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Close-spaced vapor transport provides GaAs1-xPx with controlled composition and competitive 

electronic properties. 
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Abstract 
 
We report the heteroepitaxial growth of variable composition n-GaAs1-xPx directly on GaAs 

substrates via close-spaced vapor transport using mixed GaAs-GaP powder sources. GaAs1-xPx 

films showed an average 10% reduction in atomic concentration of phosphorous from the source 

material, and ten GaAs0.7P0.3 films were grown with reproducible composition from a single 

source pellet. Non-aqueous photoelectrochemical measurements were used to assess electronic 

quality, with the best short-circuit photocurrent of 6.7 mA cm-2 and open-circuit photovoltage of 

0.915 V for n-GaAs0.7P0.3 with a carrier concentration of 2 × 1017 cm-3. The best Hall electron 

mobility for this composition was 1570 cm2 V-1 s-1. Cross-sectional transmission electron 

microscopy of GaAs0.7P0.3 shows single-crystal structure with few defects. We conclude that 

CSVT is a promising route to the growth of ternary III-V materials like GaAs1-xPx for low-cost 

high-efficiency tandem photoelectrochemical or photovoltaic devices. 
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Introduction 

 Improving the cost-performance of solar energy conversion devices such as photovoltaics 

(PVs) and photoelectrochemical (PEC) water-splitting cells requires advances in deposition 

technologies to lower cost and improve materials quality. For PVs, advances that decrease the 

cost per watt of solar power are needed to achieve cost parity with fossil fuels. Increasing energy 

conversion efficiency (e.g. to > 30%) is perhaps the best route to reducing the cost of PV, 

because of the substantial “balance of systems” costs that scale with PV device area.1 For 

photoelectrochemical water splitting, devices are needed that can generate the required minimum 

open-circuit voltage of ~ 1.7 V while effectively utilizing the solar spectrum.2 Tandem 

architectures employing two semiconductors with different band gaps could be used in both 

applications. Therefore, inexpensive deposition technologies that produce high-quality 

semiconductor materials with appropriate band-gaps for tandem devices are needed.  

The most-efficient photovoltaic and photoelectrochemical water-splitting devices are 

based on III-V semiconductors. Many binary III-Vs, including GaAs, have large optical 

absorption coefficients and direct band gaps, providing for high solar absorption efficiencies in 

thin films.3,4 Ternary III-Vs, like GaAs1-xPx, provide tunable band gaps and lattice parameters 

which enable multijunction solar PV and water-splitting cells;5–7 the current record for a three-

junction one-sun III-V PV device is 37.9 ± 1.2%.8 III-V tandem cells have also demonstrated 

record photoelectrochemical (PEC) water splitting efficiencies > 12%.9 However, III-V cells are 

made with expensive deposition methods, typically metal organic chemical vapor deposition 

(MOCVD), that lead to estimated cell costs of >$10 Wp
-1 even with optimistic cost models.10 

These costs limit terrestrial use of III-Vs to small-area concentrator configurations and precludes 

use in one-sun applications for PVs1 and PEC water splitting.11 If tandem devices incorporating 
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III-Vs are to be used for one-sun PV or PEC applications, an improved low-cost production 

method is needed to compliment strategies for reducing current substrate costs. 

 Close-spaced vapor transport (CSVT) is a method for depositing high-quality III-V 

semiconductor epilayers at ambient pressure from a solid source.12,13 The reactor is shown 

schematically in Figure 1. Either a halide species or water vapor is diluted in H2 to act as a 

transport agent for the reactive precursor species, which is generated by the decomposition of the 

higher-temperature source. The reactive species deposits at the cooler substrate after diffusion 

across a gap, typically ≤ 1 mm. We showed that CSVT can produce n and p-GaAs from 

deliberately doped powder sources with Hall mobilities comparable to those of MOCVD-grown 

material over a wide range of dopant densities, using water vapor as a transport agent.14 We 

fabricated the first CSVT-grown GaAs homojunction solar cells, with open-circuit potentials 

(VOC) over 900 mV and internal quantum efficiencies (Φint) of ~90% for unpassivated devices.15 

Although the overall device efficiency (η) was only ~8%, device physics models show that cells 

fabricated using CSVT could achieve η > 24% with surface passivation and anti-reflective 

coatings.16 We previously demonstrated n-GaAs photoelectrodes with efficiencies nearing those 

of photoelectrodes grown using MOCVD. Finally, the growth rate of CSVT (we typically use up 

to ~400 nm min-1, but faster is possible) can exceed that of MOCVD and MBE (typically μm hr-

1) .7,17,18 If such materials control could be extended to ternary III-V semiconductors with tunable 

band gaps, it would make CSVT attractive for low-cost tandem cell fabrication for either PV or 

PEC water splitting. 
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Figure 1: Schematic representation of the CSVT reactor. For III-V growth, Tsrc > Tsub. Transport agent flow, Si 
spacers between the heaters and source/substrate, and the surrounding quartz tube have been omitted for clarity. 

GaAs1-xPx in particular is a useful target ternary III-V for PV and PEC applications. For 

[P] = 30% of the total group V concentration (i.e. x = 0.3), it has a direct band gap Eg ≈ 1.8 eV. 

