range of interest, we
assume the lowest attainable bandgap is 0.50 to 0.52 eV. This bandgap range corresponds to an optical
absorption edge of 2380 to 2480 nanometers.

It is worth emphasizing that the use of the quatemary allay, as opposed to a termary alloy—such as, for
example, InGaAs—provides the needed bandgap with. at the same time, near-exact lattice matching to the GaSb
substrate. Lattice-matching is impaortant since even a small degree of lattice mismatch degrades device
performance and relisbility. Althcugh there are epitaxy techniques to partially ameliorate effacts associated with
1attice mismatch of tamary alloy layers on binary substrates {6.¢. defect-filtering superiattices. interrupted grewtn
regimens, etc.), We belisve the use of the quaterary alloy to avoid lattice mismatch altogether is a simpler and
more effective approach,

The TPV device we are making s a two-layer epitaxial InGaAsSb structure formed by liquid-phase epitaxy
on a GaSb substrate at a growth temperature of 515 °C. Liquid-Phase Epitaxy (LPE) is a well-established
technology for 11l-V compound semiconductor devices. A major advantage of LPE for this application is the high
material quality, and more spacifically, the long mincrity carrier diffusion lengths, that can be achieved. This
results In devices which are equal or superior in performance to those made by other epitaxy processes such as
molecular beam epitaxy (MBE) or metal organic chemical vapor deposition (MOCVD). Another major advantage
is that LPE is a simple. inexpensive, and safe method for semiconductor device fabrication. Significantly, the LPE
process does not require or produce any highly toxic or dangerous substances—in contrast to MOCVD. Also, the
epitaxial growth rate with InGaAsSb LPE is ~2 microns/minute which is ten to hundred times faster than MOCVD
or MBE. Wa have succassfully scaled up the LPE process for epitaxial growth In 2 semi-continuous mode on
3-inch diamaeter wafers. This, combined with tha high growth rates. will dramatically improve the manufacturing
throughput compared to traditional and more costly epitaxy processes. Our objective is to develcp an egitaxial
growth technology to produce low-cost, large-area. high efficiency TPV devices.

2. EPITAXIAL GROWTH AND FABRICATION OF inGaAsSb TPV CELLS

-~ . -y

InGaAsSb photodiodes, light-emitting diodes, and double heterostructurs injection lasers mads by liquid-
phase epitaxy have been previously reported. We have adapted this technology for the production of InGaAsSb
TPV celis.

We use a standard harizontal stideboat technique for the liquid-phase gpitaxial growth of the InGaAsSb.
The graphite slidebost is situated in 2 sesled quartz tube placed in a microprocessor-controiled. programmable,
three-zone tube fumace. The growth ambient is pailadium-diffused hydrogen at atmosphaeric prassure with a flow
rate of 300 mi/min.

The substrates are 500-micron thick, chemically polished (100) oriented, n-type GaSt wafers obtained
from MCP Wafer Technalogy, Ltd. (Milton Keynes, UK) or Firebird Semiconductor, Ltd. (Trail, BC, Canada).
Substrates are doped to 3-5 x 10" cm™ with tellurium. The substrate resistivity is 9 x 10™ @-cm, and the average

etch-pit density is approximately 1000 cm™® *

The growth solutions are indium (x, 1=0.59}, gallium {x4,=0.19). antimony (x4,=0.21), and arsenic
(xA=0.01). The melts are formuiated with 3- to 5-mm shot of high purity (99.9999%) indium, gallium, and antimony
metals and arsenic addec as undoped InAs polycrystalline matenal. The total weight of the meltis about 10 g.
Prior to growth, the meits are baked out at 70 °C for fifteen hours under flowing hydrogen to de-oxidize the
metallic melt componants and outgas residuat impurities. After bake-cut. appropnate dopant impurities are added
to each melt The first meit for the growth of the n-type InGaAsSb base isayer contains tin or teflunum. The small
amaunt of Te needed to dope the laver (stomic fractien in the meit = 107"} is problematic. For reproducible

