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There exists a long-term need for foreign substrates on which to grow GaSb-based optoelectronic

devices. We address this need by using interfacial misfit arrays to grow GaSb-based thermophoto-

voltaic cells directly on GaAs (001) substrates and demonstrate promising performance. We com-

pare these cells to control devices grown on GaSb substrates to assess device properties and

material quality. The room temperature dark current densities show similar characteristics for

both cells on GaAs and on GaSb. Under solar simulation the cells on GaAs exhibit an open-circuit

voltage of 0.121 V and a short-circuit current density of 15.5 mA/cm2. In addition, the cells on

GaAs substrates maintain 10% difference in spectral response to those of the control cells over a

large range of wavelengths. While the cells on GaSb substrates in general offer better performance

than the cells on GaAs substrates, the cost-savings and scalability offered by GaAs substrates

could potentially outweigh the reduction in performance. By further optimizing GaSb buffer

growth on GaAs substrates, Sb-based compound semiconductors grown on GaAs substrates with

similar performance to devices grown directly on GaSb substrates could be realized. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4915258]

Thermophotovoltaic (TPV) cells convert waste heat into

useful electrical energy.1 The typical target thermal radiation

temperature for a TPV cell is in the range of 1000–1500 �C
(corresponding to emission wavelengths of 1.6–2.3 lm). To

date, TPV cells have been realized using various III-V semi-

conductor materials with low bandgap energies (Eg) corre-

sponding to this emission range. These materials include

InGaAs grown on InP substrates,2 and GaSb or InGaAsSb

grown on GaSb substrates.3,4 However, an InGaAs TPV cell

lattice-matched to an InP substrate has a bandgap of 0.74 eV

at room temperature, which sacrifices photon conversion for

longer wavelengths. In contrast, InGaAsSb materials lattice-

matched to GaSb substrates cover the entire wavelength

range of interest. The high carrier mobility and the flexibility

of bandgap engineering are the major advantages of choos-

ing Sb-based materials.

However, the high cost and small size (�4 in.) of com-

mercially available GaSb substrates is a huge obstacle to

large volume TPV cell production. In addition, semi-

insulating GaSb substrates are not currently available, which

could exclude certain device architectures. As a result, there

is great interest in transferring GaSb-based devices onto for-

eign substrates such as GaAs or silicon.5,6 Some attempts

have been made to develop GaSb material on GaAs sub-

strates using metamorphic growth which needs a long depo-

sition time.7 Wafer bonding has also been used to integrate

GaSb with GaAs or silicon substrates,8–10 but it requires sig-

nificant processing time before and after device growth.

We propose a different approach that uses interfacial

misfit (IMF) array technology to grow GaSb-based devices

on GaAs substrates and could be more attractive for high

volume, high-throughput manufacture. A well-confined IMF

array consists of a uniformly spaced network of 90� misfit

Lomer dislocations that almost fully relieve the 7.8% lattice-

mismatched strain generated at the GaSb-GaAs interface,

allowing the heteroepitaxy to take place with a very low dis-

location density.11,12 GaSb with very high crystallographic

quality and more than 99% strain relaxation can be grown

via IMF arrays on GaAs substrates without the need for thick

metamorphic buffer growth, or lengthy post-growth process-

ing.13 Previously, InGaAsSb photodetectors grown on IMF

arrays have been demonstrated to possess high responsivities

and show comparable performance to identical detectors

grown directly on GaSb substrates.14,15

In this letter, we explore the feasibility of developing

high quality GaSb TPV cells on commercially viable, low-

cost, large format GaAs substrates using the IMF-based

approach. Two GaSb TPV cells were grown by a Veeco Gen

930 solid-source molecular beam epitaxy (MBE) system,

one on an unintentionally doped GaSb (001) substrate and

the other on a semi-insulating GaAs (001) substrate using the

IMF-based approach. The cell structure was designed to opti-

mize photon conversion efficiency using Sentaurus software.

The emitter and base doping concentrations and thicknesses

were adjusted and optimized via an iterative process. The

TPV device structure (from bottom to top) consists of a

500 nm nþ-GaSb contact layer, a 50 nm n-AlGaSb back-

barrier layer, a 2 lm n-GaSb base layer, a 450 nm p-GaSb

emitter layer, a 50 nm p-AlGaSb window layer, and a 50 nm

pþ-GaSb contact layer (Figure 1(a)). Te and Be were used as

the n-type and p-type dopants for GaSb, respectively. TPV

cells grown on a GaAs substrate have exactly the same struc-

ture except for the underlying IMF array (Figure 1(b)).

a)Author to whom correspondence should be addressed. Electronic mail:

bcjuang@ucla.edu
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Details of the IMF growth can be found elsewhere.11 When

the growths were completed, the samples were cooled down

under a reduced antimony overpressure to avoid excessive

accumulation of antimony on the surface.16 Anti-reflection

layers or passivation layers were not used in this study. The

authors are aware that surface recombination will be an issue

for shorter wavelength photons (<800 nm) mainly absorbed

close to the front surface. Since this is a comparative study

between devices grown with and without IMF array (GaSb

TPV cells grown on GaAs and GaSb substrates), any effects

resulting from the fact that passivation layers were not used

are common to both samples.