This band gap is ideal for the top cell in a GaAs1-xPx/Si one-sun tandem PV or PEC water 

splitting device, providing theoretical limiting efficiencies of 37%6 - 45%19,20 and ~24%21,22 

respectively. For [P] ≥ 44%, GaAs1-xPx with a larger, indirect band gap might be used as a 

window layer on a GaAs homojunction solar cell if interface defects could be managed. 

Historically, however, GaAs1-xPx has largely been used in photodiodes and LEDs.23,24 It has 

found limited application in PV in part because of difficulty with growth by MOCVD. The group 

V precursor decomposition rates differ dramatically at the growth temperatures for multijunction 

solar cells, requiring a large excess of P precursor to achieve the desired film composition.25,26 

GaAs1-xPx can be deposited by CSVT from a source of mixed GaAs and GaP 

powders.13,27–29 The reaction with water vapor occurs as follows:29,30  

Source: 2(GaAs)1-x(s) + 2(GaP)x(s) + H2O(g) ⇌ Ga2O(g) + H2(g) + (As2)1-x(g) + (P2)x(g) 

Substrate: Ga2O(g) + H2(g) + (As2)1-x(g) + (P2)x(g) ⇌ 2GaAs1-xPx(s) + H2O(g) 

The supersaturation of the gas-phase reactants at the substrate are controlled by varying the 

source-substrate temperature difference (ΔT).13,31,32 In situ generation of the reactive species 

requires only a carrier gas (H2) and a transport agent (H2O), eliminating the need for the complex 
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mix of toxic and pyrophoric gaseous precursors used in MOCVD production of GaAs1-xPx,25 thus 

reducing hazards and potential cost. CSVT operates at atmospheric pressure, rather than the 

lower pressures sometimes employed in MOCVD24,33 or the high vacuum conditions of MBE. 

There is no need to crack the P precursor as would be typical in molecular beam epitaxy, an 

alternative, slower growth method.34 Additionally, CSVT processes have reported > 95% source 

utilization.12  

Both water vapor28,29 and halides35 have been used as transport agents for GaAs1-xPx 

growth in CSVT. Source materials included mechanically ground GaAs and GaP28,35 and melt-

grown GaAs1-xPx.28
 The reports of Gottlieb and of Purohit explored both composition and growth 

rates but reported no electronic characterization.28,29 Hoss et al. provide, to our knowledge, the 

only electronic characterization of GaAs1-xPx produced by CSVT, of p+-GaAs1-xPx with [P] = 

20% and a low Hall mobility μh  = 30 cm2 V-1 s-1.35 While these studies show that GaAs1-xPx 

growth is feasible using CSVT, comprehensive studies of the crystalline and electronic 

properties of films grown by this method are not available. 

Herein we report the growth and characterization of n-GaAs1-xPx epilayers, 25% ≤ [P] ≤ 

65%, directly on single-crystal GaAs substrates from combined powder sources using CSVT. 

High-resolution x-ray diffraction measurements indicate that the GaAs1-xPx films grow 

epitaxially on the GaAs substrates over the range of [P], and that mixed GaAs-GaP powder 

sources yield GaAs1-xPx films with an average 10% reduction in [P] from the pellet content, an 

apparent improvement over other GaAs1-xPx growth methods which require large excesses of P 

precursor. Non-aqueous photoelectrochemical measurements show good photoresponse for all 

GaAs1-xPx compositions, and optimization of GaAs0.7P0.3 growth conditions gave JSC = 6.7 mA 

cm-2 and a Hall mobility μe = 1570 cm2 V-1 s-1, suggesting that with further optimization these 
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films could be useful for high-efficiency tandem devices – especially if growth on Si bottom 

cells becomes feasible. 

 

Experimental Methods 

GaAs1-xPx film growth 

Powder sources for GaAs1-xPx films were prepared using the method described by 

Ritenour et al. for doped GaAs sources.14 The appropriate ratios of GaAs and GaP were ground 

separately in an agate mortar and pestle (total mass ~400 mg), then combined and pressed in a 13 

mm pellet die at 35 mPa. Nominally undoped GaAs wafers (AXT, Inc.) were used for all powder 

sources. For the varied composition series sources, a GaP wafer, S-doped with ND = 1.4 × 1018 

cm-3  (University Wafer) was used, while an undoped GaP wafer (MTI Corp.) was used for the 

varied temperature series source. The mortar and pestle were cleaned by etching in NH4OH and 

H2O2, then rinsing with 18.2 MΩ-cm water. <100>-oriented single-crystal GaAs wafers (AXT, 

