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ABSTRACT: n-GaAs films were grown epitaxially on n+-
GaAs substrates by a close-spaced vapor transport method and
their photoelectrochemical energy conversion properties
studied. Under 100 mW cm−2 of ELH solar simulation,
conversion efficiencies up to 9.3% for CSVT n-GaAs
photoanodes were measured in an unoptimized ferrocene/
ferrocenium test cell. This value was significantly higher than
the 5.7% measured for similarly doped commercial n-GaAs
wafers. Spectral response experiments showed that the higher
performance of CSVT n-GaAs films relative to the commercial wafers was due to longer minority carrier diffusion lengths (LD),
up to 1,020 nm in the CSVT films compared to 260 nm in the commercial n-GaAs wafers. Routes to improve the performance of
CSVT GaAs and the implications of these results for the development of scalable GaAs-based solar energy conversion devices are
discussed.
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The excellent optoelectronic properties of GaAs make it an
attractive material for solar energy conversion.1,2 It has a

high optical absorption coefficient, absorbing >98% of above
band gap photons within 1 μm of film thickness.3 It has an ideal
direct band gap of 1.42 eV for solar energy conversion which
can also be tuned by alloying with Al or P for multijunction
photovoltaic (PV) or photoelectrochemical (PEC) applica-
tions.4 Indeed, GaAs is used to make the most efficient single-
junction PV known, with recent champion cells achieving
27.6% efficiency under standard one-sun test conditions.5

Unfortunately, the scalability of GaAs photovoltaics is limited
by the high cost of metal−organic chemical vapor deposition
(MOCVD), which employs toxic and pyrophoric gas-phase
precursors.2 Low-cost routes to high-quality GaAs are needed.
Close-space vapor transport (CSVT) is an alternative

technique for depositing GaAs that uses bulk GaAs as the
only precursor.6 The use of a solid precursor circumvents
challenges associated with the handling of toxic and pyrophoric
gas-phase starting materials. The CSVT reactor consists of a
bulk GaAs source and a planar substrate sandwiched between
graphite blocks and separated by a thin quartz spacer (Figure
1). The entire assembly is enclosed in a quartz tube (see Figure
S1 in the Supporting Information). The source is heated in a
reducing atmosphere (hydrogen or forming gas) containing
water vapor as a transport agent. The water reacts with the
GaAs source to produce the volatile species as shown in
Scheme 1.7−9

The temperature gradient between the heated GaAs source
and the cooler substrate provides a driving force for vapor
transport of GaAs. Diffusion of the gas-phase reactants through

the temperature gradient results in supersaturation at the cooler
substrate surface, causing As2, Ga2O, and H2 to decompose into
GaAs and H2O. The process is carried out at atmospheric
pressure, which allows for growth rates up to 1 μm min−1 with
ca. 95% yield.6 The overall deposition process and apparatus
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Figure 1. (A) CSVT reactor schematic. Wires for the thermocouples
and graphite resistive heaters are omitted for clarity. (B) Color-relief
topographical image of the wafer surface after film growth obtained
using optical profilometry. The shape of the film is a result of the
circular quartz spacer. (C) Height profile of the line AB shown in (B).

Scheme 1. Vapor Transport of GaAs Facilitated by Water
Vapor
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are similar to the vapor-transport process used commercially for
the high-throughput/low-cost growth of CdTe thin-film
photovoltaics.10,11 CSVT is therefore a potentially scalable
cost-effective route to GaAs thin films.12−15

Despite the advantages of CSVT, its use for optoelectronic
devices remains limited. Since its initial development in 1963,
epitaxial films of GaAs have been grown by CSVT on GaAs,
Ge, and Si.6,16 Electrical properties of these films such as
dopant density (ND = 1 × 1016 to 1 × 1017 cm−3), mobility (μe
= 3000−4200 cm2 V−1 s−1), and photoluminescence (PL)
intensity have been measured and indicate that CSVT GaAs
films may be suitable for solar-energy conversion.17−19

However, the only reported PV device fabricated using CSVT
GaAs was that of Mauk and co-workers; an Au-GaAs-on-Si
Schottky barrier PV which yielded a short-circuit current
density of 7 mA cm−2 under one sun of solar simulation (no
open-circuit-voltage/efficiency was reported).20 A key question
is whether or not it is possible to achieve sufficient performance
using CSVT GaAs to motivate the further development of
more complicated device architectures.16,17

