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ABSTRACT: We demonstrate hydride vapor phase epitaxy 
(HVPE) of AlxGa1−xAs, AlxIn1−xP, and AlxGayIn1−x−yP using 
an AlCl3 precursor. We study the growth of the AlxGa1−xAs 
alloy system to elucidate the effects of deposition temperature, 
V/III ratio, and group V precursor species on Al solid 
incorporation via AlCl3. Crucially, the presence of group V 
hydride at the growth front kinetically promotes the solid 
incorporation of Al. We use these insights to demonstrate 
controlled deposition of AlxGa1−xAs, and for the first time by 
HVPE, AlxIn1−xP and AlxGayIn1−x−yP. These results create 
exciting implications for HVPE-grown high-efficiency III−V 
solar cells and devices with reduced cost. 
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■ INTRODUCTION

Hydride vapor phase epitaxy (HVPE) is an epitaxial growth 
method with the potential to reduce deposition costs for III−V 
photovoltaics and other III−V optoelectronic devices.1 Prior 
difficulties with the deposition of Al-containing III−V materials 
limited the ultimate performance of HVPE-grown devices, 
however.2 Substitution of Al for Ga in GaAs and GaInP leads 
to a large increase in band gap but minimal change in lattice 
constant, providing a nearly independent knob to tune band 
gap while maintaining defect-free epitaxy. This property 
enables the formation of abrupt, high-quality heterobarriers 
that are vital to the performance of optoelectronic devices such 
as photovoltaics, transistors, and light emitting diodes. For 
example, Al0.5In0.5P window layer passivation enables un-
matched solar conversion efficiencies in high-efficiency III−V 
solar cells,3 due to the material’s large band gap that minimizes 
parasitic absorption in the front of the cell. Al-containing 
compounds can also serve as wide band gap active regions in 
multijunction solar cells,4 with the Al solid fraction providing 
direct control over the device band gap. The ability to deposit 
Al-containing compounds by HVPE would have major 
implications on the outlook of this technology as a lower-
cost replacement for incumbent metalorganic vapor phase 
epitaxy (MOVPE). 
HVPE predates the development of MOVPE, the dominant 

III−V growth technique used in production today. From the 
1970s to the 1980s, commercial production of light emitting 
diodes5 and photodetectors and emitters for the tele-
communications industry was achieved using HVPE.6 HVPE 
was regarded as the best choice for creating materials with 
exceptional purity and electronic quality7 but began to fall out 

of favor after the development of MOVPE in the 1980s for two 
main reasons. First, MOVPE enabled the formation of 
extremely abrupt heterointerfaces with ease, whereas HVPE 
historically struggled with heterointerfaces due to its high 
growth rates and the process inertia related to in situ 
generation of the group III precursors. This issue has largely 
been obviated in recent years with the advent of dynamic-
HVPE,1,8,9 a variant of the traditional HVPE growth technique. 
The second reason was HVPE’s well-known difficulties with 
the deposition of Al-containing materials,2 another growth 
aspect for which MOVPE was well-suited. Aluminum 
monochloride (AlCl), analogous to commonly utilized 
HVPE precursors GaCl and InCl, is highly unstable and 
etches quartz, requiring alumina or graphite reactor compo-
nents.10−14 Further complicating matters, attempts to grow Al-
containing compounds from AlCl required growth temper-
atures of up to 1000 °C to suppress predeposition.2 Large 
differences in the thermodynamics of the growth of GaAs and 
AlAs precluded the formation of AlxGa1−xAs alloys from GaCl 
and AlCl; rather, only binary phases could be formed.11,15

Figure 1 plots the equilibrium constant, Keq, for the growth of 
GaAs and AlAs from various group III precursors and As4 or 
AsH3 group V precursors, calculated from the thermochemical 
data in ref 16. These calculations neglect to include 
equilibrium between other gas phase precursors, but the 
trends are still instructive. The large Keq for the growth of AlAs 
from AlCl implies a large driving force for the deposition of 
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this material, hence the difficulty controlling its growth at 
temperatures below 1000 °C. These temperatures are also not 
conducive to the incorporation of relatively volatile In into Al-
containing alloys, which precludes the possibility of growing 
Al(Ga)InP. Eventually, researchers did demonstrate 
AlxGa1−xAs growth by HVPE, but only by using a mixed 
Ga/Al source. 13,14,17 Differences in Al and Ga depletion rates 
in the melt lead to a drifting solid composition, however, 
making commercial production challenging with this method. 
In large part due to these difficulties, MOVPE became the 
dominant technique for III−V optoelectronic device produc-
tion. 
Aluminum monochloride is not the only possible Al-

containing HVPE precursor, however. Aluminum trichloride, 
AlCl3, is significantly more stable than AlCl and does not 
readily react to form AlAs, as demonstrated by the miniscule 
equilibrium constant for deposition of AlAs from AlCl3 shown 

in Figure 1. This stability similarly limits reaction of AlCl3 with 
heated quartz reactor components.18 Despite the low driving 
force for solid deposition directly from AlCl3 indicated in 
Figure 1, various reports throughout the late 1980s and early 
1990s demonstrated that the growth of AlAs and AlxGa1−xAs 
by HVPE was possible at temperatures as low as 500 °C using 
AlCl3. 