Inc.), Si-doped with ND = 1 × 1018 cm-3 (for PEC measurements) or nominally undoped (for Hall 

effect measurements), were used as substrates. These were etched with 10:1:0.5 

H2O:NH4OH:H2O2 for 30 s, rinsed with 18.2 MΩ-cm water and HPLC-grade isopropanol, and 

spun dry before growth.15,36 

 Detailed information on the CSVT reactor has been reported previously.14–17 The source 

and substrate were heated using resistive graphite heaters. The source (Tsrc) and substrate (Tsub) 

temperatures were set using PID controllers and monitored throughout each growth to maintain 

their temperature difference, ΔT, using type-K thermocouples embedded in the heaters. A quartz 

ring with 14 mm inner diameter, 1.4 mm thick, was used as a spacer, providing a 0.7 mm space 

between source and substrate. H2 (Praxair, research grade) was used as a carrier gas.  The 

transport agent was 18.2 MΩ-cm H2O introduced at ~2500 ppm during growth. Before growth, 
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the chamber was evacuated using a Pfeiffer Vacuum HiCube turbo pump, refilled with dry H2, 

and purged until [H2O] was ~ 50 ppm. The source and substrate heaters were ramped to their 

final temperatures under dry H2. Wet H2 flow was initiated and growth temperatures were 

maintained for 20 min. Then wet H2 flow was stopped and the reactor was allowed to cool under 

dry H2 and subsequently under Ar. 

Two series of samples were produced for this study. For the varied composition series, a 

range of P concentrations (atom %) was investigated using pressed powder sources with 30% ≤ 

[P] ≤ 70% (Table S1). For the varied temperature series, a single pellet with [P] = 30% was used 

as a source. The five composition series samples were grown using a single set of growth 

parameters, with Tsrc = 900 °C. The ten temperature series samples were grown at a range of 

source temperatures of 800 °C ≤ Tsrc ≤ 950 °C. In all cases, ΔT = 20 °C. After growth, film 

thicknesses were measured using a Zygo 7300 optical profilometer. 

 
Materials characterization 

 For high-resolution X-ray diffraction (XRD), a Rigaku SmartLab X-ray diffractometer 

equipped with a Ge (220) × 2 monochromator and RxRy tilt stage was used for coupled ω/2θ 

scans. The beam was aligned to the substrate by setting 2θ to the Bragg condition for the [004] 

reflection of GaAs and rocking the stage angle ω to find the maximum intensity. A scan of 2θ 

over the region of interest was used to identify the GaAs1-xPx [004] peak, then ω was scanned 

with 2θ set to the Bragg condition for the GaAs1-xPx [004] peak to obtain rocking-curve full-

width at half-maximum (FWHM) values. For energy dispersive spectroscopy (EDS), an Oxford 

Instruments X-MaxN 50 silicon drift detector was used. Elemental maps showed that the films 

were homogeneous; the composition of each film was determined by averaging [P] at three 

locations. Plan-view and cross-sectional scanning electron microscopy (SEM) was conducted 
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using a FEI Helios Dual Beam, which was also used to produce the cross-section for high-

resolution transmission electron microscopy (HR-TEM). The SEM working distance was 4 mm 

and the accelerating voltage was 5 kV; the TEM was a JEOL 2100F operating at an accelerating 

voltage of 200 kV.  

For the temperature series, the composition of the source pellet was monitored using 

wavelength-dispersive X-ray fluorescence (XRF). After pressing, the pellet was sintered in the 

CSVT under dry H2 at 800 °C for 5 minutes with ΔT = 0. Following this step, Ga, As, and P 

contents were measured using a sequential wavelength-dispersive XRF spectrometer (Rigaku 

ZSX Primus II) before every growth in the temperature series; measurements were repeated six 

times. After completing the growths, powder XRD θ/2θ scans with Bragg-Brentano focusing 

were used to identify the phases present in the source pellet. 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) negative spectra were 

measured using an ION-TOF mass spectrometer with Bi3+ analysis gun and Cs+ sputter gun. 

Relative sensitivity factors were used to convert ion counts to bulk dopant densities:14  

[𝐸𝐸] = 𝑅𝑅𝑅𝑅𝑅𝑅𝐸𝐸  ×  𝐼𝐼𝐸𝐸
𝐼𝐼𝑀𝑀

     (1) 

where [E] is the concentration (cm-3) of the analyte element, RSFE is the relative sensitivity 

factor for that element in a GaAs matrix from literature,37 IE is the total ion count for the analyte 

and IM is the total ion count for the matrix. For this study, RSF values were referenced to Ga 

rather than As or P to ensured that samples with different [P] were directly comparable. 

 

Photoelectrochemical and electronic characterization  

 GaAs1-xPx photoelectrodes were constructed according to established methods.14,17 Ohmic 

contacts were made using either AuGe (100 nm, diffused at 450 ºC for 90 s in 5% H2/95% N2) or 
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InGa (scribed, diffused at 450 ºC for 10 min in 5% H2/95% N2). Electrodes were constructed by 

attaching tinned-copper wire to the samples using silver paint (Ted Pella 16040-30) and feeding 

the wire through glass tubing. The samples were enclosed to a surface area between 0.02 and 

0.05 cm2 with non-conductive epoxy (Loctite Hysol 1C and 9460). The geometric surface areas 

of the final electrodes were measured using a digital scanner and ImageJ software. 