doping. a weighable amaunt of Te is added as 100 to 200 mg of Te-doped GaSb (Cy,=10" em’). Tinis aoced o




the meit as 10 to 200 mg of high purity shot. Our prefiminary resuilts (Section 3) suggest that high n-type deping
concantrations can be achisved more readily with tin than with teliurium. However, the raiatively high liquid-phiase
concentration of tin alters the malt composition neaded to grow the lattice-matched InGaAsSb quaternary with the
~ dasired bandgap. For higher tin doping levels, we will nead to re-optimize the melt compositions to include tha

effects of dilution with additional tin. This will require a phase equillbna analysis and modsl of a 5-componant
system (in-Ga-As-Sb-Sn). The second melt for the growth of the p-type emitter cantains 5§ to 100 mg germanium.
Presently, we are beginning a more detalled and systematic charactenzation of impurity segragation and doping in
the In-Ga-As-Sb quatemary system with the aim of achieving better control and a grester range of doping
concentrations.

The melts are equilibrated for 1 hour at 53C °C and then cooled st arate of 0.7 °C/min. At 5§15 °C. the
substrate is contacted with the first meit for two minutes to grow a 5-micron thick n-type InGaAsSb base layer
Next. the substrate is moved to the second meit for 5 seconds to grow a C.3-micron thick p-type InGaAsSb emitier
layer.

Front and back ohmic contacts ara fermaed on the epitaxial InGaAsSb/GaSb structure by standard
processing techniques. The back of the substrate is metallized by plating with a 200-nm thick electron-beam
evaporated Au:Ge:Au:Ni layer and alloyed at 300 °C. Thas front contact is a grid of 10-micron wide metalization
lines with 100-micron spacing and a single 1-mm wide center busbar. The grid is formed by a photolithography lift-
off process with a 200-nm thick alectron-bsam evaporated Au:Zn:Au metallization. The front grid is thickened to
5 microns by gold slectroplating. The front contact is not sintered. The eubstrate is masked and pattemed to
define 8 1 ¢m x 1 cm device and isolation stched with a potassium iodide - iodine “gold” etch. Most of cur TPV
cells are 1 cm x 1 cmin ares: although larger cells (2 cm x 2 cm) with comparable parformance have aiso been
made. Inorder to simplify the spectrai rasponsa analysis, we elactad not to apply any anti-reflection coatings ‘o
the cells. FIGURE 1 is a top-view photograph of 2 1 cm x 1 ¢cm InGaAsSb TPV ceil.

3. TPV DESIGN AND OPTIMIZATION

FIGURE 2 shows the TPV device design in cross-saction The fabricated cells have a 0.3 to 0.5 micron
thick p-type emitter with & Ge concentration of approximately 10" cm?, as indicated by Secondary fon Mass
Spactroscopy (SIMS). A thicker, mare heavily doped p-layer will reduce the sheet resistance of the emitter and
therefore improve the fill-factor, but will tend to reduce spectral response due to higher free-carrier absarption and
increased sensxtnwty to front surface minority carrier recombination.

The base thickness in our cells ranges from 3 to 5 microns with a Te or Sn concentration of about 10** to
10" cm™, as dstermined from capacitance-voitage measurements and SIMS. FIGURE 3 shows the SIMS depth
profile indicating the abruptness of the p-n junction and the depth uniformity of the doping concentrations. There is
apparently very little smearing of the doping profile due to diffusion or segregation of dopants. Discrepancies
between the Te dopant concentration measured by SIMS (total impurity concentration) and that implied by
capacitance-voltage measurements {net donor concantration) indicate that much of the Te is either not ionized of
else is compensated. This is a comman problem in Te doping of lil-V semiconductors, espacially in GaSb-based
materials, and is probably due to the formation of electrically inactive telluride complexes or compounds in the
material. Increasing the Te concentration in the meit showed a “saturation effect” in that the Te doping level did
not increase in proportion to the Te concentration in the liquid phase Our most recent devices incorporate tin as
the n-type base dopant and have base dopings targeted around 10" cm? . Meodeling indicates that base dopings
in this range will yield the optimum open-circuit voltages and short-wavelength quantum efficiencies.
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4. TPV DEVICE EVALUATION