Regardless of substrate type, circular mesas were fabri-

cated with 100 lm, 200 lm, 400 lm, and 800 lm diameters

using standard photolithographic and mesa etching techni-

ques.14,17 An inductively coupled plasma etcher (BCl3/Ar)

was used to dry-etch the mesas down to the nþ-GaSb layer to

create electrically isolated devices and form the bottom con-

tact. n- and p-GaSb ohmic contacts were deposited using Ni

(10 nm)/Ge (50 nm)/Au (200 nm) and Ti (50 nm)/Pt (50 nm)/

Au (100 nm), respectively, using e-beam evaporation. Contact

resistances were measured using a standard transmission line

method (TLM). The p-GaSb Ti/Pt/Au contact exhibits an

ohmic contact with resistivity of �6.5� 10�6 X�cm2 without

further thermal annealing. The n-GaSb Ni/Ge/Au metal con-

tact required rapid thermal annealing (in a nitrogen environ-

ment) for 30 s at 300 �C to obtain ohmic behavior with

resistivity of �2� 10�4 X�cm2. It is well known that n-GaSb

is difficult to form ohmic contacts with due to the doping limit

for Te18,19 and the Fermi-level pinning in the valence band at

the surface.20 We therefore consider this contact resistance to

be reasonable. After device fabrication, the samples were

soaked in HCl:H2O:H2O2 (100:100:1) to eliminate surface

defects at mesa sidewalls created during the dry-etch process.

The inverse of the zero bias dynamic resistance-area

product (1/R0A) as a function of perimeter to area ratio (P/

A) of all cells is measured by an Agilent 4156C parameter

analyzer. 1/R0A values measured after wet etching indicate

the surface leakage at the mesa sidewalls has been signifi-

cantly reduced compared to those without wet etching for

both samples (Figure 2). Even though the 1/R0A of the con-

trol cell is still somewhat limited by the mesa sidewalls after

wet etching, in the IMF-based cell it is nearly independent of

mesa size, suggesting that leakage currents are still bulk-

limited.

Cross-sectional transmission electron microscopy (TEM)

and atomic force microscopy (AFM) are used to investigate

the GaSb/GaAs interface and topology of TPV cells. Cross-

sectional TEM, taken with FEI Titan S/TEM, suggests an ab-

rupt, well-formed periodic IMF array (Figure 3). Every black

dot indicates a 90� misfit dislocation separated from its neigh-

bor by 5.6 nm due to the difference in size of the unit cells of

GaSb and GaAs.12 Using AFM, monolayer-high terraces are

found to cover most of the surface of the control cell, as

shown in Figure 4(a). However, instead of the concentric py-

ramidal mounds that are typically reported for the homoepi-

taxial GaSb surface,21 spiral pyramidal mounds are also

observed with a very low density (<105 cm�2). Similar spiral

pyramidal mounds can also be found on the IMF-based cell,

albeit with higher density (Figure 4(b)). The origin of the spi-

ral pyramidal mounds is widely considered to be threading

dislocations generated from the coalescence of islands during

the initial stages of GaSb growth.22,23 GaSb homoepitaxy is

believed to start with island formation, and these islands

eventually merge to create a uniform layer. The ideal IMF-

based GaSb follows the same growth mode with a uniform

distribution of 90� misfits in [110] or [1–10] direction. While

FIG. 1. Device structures of (a) TPV cells grown directly on GaSb substrate

and (b) TPV cells based on IMF arrays grown on GaAs substrate.

FIG. 2. The 1/R0A product as a function of P/A for the IMF-based cells and

control cells. The open symbols are the 1/R0A of both cells without any

treatment, and the solid symbols are those after soaking in HCl etchant

(HCl:H2O:H2O2 ¼ 100:100:1). The inset is the 1/R0A against P/A plotted in

semi-logarithmic scale for both cells after wet etching. Lines connecting the

data points are used as a guide to the eye.

FIG. 3. Cross-sectional TEM along [110] of a GaSb buffer grown on GaAs.