 PEC J-E measurements were conducted as previously reported.17,38 The GaAs1-xPx 

electrodes were submerged in an electrolyte of 100 mM sublimed ferrocene and 0.5 mM 

recrystallized ferrocenium in dry acetonitrile with 1 M LiClO4 (Alfa Aesar, 99%) as the 

supporting electrolyte. Measurements were conducted on a Biologic potentiostat in three-

electrode mode under AM 1.5G solar simulation (Abet Technologies 10500) at 20 mV s-1
 scan 

rate. The counter electrode was a Pt mesh and the reference electrode was a Pt wire poised at the 

solution potential and positioned ~5 mm from the working electrode surface to minimize 

uncompensated series resistance.  

 Impedance spectroscopy was conducted in the same electrochemical solution in the dark 

using a DC reverse bias between 0 and 1 V in 10 steps with a 10 mV AC bias amplitude. 

Measurements which resulted in linear Bode plots and phase angles near -90° over a large range 

of frequencies were fit to an equivalent circuit to determine the capacitance of the depletion 

region as a function of working electrode bias (the circuit and details of the fit procedure have 

previously been reported).14,17 Equation 2 was used to determine the dopant density, ND, and the 

flat band potential Vbi,39 while equation 3 was used to determine the depletion width W:40 

1
𝐶𝐶2

=  
2(𝑉𝑉𝑏𝑏𝑏𝑏− 𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎−

𝑘𝑘𝑘𝑘
𝑞𝑞 )

𝑞𝑞𝑞𝑞𝑁𝑁𝐷𝐷𝐴𝐴2
     (2) 

𝑊𝑊 =  �2𝑞𝑞
𝑞𝑞𝑁𝑁

 (𝑉𝑉𝑏𝑏𝑏𝑏 −  𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 −
𝑘𝑘𝑘𝑘
𝑞𝑞

)     (3) 
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where ε is the dielectric constant, q is the fundamental charge, Vapp is the applied bias relative to 

solution potential, k is the Boltzmann constant, and T is room temperature. 

Three films from the temperature series ([P] = 30%) were deposited on semi-insulating 

GaAs substrates as described above with Tsrc = 900 °C and ΔT = 20 °C. These films were then 

cut into squares and ohmic contacts were made to the corners using annealed AuGe eutectic. Hall 

effect measurements were made on a lab-built system at 300 K with fields between 0 and 10 kG. 

The majority carrier mobility μe was measured using the Van der Pauw method,41 which also was 

used to determine the carrier concentration, ND, of the films.  

 
Reflectivity and Spectral Response 
 
 The reflectance R(λ) of each sample was measured using a Perkin Elmer Lambda 1050 

spectrometer with an integrating sphere.38 Samples were measured in air|sample and 

air|glass|acetonitrile|sample configurations to account for reflection losses in the PEC spectral 

response measurements. Due to inhomogeneity in surface roughness of the samples, the 

reflectance varied between samples; however, all samples displayed peak shapes indicative of 

their intermediate compositions between GaP and GaAs (Figure S3).  

  A Bentham PVE300 system was used to measure the spectral response of the 

photoelectrochemical samples. Monochromatic light was chopped at 35 Hz and the signal was 

measured using a lock-in amplifier. For these measurements, a two-electrode short-circuit PEC 

configuration was used and the ferrocene/ferrocenium electrolyte was diluted to reduce parasitic 

light absorption.  A Bentham 11677 calibrated photodiode was used to determine incident light 

intensity at each wavelength so the nA-range signal could be converted to external quantum 

efficiency (Φext).  Additional experiments, described in the SI, were used to confirm that no 

artifacts affected the measured short-circuit current (Figure S4). 
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Results and Discussion 

Sample Growth, Phosphorous Characterization, and Crystalline Quality 

 Two series of GaAs1-xPx films were produced to determine the effects of source 

composition and growth temperatures on GaAs1-xPx deposition by CSVT. Although single-

crystal GaAs and GaP wafers were ground and used as powder sources in this study, should the 

CSVT process be commercialized it is anticipated that directly prepared powders (with cost at 

scale approaching that of the bulk elements) would be used as precursors. For the varied 

composition series, high growth temperatures (compared to CSVT GaAs growth)14–18 were used 

based on literature reports that temperatures above 900 °C are required for efficient P 

incorporation.28,29,35 All growths resulted in films with non-specular surfaces (samples C1-C5). 

Film compositions were determined using P/(P+As) via EDS (Figure 2A).42 The GaAs1-xPx (004) 

θ/2θ peak position (Figure 2B) was also used with Vegard’s law to calculate [P] from the lattice 

parameter.3 By XRD, [P] of the films averaged ~90% of [P] for the sources, which is in good 

agreement with the reports of GaAs1-xPx growth from Gottlieb and Purohit, who both observed a 

similar reduction in [P] from source to substrate. However, the non-specular surfaces grown at 

these conditions differ from Gottlieb’s report of mirror-like surfaces for most growths, which 

may be due to the use of a GaAs1-xPx wafer rather than mixed powder for a source material 

(Purohit does not describe the GaAs1-xPx surface morphology).28,29 Compositions of the source 

pellets and films as well as film thicknesses for the composition series can be found in Table S1. 
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Figure 2: A) The initial pellet source and final film compositions of the composition series of GaAs1-xPx films. The 
second y axis shows the expected Eg of these samples based on [P]. Images of the source wafers and a pellet are 
inset. B) XRD scans of the five composition series samples, showing the shifting position of the GaAs1-xPx (004) 
peak with increasing [P] compared to the GaAs substrate (004) peak. 
 