Wa present external and internal spectral response and cumrent-voltage charactenstics for 1 cmx 1 cm
P10 0sG2g.93A80.67SDg 93:Ge / 71-Ing 03B 52430 07SDo 5. Te (Or Sn) epitaxial cells on an n-GaSb:Te substrate
produced as described above. The extemnal spectral response of a typical InGaAsSb TPV cell is shown in
FIGURE 4. FIGURE S shows the corresponding infernal spectral response. The lower external spectral rasponse
is due to grid shading and reflection of incident light from the uncoated InGaAsSb emitter surface. The grid
shading Is 18.2%. The absorption edge implied by the spectral response measurements of a numbar of samples
ranged from approximately 2200 to 2250 nm. At a waveiength of 2000 nm, intemal quantum sefficiencies as high
as 95% have been measured, and at a waveiength of 1 micron, intemal quantum efficiencies of almost 55% have
been observed. The intemnal quantum efficiency averaged over the spectral region from 1 to 2 microns
wavelength is 60%. (it should be noted that for the intended TPV applications, the reaponse of the cell fer
wavelengths less than 1.5 microns is not important.)

The 1 cm x 1 cm InGaAsSb TPV cells wers tested under simulated infrared light using a ZnSe-filtered
tungsten source (Carlay Lamps. Inc., Torrance, CA) with a spectral emission in the 800 to 3000 nm wavelength
range. Under an lllumination intensity corresponding to a short-circuit current density of 2 Alem? , opan-circuit
voitagas as high as 0.280 volits have been measured. FIGURE 6 shows the cuirent-voitage charactenstlcs ofa
tcmx tcm InGaAsSb TPV cell under an infrared illumination intensity that yields a short-circuit current density of
62.4 mA/cm’ and a open-circuit voltage of 0.178 V. The fill-factor is 0.57. To date, the best fill-factors obsarved
are lass than 0.6. We believe that one causs of the somewhat low flii-factors is series resistancs, which is
discussed further in the next section. FIGURE 7 shows open-circuit voitage vs. short-circuit current for varying
light intensity. The open-circuit voltage increases lcganmmrcaﬂy with illumination intensity and an open-circuit
voitage of ~0.250 V is reached for current densities of 1 Alcm?. The dicde ideality factor in the voltage range of
0.11t0 0.25 Vis close to 2, implying that high injection is dominant in this voltage rangs.

S. CONCLUSION AND DISCUSSION

Our results to date have demonstrated the potential of InGaAsSb TPV devices made by liquid-phase
epitaxy. Wa believe theres is still room for substantial efficlency enhancements in these devices by optimization of
the doping levels and layer thicknesses. Further improvements might include wide bandgap lattice-matched
AlGaAsSb window layers for front surface passivation, and AlGaAsSb back-surface field cladding layers to reduce
the reverse saturation current and thereby increase the open-circuit voltage. Highly doped contact layers will
provide lower series resistance, as will substrate thinning. Lower series resistanca will lead to higher fiil factors.
Thinning the substrate will also improve heat sinking of the device.

The required performance of 2 TPV device is dependent on its system application. Spectral control of
thermal emitters, the use of selective fiiters and reflectors, heat transfer, and photon recycling effects need to te
included in the device design and system optimzation. These considerations are not usually relevant for
conventional photovoltaic devices and therefore tha design and optimization rules for TPVs will be significantly
different than those for solar calls. For example, grid obscuration and reflection are not necessarily losses in TPV
systems if photons reflected from the front surface are re-absorbed by the emitter. Our next generation of
InGaAsSb TPV devices will incorporate design features to fully exploit photon recycling effects.
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FIGURE 1: Top-visw Photograph of a 1 cm x 1 ¢cm InGaAsSh TPV Cell.
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FIGURE 2. InGaAsSb/GaSb p-n Junction Thermoghotevoltaic Cell Design.
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FIGURE 3: SIMS Depth Profile of Doping.
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