The dark spots at the interface indicate the periodic locations of the misfit

dislocations.
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the 90� misfits is the predominant strain relief mechanism of

the IMF array, a minority of 60� misfits may still randomly

nucleate and cause threading dislocations in the GaSb. The

higher density of spiral pyramidal mounds (�2� 107 cm�2)

in the IMF-based cell may indicate a higher density of thread-

ing dislocations.

Generally, although smaller sized mesas tend to exhibit

a relatively strong effect from the sidewall surface, they also

exhibit better diode characteristics (e.g., ideality factor) since

they have less bulk-related defects.24,25 However, the top

exposed surface areas of the small size mesas (100 lm and

200 lm) are normally difficult to underfill with the coupled

light spot from the fiber while maintaining a reliable optical

measurement. Therefore, 200 lm mesas are used to study the

dark I-V characteristics, and 400 lm mesas are used for opti-

cal measurements. TPV cells with each size of cell mesa are

chosen and measured from at least 5 different locations on

each sample. Extra care is taken prior to all optical measure-

ments by checking the dark I-V characteristics of each diode,

and the data reported here are from the best-performing (but

still representative) cells of both samples. From dark I-V

characterization, the ideality factors are derived from the

slopes at forward bias, which are 1.6 for the IMF-based cells

and 1.3 for the control cells. The relatively larger ideality

factor of the IMF-based cell indicates greater contribution

from generation-recombination current. Average dark cur-

rent densities in the IMF-based cell and the control cell at

�10 mV are measured to be 264 6 9.39 lA/cm2 and

5.08 6 0.54 lA/cm2, respectively, indicating the magnitude

of dark leakage current of the cells on GaAs is about 50

times larger than that on GaSb at room temperature (Figure

5(a)). The optical response of TPV cells was measured under

an Oriel 1 sun, AM 1.5 solar simulator using a Keithley 2400

source meter. The 400 lm-diameter control cell exhibits an

open-circuit voltage (VOC) of 0.301 V, a short-circuit current

density (JSC) of 16.1 mA/cm2, and a fill factor (FF) of 62%.

In comparison, the same size IMF-based cell shows a VOC of

0.121 V, a JSC of 15.5 mA/cm2, and a FF of 40% (Figure

5(b)). The shunt resistance in a 400 lm-diameter IMF-based

cell is 29.1 kX, while it is 1.47 MX in a control cell. The dif-

ference in the shunt resistances may be attributed to the

increased density of threading dislocations in the IMF-based

cells that is implied by the higher mound density we saw in

by AFM (Figure 4(b)). Since we have no reliable way to

calculate the actual mound density in the control cell

(estimated<105 cm�2), it is difficult to establish a clear rela-

tionship between this number and the lower performance of

the IMF-based cell. However, we expect that the IMF cell

performance would increase with a decrease in the number

of mounds. The higher density of threading dislocations in

the IMF cell also leads to the reduced VOC in Figure 5(b),

and which was also observed by DeMeo et al.26

Fitting with a double diode model was performed to

understand the inferior IMF-based cell performance

J ¼ JL � J01 exp
q Vþ JRsð Þ

kBT
� 1

� �

� J02 exp
q Vþ JRsð Þ

2kBT
� 1

� �
� Vþ JRs

Rsh

; (1)

where kB is the Boltzmann constant, T is the ambient tem-

perature, Rs is the series resistance, Rsh is the shunt resist-

ance, JL is the cell-generated photocurrent density, and J01

and J02 are the saturation current densities for the first and

the second diodes, respectively.

Fitting the experimental data to the double diode model

gave us the parameter values shown in Table I. Rs and Rsh

values were calculated directly from the measured slope of

current density-voltage characteristics near the open-circuit

and short-circuit conditions, respectively. J01 represents the

saturation current dominated by the carrier recombination at

FIG. 4. AFM images (5 lm� 5 lm) of (a) a TPV control cell grown on a

GaSb substrate and (b) an IMF-based TPV cell grown on a GaAs substrate.

The roughness (r.m.s.) values of (a) and (b) are 0.16 nm and 0.51 nm,

respectively.

FIG. 5. Dark current density as a function of applied voltage of the 200 lm-

diameter TPV cells on GaAs and GaSb substrates. (b) Current density-

voltage curves (solid lines) of the 400 lm-diameter TPV cells under 1 sun

and AM 1.5 condition. The dashed lines are the fitting via the double diode

model for both cells.