The high incorporation of P (with only a 10% reduction from source to film across the 

series) in the composition series samples is in contrast to GaAs1-xPx growth in MOCVD and 

MBE. Unlike MOCVD and MBE, the P precursor in CSVT does not require cracking to produce 

the active species,26,34 and no overpressure of either group V element compared to the group III 

element is required for deposition, as in MOCVD (where typical growth conditions use at least 

threefold and often more than tenfold excess group V precursor).43  For a completely enclosed 

CVST growth zone, the utilization of both group III and V elements should approach 100%.12,28 

This is a key difference from gas-phase deposition technologies, like MOCVD, which rely on 
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gas flow for deposition and thus typically utilize only ~30% of the more-expensive group III 

element.10 However, we did observe qualitatively that phosphorous was lost from the reaction 

zone in the CSVT more quickly than arsenic, as evidenced by a reddish coating in the CSVT 

downstream of the heaters. This is likely due to the higher diffusivity of P2 relative to As2 and 

thus faster transport out of the incompletely sealed reaction zone. This loss explains the small 

reduction in [P] of the films relative to their sources, and likely was the cause of the [P] 

reduction in the final film observed in previous CSVT growths.28,29  

XRD analysis of a source pellet with [P] = 30% after several growths shows that the GaP 

and GaAs formed a GaAs0.7P0.3 ternary powder (Figure S1).  Because the transport reactions at 

the source and substrate (shown above) are each at near-equilibrium during the CSVT growth 

process and the growth rate is controlled by diffusion in the reaction zone,44 it is likely that the 

substrate follows the average source composition because the GaAs and GaP are alloying, at 

least at the surface, during heating, even during the first growth from a pellet. Thus, the partial 

pressures of P and As at the source are not set by the individual GaAs and GaP phases, but rather 

by the alloyed source material. Further studies are needed to fully elucidate the details of ternary 

growth by CSVT. 

Despite their non-specular surfaces, diffraction analysis shows that all films in the 

composition series are epitaxial and aligned to the <100> GaAs surface (Figure 2B). Some 

compositional inhomogeneity is evident from diffraction in all of the films, except sample C1 

([P] = 31%). Based on the small lower-angle shoulder observed on each GaAs1-xPx (004) peak 

these inhomogeneities are minor. Crystalline quality was assessed qualitatively from the full 

width at half maximum (FWHM) of the GaAs1-xPx (004) rocking-curve ω peak for each film 

(Figure 3). All films showed larger FWHM than the substrate indicating a larger number of 
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dislocations in these films than the GaAs substrate, consistent with the significant lattice 

mismatch between GaAs and the GaAs1-xPx compositions studied here. 

 

Figure 3: Rocking curve (ω) scans of each GaAs1-xPx (004) peak for the composition series. Note the large FWHM 
of all films compared to a GaAs substrate caused in part by misfit dislocations on the lattice mismatched substrate. 

A second series of samples were grown to investigate the effect of growth temperature on 

P incorporation in CSVT GaAs1-xPx and to quantify the change in [P] of the source over multiple 

uses (samples T1-T10). Tsrc was varied between 800 and 950 ºC while ΔT was held constant at 20 

ºC (i.e. for Tsrc = 900 ºC, Tsub = 880 ºC). The initial source composition was [P] = 30%. Like the 

films in the composition series, these temperature series samples were found to be epitaxial and 

aligned to their GaAs substrates (Figure 4A). The tight clustering of the GaAs1-xPx (004) peaks 

despite differences in temperature indicates that growth temperature has little impact on P 

incorporation in the epilayer and that the difference between source and film [P] described above 

is likely solely due to precursor escape from the reaction space. With the exception of the first 

film (discussed below), the films with repeated growth parameters (Tsrc = 900 °C) show 

reproducible P incorporation. The limited deviation in [P] of the other films indicates that, for the 

temperature range investigated, growth temperature does not play a large role in determining P 

incorporation in the film. The growth temperatures, [P], change in [P] from the source, and film 
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thickness are shown in Table 1. In addition to [P], film thicknesses, and growth rates of the 

samples grown at Tsrc = 900 °C are reproducible. For the other films, the highest growth 

temperature (Tsrc = 950 °C) resulted in the highest growth rate and thickest film, while lower 

growth temperatures resulted in thinner films, consistent with an increased reaction rate at higher 

temperature. The rocking curves for these samples show FWHM values (Figure 4B) which 

follow the trend of the measured film thicknesses, with the lowest FWHM for the thickest 

sample, grown at Tsrc = 950 °C, and the largest FWHM for the sample grown at Tsrc = 800 °C.  