To evaluate this possibility, we grew n-GaAs thin films with
varying concentration of water vapor, [H2O], and measured
their PEC energy conversion properties. The PEC character-
ization approach enabled measurement of standard PV device
parameters including short-circuit current densities, spectral
response, open-circuit voltages, fill-factors, and conversion
efficiencies, without the need to fabricate solid-state p-n
junctions, top contact grids, or address other device-related
engineering issues.
All films were grown in a home-built CSVT reactor (Figure 1

and Figure S1 in the Supporting Information). A moderately
doped (ND ∼ 1017 cm−3) n-GaAs wafer held at 850 °C was used
as the source and a highly doped (ND ∼ 1018 cm−3) n+-GaAs
wafer held at 840 °C as the substrate. The films were grown
epitaxially on n+-GaAs substrates in order to isolate any defects
associated with the CSVT growth process from those
associated with the growth of GaAs on a nonlattice-matched
substrate. Observed growth rates were 70−420 nm min−1

depending on [H2O], which was varied from 20−1700 ppm
(see Figure S2 in the Supporting Information). Film
thicknesses, which ranged from 1.3−5.5 μm (Table 1), were
sufficient to ensure that effectively all incident light of energy
greater than the GaAs band gap was absorbed in the CSVT film
and not in the substrate wafer.
Rectifying contacts were made to n-GaAs by immersing it in

an electrolyte consisting of 1 M LiClO4, 100 mM ferrocene,
and 0.5 mM ferrocenium in dry acetonitrile (see Figure S10 in
the Supporting Information). This electrolyte is known to yield
reasonable PEC performance for n-GaAs.21,22 100 mW cm−2 of
solar simulation was provided by a 300 W ELH lamp. A Pt wire
poised at the solution potential was used as a reference
electrode and a separate Pt mesh was used as the counter
electrode (see Figure S9B in the Supporting Information). The

solution was rapidly stirred during measurements to aid mass
transport.
Figure 2 shows the current-density versus potential (J−E)

data collected for CSVT and control GaAs samples, both before

and after the typical corrections for solution resistance and
concentration overpotential (see eq S2 in the Supporting
Information).23 A summary of electrode parameters for the six
representative electrodes shown is provided in Table 1. The
complete data set for all 18 electrodes measured is given in
Table S1 in the Supporting Information and shows similar
trends. The J-E data shows that films grown with higher [H2O]
(and thus at higher growth rates) yield higher current densities,
photovoltages, and efficiencies. Interestingly, the CSVT-grown
GaAs films are better than the specific commercial n-GaAs
control wafer, which was also used as a source to grow the
CSVT films. The n+-GaAs control samples (the material which
was also used as a substrate for the CSVT films) showed the
lowest performance, indicating that the small amount of light
absorbed within the substrate (<1% for all films) does not
impact the observed performance of the CSVT samples. The
lower performance of the n-GaAs control electrodes is similar

Table 1. Electrode Parameters for n-GaAs Photoanodes

sample thickness (μm) [H2O] (ppm) VOC (V) JSC (mA cm−2) η (%) ff ηcorr (%) ffcorr LD (nm) JSC,AM1.5CALC (mA cm−2)

CSVT film 5.5 1,700 −0.72 21.6 9.3 0.59 12.8 0.72 1,020 18.7
CSVT film 3.7 430 −0.69 18.6 7.3 0.57 9.1 0.71 730 17.7
CSVT film 1.3 170 −0.69 18.2 7.8 0.62 9.2 0.74 550 16.3
CSVT film 2.8 20 −0.67 17.5 5.8 0.49 8.1 0.69 300 14.7
n-GaAs wafer N/A N/A −0.71 17.6 5.8 0.47 7.6 0.60 260 13.7
n+-GaAs wafer N/A N/A −0.60 12.1 3.9 0.49 5.2 0.67 180 10.7

Figure 2. (A) J−E curves obtained from CSVT n-GaAs films grown at
four different water concentrations and two different control wafers
measured under 100 mW cm−2 of solar simlulation in ferrocene/
ferrocenium/acetonitrile. (B) Same data after correction for solution
resistance and concentration overpotential (see eq S2 in the
Supporting Information) showing improved fill factors.
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to that previously measured for untextured photoelectrodes
made from commercial n-GaAs.21

The photocurrent measured for n-GaAs photoelectrodes is
known to be inversely related to ND due doping-induced
degradation of the minority carrier diffusion length, LD,

21 but
capacitance−voltage studies showed there was no significant or
systematic difference in doping between the series of CSVT
GaAs samples. All samples yielded ND between 1 − 5 × 1017

cm−3 (see Table S2 in the Supporting Information). Two other
possible causes for the observed JSC trend are: (1) differences in
reflectivity and (2) changes in carrier collection efficiency that
are due to differences in LD, and associated with other
nonradiative defects.
Optical measurements in an integrating sphere were used to

show that the reflectivity of the GaAs wafers and CSVT
samples were similar and consistent with that predicted for
smooth GaAs-air interfaces based on the known optical
constants of GaAs (Figure 3).3 Spectral response measure-

ments, however, showed significant differences between the
electrodes (Figure 4). The wavelength dependence of the GaAs
absorption coefficient, α(λ), causes low-energy photons to be
absorbed deeper in the film than high-energy photons. Thus,
reduced response for lower energy photons is indicative of a
shorter LD. To quantitatively analyze the spectral response data,
the external quantum efficiency (Φext) was converted to
internal quantum efficiency (Φint) using the relation:

Φ =
Φ

− −R R(1 )(1 )int
ext

1 2 (1)

where R1 is the reflectivity of the air/glass interface and R2 is
the reflectivity of the acetonitrile/GaAs interface. R1 and R2

were calculated using the Fresnel equation and the known
optical constants of GaAs, acetonitrile, glass, and air. The
reflectivity of the glass/acetonitrile interface is negligible. The
dependence of Φint on excitation wavelength was fit to the
Gar̈tner model for carrier collection in order to extract LD
according to the relation
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where W is the depletion layer width, as estimated by
capacitance measurements (see the Supporting Information),
and the value of α(λ) was obtained from tabulated data.3,24,25

The Gar̈tner model assumes perfect collection efficiency for

carriers generated in the semiconductor depletion region with
carrier collection in the quasi-neutral region governed by LD
and has been used to extract diffusion lengths from n-GaAs that
are identical to those measured directly using electron-beam-
induced-current techniques.26 Consistent with the J−E curves,
the LD values increased with increasing growth rate and [H2O],
up to 1,020 nm for the best CSVT sample (Table 1). These
values compare well with previous measurements on a variety
of GaAs single crystals that ranged from 350 to 1200 nm.26

The observation that GaAs films grown with higher [H2O]
performed better than those grown with low [H2O] is
unexpected. Mimila-Arroyo and co-workers observed that the
PL intensity of CSVT GaAs thin films could be improved by
reducing [H2O] during growth to less than 100 ppm and
suggested this was related to reduced incorporation of oxygen
defects that are known to reduce the minority carrier lifetime in
GaAs.18,27 Increased PL is typically associated with reduced
nonradiative recombination that should indicate longer LD. We
note that the films in Mimila-Arroyo’s study were deposited
using a higher temperature gradient of 80−130 °C, compared
to the 10 °C used here. The larger driving force for deposition
may have resulted in increased oxygen incorporation relative to
the conditions used here. PL experiments are also highly
dependent on surface recombination and thus differences in the
precise surface chemistry/passivation could be important.28

Our findings indicate that, under the present growth
conditions, defects originating from the water vapor are not
limiting carrier collection. Additional work is required to
identify and quantify all defects and impurities as a function of
growth conditions. Convolution of the spectral response data
with the American Society for Testing and Materials Air Mass
1.5 Global spectrum (ASTM AM1.5G) yields photocurrents
that were on average 15% lower than those measured under the

Figure 3. Reflectivity of CSVT GaAs and commercial single crystal
GaAs wafers as measured in an integrating sphere. Reflectivity of GaAs
in acetonitrile based on the Fresnel equations is also shown.

Figure 4. (A) Φext plotted versus wavelength for CSVT GaAs thin
films and commercial GaAs wafers. These curves are uncorrected for
reflectance and solution absorbance (λmax = 440 nm). (B) Φint for the
same electrodes (open circles) and fits (solid lines) based on the
Gar̈tner model. In the calculation of LD we used data corresponding to
wavelengths for which the solution was transparent (500−900 nm).
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ELH lamp (Table 1). These differences are due to the known
differences between lamp spectra and the reference spectra.29,30

The results reported here suggest that the electronic quality
of CSVT GaAs is sufficient for use in solar energy conversion
applications and motivate significant further study. The best
CSVT GaAs photoanodes yielded an efficiency of 9.3%, which
approaches that achieved in previous studies using the same
electrolyte and illumination source with high-quality MOCVD-
grown GaAs epi-layers (where up to 11% efficiency was
observed).22 Correction for cell-related solution losses, that
could be eliminated in a solid-state cell design, yield corrected
efficiencies for the CSVT films near 13% (Table 1).31

Furthermore, the external quantum efficiency of the CSVT
GaAs thin-film devices as well as that of the control wafers
could be substantially improved through the use of surface
texturing both to decrease reflective losses (∼24% of above-
bandgap photons for the GaAs/ACN interface) and boost
carrier collection via three-dimensional structuring.25,32 Higher
photoanode efficiencies (ca. 15%) for Ru or Os-modified,
surface-roughened n-GaAs wafers have been obtained in
aqueous selenide electrolytes.33,34 Use of these electrolytes
would enable higher absolute efficiencies for CSVT n-GaAs as
well.
Efforts to passivate the CSVT GaAs surface to increase the

photovoltage in PEC cells and to enable applications in PEC
water splitting are underway.35−37 We also note that it should
be possible to grow GaAs nanostructures by controlling the
nucleation and growth pathways in this simple CSVT reactor
without requiring molecular beam epitaxy or MOCVD
equipment.38 Because the use of single-crystal GaAs wafers as
growth substrates is prohibitively expensive for practical solar
energy conversion applications, we are studying the growth of
CSVT GaAs on non-lattice-matched substrates and metal
foils.7,20,39
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Spirkoska, D. e.; Döblinger, M.; Bichler, M.; Finley, J. J.; Abstreiter, G.;
Koblmüller, G. Nano Lett. 2011, 3848.
(39) Heller, A.; Miller, B. I.; Chu, S. S.; Lee, Y. T. J. Am. Chem. Soc.
1979, 101, 7633.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am201631p | ACS Appl. Mater. Interfaces 2012, 4, 69−7373