111101-3 Juang et al. Appl. Phys. Lett. 106, 111101 (2015)



the surface and the bulk region at high voltage. J02 suggests

carrier recombination in the junction where the ideality fac-

tor approaches two at lower voltage. Nearly three orders of

magnitude difference in J01 between the IMF-based cell and

the control cell is significant at high voltage, and indicates

the drop in VOC is strongly affected by recombination in the

bulk. This effect could be explained by the higher density of

dislocations in the IMF-based cell, leading to an enhanced

Shockley–Read–Hall (SRH) recombination process in the

bulk. Model fitting shows that the difference in Rsh is not a

limiting factor in the reduction in VOC, which suggests shunt

paths through the mesa sidewall do not play a major role in

this case.

We measured the spectral response of the TPV cells to

evaluate the external quantum efficiency (EQE) using a

SuperK EXTREME supercontinuum laser and a SRS lock-in

amplifier. The laser power density at different wavelengths

was determined and calibrated prior to the measurement.

The measured data is smoothed via the adjacent-averaging

method to remove background noise. For wavelengths below

0.8 lm, in both cells most of the incident photons are either

lost from reflection at the front surface or by carrier recombi-

nation before they reach the junction. From wavelengths of

0.8 lm up to 1.5 lm, the EQE values of the IMF-based cell

remain above 30%, and then start to decrease at longer wave-

length, followed by the cutoff at the GaSb band edge (Figure

6). The lower EQE values near the bandgap of the cells may

be due to insufficient base thickness that reduces the collec-

tion efficiency. The IMF-based cell in particular, shows

greater reduction in EQE near the bandgap, suggesting an

additional loss of long wavelength photons. The faster drop

in EQE of the IMF-based cell compared to the control cell is

due to the difference in absorption rates of photons and

increased number of non-radiative recombination centers

near the GaSb-GaAs interface. Even though the majority of

IMF arrays are 90� misfit dislocations confined at the inter-

face, the randomly formed 60� misfit dislocations represent-

ing imperfect relaxation affect the epitaxial layers above.

The longer wavelength photons will travel deeper into the

devices and be absorbed near the GaSb/GaAs interface. For

example, the absorption depth calculation based on refractive

indices of GaSb at different wavelengths shows that above

95% of 0.8 lm photons transmitted into device will be

absorbed in the first 1 lm, while only about 50% of 1.55 lm

photons will be absorbed within the same thickness. After

traveling 2.6 lm down into the device (reaching the bottom

contact), there are still about 20% of 1.55 lm photons that

have not been absorbed. As a result of the increasing number

of non-radiative recombination centers near the GaSb/GaAs

interface, those remaining long wavelength photons are more

likely to be lost due to the shorter SRH lifetime. As a result

they will not reach the contacts, unlike those in the control

cell. However, it is encouraging that the difference in EQE

spectra between the control and IMF-based cells is within

�10% over the entire range of wavelengths studied. Further

optimization of IMF growth and studies to reduce carrier

recombination near the GaSb-GaAs interface are still needed

to improve cell performance.

In conclusion, we have demonstrated that GaSb-based

TPV cells delivering promising performance can be grown

on cost-effective GaAs substrates using IMF arrays. The

dark current density of the IMF-based cell at �10 mV is

approximately 50 times higher than that of the control cell at

room temperature. Despite this, the IMF-based cell main-

tains comparable photocurrent density (�16 mA/cm2) to that

of the control cell under 1 sun and AM 1.5 condition. The

reduced VOC of the IMF-based cell is analyzed via a double

diode model and shown to be limited by a higher density of

non-radiative recombination centers in the bulk region

caused by an elevated number of threading dislocations.

Spectral response measurements show that the EQE spectra

of the IMF-based cell and the control cell retain similar fea-

tures and are within 10% of one another over a large range

of wavelengths. This work represents an encouraging step

towards obtaining cost-effective TPV cells. We believe that

the quality of IMF-based GaSb devices can be further

improved by optimizing the IMF growth mode to reduce the

influence of the randomly formed 60� threading dislocations.

We therefore expect III-Sb TPV cells grown on GaAs will

continue to improve until their performance competes

directly with cells grown on GaSb, but at significantly

reduced cost.

The authors acknowledge the financial support from the

California Energy Commission’s Public Interest Energy

Research (PIER) Program to conduct this work.

TABLE I. The double diode model fitted parameters from the experimental data of the IMF-based cell and the control cell measured under 1 sun and AM 1.5

condition by an solar simulator.

Device description JL (A/cm2) J01 (A/cm2) J02 (A/cm2) Rs (X�cm2) Rsh (X�cm2)

Control cell 16.19 1.41� 10�7 6.47� 10�5 4.3 550.0

IMF-based cell 16.18 1.66� 10�4 1.06� 10�3 4.5 22.7

FIG. 6. External quantum efficiency curves of the 400 lm diameter TPV

cells.
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