 

Figure 4: A) XRD scans of the first seven samples of the temperature series (T8-T10 omitted for clarity). Note the 
compositional inhomogeneity in sample T1, [P] = 30.2%. B) FWHM values for the temperature series, which 
correlate strongly with growth temperature and therefore film thickness. 
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Table 1: Temperature series film data 

Sample Tsrc (°C) Film [P] by XRD 
(atom %) 

Difference from 
source (%) Film Thickness (μm) 

T1 900 30.2 2.3 4.9 ± 0.7 
T2 950 25.5 13.4 8.7 ± 1.6 
T3 900 26.8 9.3 4.4 ± 0.4 
T4 850 27.9 5.4 1.9 ± 0.2 
T5 900 26.0 11.8 3.8 ± 0.5 
T6 800 27.4 7.0 1.2 ± 0.5 
T7 900 27.7 6.2 4.1 ± 0.3 
T8 900 28.1 4.5 3.8 ± 0.6 
T9 900 27.5 6.7 4.2 ± 1.0 

T10 900 27.7 6.1 4.4 ± 0.6 
 
 

In order to achieve high materials utilization over the lifetime of a source, its composition 

should remain constant. Preferential depletion of one group V element over the other would 

cause [P] and therefore Eg in the resulting films to drift from the desired composition. XRF was 

used to qualitatively examine the change in [P] of the source pellet. After pressing, the 

temperature series source pellet was briefly sintered under H2 to improve its structural integrity 

as described in the experimental methods. Its composition was then measured before each of the 

ten growths. The [P] of the pellet and each film (from XRD) can be seen in Figure 5. There is 

significant depletion of P after the first growth from the front of the pellet, which is reflected in 

the higher [P] of the first sample of this series (sample T1, [P] = 30.2%). T1 also shows 

compositional inhomogeneity, as evidenced by the shoulder at higher angles in the diffraction 

analysis representing P-rich components (Figure 4A). Subsequent growths show no such 

inhomogeneity. These results suggest that sintering at 900 °C is sufficient to drive the alloying of 

the GaAs and GaP in the source material to provide a homogeneous source vapor. Compositional 

inhomogeneity of the partially sintered pellet likely contributed to the low crystalline quality of 

the first sample.  

After the first growth, the P content of the source is stable over the course of the 

temperature series growths, as it is in the resulting films. However, [P] of the source was lower 
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than that of the films, suggesting depletion of P at the surface of the pellet. Because XRF does 

not probe the entire film, the backside of the pellet was measured after T7 to determine if P 

depletion was occurring uniformly throughout the pellet (Figure 5). The results show that more P 

remains in the whole pellet while the surface closest to the substrate is depleted. Nonetheless, the 

resulting film composition was reproducible. As mentioned above, a powder XRD scan of the 

temperature series pellet after the growths confirmed that the pellet had sintered into a solid 

solution (Figure S1).  

 

Figure 5: Evolution of the [P] in the temperature series pellet source and the resulting ten films. Films grown at 
different Tsrc are indicated. 

Plan-view scanning-electron micrographs of all GaAs1-xPx films showed a high 

prevalence of irregular microstructures and surface texturing (Figure 6). The rough surfaces are 

likely a result of the tensile strain imposed on the GaAs1-xPx films by growing on a mismatched 

substrate and appear similar to, if much rougher than, the cross-hatched surface morphology 

observed when compositionally graded buffer layers are used.45 Adventitious microstructures 

(Figure 6A, arrows) on the films are likely due to particles transferring from the powder source, 

and have been separately observed in CSVT GaAs grown from pellet sources in this system. The 

temperature series samples allowed for characterization of the particulate transfer from a pellet 
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over time. Although there are many microstructures observed on the first sample (Figure 6A), by 

the tenth and final growth from the pellet, they were almost entirely eliminated (Figure 6B).  

These data suggest that after sufficient sintering (which could be done prior to initial film 

growth), the source pellets no longer contain particulates sufficiently small to transport during 

the CSVT process. To further probe the crystal quality of the CSVT GaAs1-xPx, a TEM cross-

section was prepared using focused ion beam milling of sample T10 (Figure 7). HR-TEM 

confirms the finding from XRD that the film is an epitaxial single crystal. Notably, there is a 

very low incidence of defects throughout the sample and the cross-section appears uniform.  

 

 

Figure 6: Representative plan-view SEM images of the temperature series GaAs1-xPx surfaces. A) Sample T1 ([P] = 
30.2%), showing adventitious microstructures, some of which are indicated by white arrows, and a large degree of 
surface texturing. B) Sample T10 ([P] = 27.7%), where the microstructures are no longer observed. SEMs of the 
composition series samples, which show more microstructures and texturing, can be seen in Figure S2. 
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Figure 7: TEM of sample T10 FIB cross-section A) Overview of cross-section showing entire thickness of 
GaAs0.7P0.3 film with few defects. The interface with the GaAs substrate is marked. B) HR-TEM of the surface 
showing no defects. C) HR-TEM of a dislocation. D and E) HR-TEM of interface showing no obvious threading 
dislocations and only few interfacial defects likely related to surface contamination.  

Electronic Characterization 

 After characterization of their physical properties, the GaAs1-xPx samples grown on n+-

GaAs substrates were cleaved and fabricated into electrodes for PEC characterization in a 

standard non-aqueous ferrocene/ferrocenium redox electrolyte (Table 2).14,17,38 This 

characterization method is advantageous for the GaAs1-xPx films, as a rectifying liquid junction 

avoids the difficulties associated with forming solid-state junctions on rough surfaces. 

Impedance spectroscopy and Mott-Schottky analysis were used to measure dopant density. For 

the composition series, ND from impedance scaled with increasing [P], which is consistent with 

the dopant originating from the source n-GaP wafer. The n-type dopant was identified as S using 

TOF-SIMS. Efficient incorporation of S from the pellet source in these films is expected, given 

the high vapor pressure of S and previous reports of S-doped CSVT films.14 For the temperature-
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series samples, ND values determined by Mott-Shottky analysis were the same within error, 

between 2-4 × 1017
 cm-3.  TOF-SIMS shows lower [S] (1016

 - 1017 cm-3) in both the GaP wafer 

used for the pellet source for this series and in resulting films. Results of TOF-SIMS analysis on 

selected GaAs1-xPxfilms and both GaP source wafers can be found in Table S2. 

Table 2: PEC J-E and impedance measurement results. 
 Sample ND (cm-3) JSC (mA cm-2) VOC (V vs Esol) LD (nm) 

Variable 
Composition 

C1 2.1 ± 0.8 × 1017  4.7 ± 0.2 -0.94 ± 0.03 160 ± 30 
C2 2.6 ± 0.6 × 1017 3.9 ± 0.2 -1.02 ± 0.02 140 ± 20 
C3 2.7 ± 0.5 × 1017 2.7 ± 0.6 -1.098 ± 0.007 Indirect Eg 
C4 3.7 ± 0.3 × 1017 2.1 ± 0.1 -1.09 ± 0.02 Indirect Eg 
C5 5 ± 3 × 1017 1.4 ± 0.3 -1.10 ± 0.02 Indirect Eg 

Variable 
Temperature 

T1 3 ± 1 × 1017 5.1 ± 0.4 -0.96 ± 0.02 220 ± 10 
T2 3.1 ± 0.2 × 1017 5.3 ± 0.3 -0.941 ± 0.008 141 ± 7 
T3 3.0 ± 0.1 × 1017

 6.4 ± 0.2 -0.93 ± 0.01 260 ± 10 
T4 2.9 ± 0.8 × 1017  6.1 ± 0.5 -0.90 ± 0.01 210 ± 10 
T5 2.1 ± 0.2 × 1017 6.1 ± 0.4 -0.96 ± 0.01 220 ± 20 
T6 4.0 ± 0.4 × 1017 5.8 ± 0.3 -0.877 ± 0.008 160 ± 20 
T7 2 ± 1 × 1017 6.7 ± 0.3 -0.93 ± 0.01 240 ± 20 

*All values are averages of three electrodes; errors were determined from one standard deviation. 

Representative illuminated J-E curves for the composition series are shown in Figure 8A. 

All films show higher open-circuit potentials than GaAs in the same solution due to the larger 

band gap of all compositions of GaAs1-xPx, consistent with older results on MOCVD grown 

GaAs1-xPx.46 The short-circuit current JSC (defined in this case as the current measured when the 

semiconductor potential is equal to the contacting solution potential) decreases with increasing 

[P]. This is the result of a number of factors. Increasing [P] increases Eg, decreasing the 

wavelengths which are absorbed, and for [P] ≥ 44%, the band gap becomes indirect. 

Additionally, increasing dopant density decreases mobility and diffusion length, which leads to 

increased bulk recombination and the lower JSC of the higher [P] samples. Representative J-E 

curves for the temperature series are shown in Figure 8B. The samples with Tsrc = 900 ºC showed 

the best electronic characteristics individually and overall, indicating good reproducibility (the 

first sample of this series showed a much lower JSC, possibly as a result of its compositional 

inhomogeneity). The higher growth temperature sample (Tsrc = 950 ºC) showed the same VOC but 
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lower JSC; lower growth temperature samples showed smaller VOC values as well as reduced JSC. 

All samples showed a slight bias-dependence in light-limited photocurrent; however, dark J-E 

curves showed no shunting in reverse bias.  

 

Figure 8: Representative JV curves. A) The decrease in JSC across the composition series with increasing [P] is 
consistent with increasing Eg and the shift from direct to indirect Eg. B) The temperature series shows the best J-E 
characteristics for the samples grown at 900 °C; samples T3 and T5 have similar characteristics to T7 and therefore 
are omitted here. The compositional inhomogeneity of sample T1 (30.2%) appears to have reduced JSC.  

The spectral response of the GaAs1-xPx samples was also measured to estimate minority 

carrier diffusion length, LD. External quantum efficiencies were converted to internal quantum 

efficiencies (Φint) using the measured reflectance for each sample using Φext = Φint[1-R(λ)]. 

Photons with energies near Eg are absorbed deeper in the semiconductor than higher energy 

photons, causing Φint to decay to zero at the band edge. This phenomenon allows Φint to be 
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modelled using the Gärtner equation, which assumes that there is no recombination in the 

depletion region (width W), and that LD governs bulk recombination:47 

𝛷𝛷𝑏𝑏𝑖𝑖𝑖𝑖 = �1 −  𝑒𝑒−𝛼𝛼(𝜆𝜆)𝑊𝑊

1+ 𝛼𝛼(𝜆𝜆)𝐿𝐿𝐷𝐷
�    (4) 

Because there are no literature reports on the values of the absorption coefficient α(λ) for the full 

range of [P] in GaAs1-xPx, values of α(λ) at the band edge for the direct Eg compositions were 

estimated based on literature values of α(λ) for two compositions; details  are discussed in the 

SI.48 LD was not extracted for the samples with [P] ≥ 44% as these samples have indirect band 

gaps and literature values of α(λ) were not readily available.  The experimental values of Φint as 

well as the results of the Gärtner fits for the data can be seen in Figure 9; the diffusion length LD 

is given for each sample in Table 2. The low observed Φint (and correspondingly low LD) for all 

samples over 500-700 nm is expected to be a result of micro-twins and threading and misfit 

dislocations in the films as a result of the lattice mismatch from the GaAs substrate.49 The use of 

a compositionally graded buffer layer, which is normally employed in other growth methods, 

should improve electronic properties.24 Overall, LD is seen to decrease with increasing [P] 

(Figure 9B), as expected due to decreasing hole mobility and increasing lattice mismatch from 

the substrate. For the variable temperature series, the samples with Tsrc = 900 ºC show the best 

LD, with decreased LD for all other samples, consistent with their J-E characteristics.  
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Figure 9: Φint data for A) the composition series and B) representative samples of the temperature series; due to 
similarity, the other temperature series samples are omitted for clarity. The Gärtner fits to the band edge are shown 
as solid lines in B). 

 As part of the temperature series, three GaAs1-xPx samples (T8-T10) were grown on 

undoped GaAs substrates at a single growth condition, Tsrc = 900 °C, for Hall measurements. All 

films were n-type with dopant densities in agreement with electrochemical impedance and TOF-

SIMS measurements. The Hall electron mobility μe was 1200 ± 300 cm-2 V-1 s-1 (see Table S4). 

While there are few comprehensive measurements of μe for GaAs1-xPx in the literature, these 

values are consistent with measurements by Tietjen and Amick, who reported ~3000 cm2 V-1 s-1 

for GaAs1-xPx with 0% ≤ [P] ≤ 20% at a similar dopant density in their study of various GaAs1-xPx 

compositions grown using HVPE. They note that there is no notable decrease in μe relative to 

GaAs until [P] > 30%.50 
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Overall, the electronic quality of GaAs1-xPx grown using CSVT is promising, but leaves 

room for improvement; this is especially evident in the decreased JSC of all film compositions 

compared to MOCVD- or MBE-grown materials which utilize compositional buffers.46,51–53  The 

volume density of misfit dislocations, for example, increases with increasing lattice mismatch 

between film and substrate, and therefore will exert a larger negative influence on films with 

higher [P]. The development of a method for compositional grading by CSVT or the 

implementation of defect trapping using micro- or nanostructuring of the substrate-film interface 

should help reduce crystalline defects, and therefore improve the electronic quality in future 

material. ND across both the series is higher than ND = 1015 cm-3 used, for example, in the study 

by Gronet and Lewis, where JSC up to ~15 mA cm-2 for [P] = 30% was reported.46 Performance 

could thus likely also be improved by optimization of the source composition and reactor to 

lower the carrier concentration. Finally, the incorporation of adventitious microstructures (Figure 

6) resulting from particulate transfer from the source could also contribute to a decreased μe and 

LD, ultimately impacting JSC and VOC.  These could be minimized by high-temperature pre-

annealing of the source pellet to effectively sinter the particulate source and minimize free 

particulates that can transfer to the substrate during the growth process. Oxygen-related defects 

directly related to the H2O used as a transport agent might also reduce electronic quality, though 

more study would be needed to confirm this hypothesis. Chloride transport agents might be used 

to eliminate these defects, while maintaining very high source utilization characteristic of the 

CSVT process. 

 

Conclusion 
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 GaAs1-xPx films with 25% ≤ [P] ≤ 65% were grown heteroepitaxially on GaAs substrates 

using CSVT from combined GaAs and GaP powders. XRD and EDS were used to confirm 

epitaxy and show excellent P incorporation in the films over a range of temperatures. The 

electronic properties of the materials, JSC, VOC, and ND, were measured using PEC and indicate 

reasonable electronic quality. These results represent an important step toward the utilization of 

CSVT to grow more-complicated device architectures, such as tandem photovoltaic or 

photoelectrochemical devices requiring ternary III-V compositions. Further improvements to the 

growth process, including elimination of particulate transfer during growth via a pre-growth 

sintering process, a shift to halide transport agents, the use of compositionally graded buffer 

layers, and better control over the carrier concentration would substantially improve the 

electronic properties of CSVT GaAs1-xPx, paving the way for incorporation of this material in 

new low-cost tandem PV or PEC concepts.  
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