19−22 Growth of an Al-containing compound at those 
temperatures is highly promising for the deposition of 
Al(Ga)InP. To date, we are aware of no reports of growth of 
Al phosphide materials by HVPE. 
AlCl3 is a solid below ∼195 °C and has a low vapor pressure 

at room temperature. Thus, a heated AlCl3 source and process 
lines are required to transport this precursor with an inert 
carrier, an embodiment used by some groups. 21,22 However, 
this method is limited in the molar flow rate that it can deliver 
at standard line temperatures and bubbler flows. An alternative 
method is to generate AlCl3 from solid Al and HCl, a method 
commonly used to facilitate HVPE of III−N materials.18,23−25 

Thermodynamic calculations indicate that formation of AlCl3 
from HCl and solid Al is favored over AlCl at temperatures 
below ∼700 °C, with AlCl3 selectivity increasing as the Al 
source temperature is reduced.18 These same predictions 
suggest that the problematic AlCl could form as a byproduct of 
AlCl3 decomposition in hotter sections of the reactor 
downstream if decomposition kinetics are fast enough. 
However, there is evidence from high-temperature (≥1000 
°C) Al nitride growth that, once generated in a lower-
temperature source region, the AlCl3 molecule can pass 
through hotter regions of the reactor with limited decom-
position.24 AlCl3 generation can be accomplished in situ18,20 or 
ex situ, with the latter providing increased flexibility in the 
design of the quartz reaction vessel. 
In this work, we demonstrate the deposition of multiple 

types of Al-containing III−V materials by HVPE using an 
AlClx generator. We select for AlCl3 through use of a 400 °C 
source temperature, enabling controlled incorporation of Al in 
the solid phase. We verify that the AlCl3 molecule is resistant 
to decomposition in a typical range of temperatures employed 
in our reactor. We study the growth of the AlxGa1−xAs alloy 
system to understand the effects of growth conditions such as 
growth temperature, V/III ratio, and group V species on Al 

Figure 1. Plot of the equilibrium constant for deposition of solid AlAs 
and GaAs using various group III precursors and As vapor (As4) or As  
hydride (AsH3). 

Figure 2. Diagram of the dynamic HVPE reactor used in this study, including the external AlCl3 generator (not to scale). 

ACS Applied Energy Materials Letter 

DOI: 10.1021/acsaem.9b02080 
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX 

B 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

http://dx.doi.org/10.1021/acsaem.9b02080


incorporation from the AlCl3 precursor. Our results show that 
use of group V hydride, such as AsH3, instead of group V 
vapor, such as As2/As4, promotes stronger Al incorporation. 
We extend this understanding gleaned from AlxGa1−xAs growth 
to demonstrate the growth of AlxIn1−xP and AlxGayIn1−x−yP for 
the first time by HVPE, an undertaking once thought to be 
infeasible.26,27 These results enable the deposition of high-
efficiency solar cell designs previously unattainable by HVPE. 

■ EXPERIMENTAL SECTION 
Materials were grown in our atmospheric pressure, dual-chamber 
HVPE reactor9 shown schematically in Figure 2. GaCl and InCl were 
generated in situ from HCl and elemental Ga and In in the upper half 
of each reactor chamber. The Ga and In source temperatures in zones 
1 and 2, denoted TS, were 800 C, except where otherwise stated in 
this paper. Substrates were (100)-oriented GaAs with an offcut of 6
toward the (111)A plane. AlCl3 was generated ex situ in a separate 
quartz boat enclosed in a clamshell furnace. The Al furnace 
temperature, TS,Al, was 400 C in order to promote generation of 
AlCl3 instead of AlCl.18 Al precursor generation was controlled by the 
flow rates of HCl and H2 carrier to the boat as indicated in Figure 2. 
The process lines that deliver the Al precursor to the reactor were 
heated to 200 C using insulated heat tapes to prevent solidification of 
the AlCl3 and subsequent clogging of the lines. The Al line is plumbed 
into the reactor through an alumina tube that extends through the 
majority of the 800 C upper source zones. The alumina tube is inert 
to reaction with AlCl3 or decomposition byproducts and has an inner 
diameter of 4 mm to promote a high precursor velocity through the 
higher-temperature source zone. 
GaAs/AlxGa1−xAs/GaAs structures were grown and analyzed for Al 

solid content (xAl) and AlxGa1−xAs growth rate (RG). The deposition 
temperature (TD) in zones 3 and 4 was 650 C except where 
otherwise noted. The total H2 flow rate was ∼8500 sccm, with the 
flow rates of the other precursors noted later in the figures. AsH3 was 
the group V precursor input to the reactor, with the extent of 
decomposition of this precursor into Asx species controlled by its H2 
carrier flow rate. The AlxGa1−xAs lattice constant was measured using 
high-resolution X-ray diffraction and used to compute xAl following ref 
28. Epilayer thickness and growth rate were determined by fitting the 
sample reflectance using a transfer matrix method29 incorporating 
refractive index and absorption coefficient data calculated from ref 30. 
AlxIn1−xP and AlxGayIn1−x−yP epilayers were grown at a temperature 
of 650 C from AlCl3, InCl, GaCl, and PH3. The composition of the 
quaternary alloy was determined through measurement of the lattice 
constant by X-ray diffraction and band gap determination from 
spectroscopic transmission measurements. Transmission samples 
were fabricated by bonding the epilayer side to a glass handle with 
transparent epoxy and selectively etching away the absorbing substrate 
using an ammonium hydroxide/hydrogen peroxide based etchant. 

■ RESULTS AND DISCUSSION 

We performed two experiments to verify that the precursor 
generated in the Al source, and the one that eventually reaches 
the growth front, is AlCl3. First, we varied the deposition 
temperature, TD, under constant reactor flows and constant 
upper zone 1 and 2 temperatures (TS). Figure 3 shows xAl and 
the growth rate for this series of samples. xAl increases strongly 
with TD, and the growth rate varies weakly, passing through a 
maximum near 650 °C. The trend of increasing xAl with TD 
agrees with the equilibrium curves in Figure 1, which predict 
that the driving force for AlAs growth from AlCl3 increases 
with TD while the driving force for GaAs growth from GaCl 
simultaneously decreases. The growth  rate is relatively  
insensitive in this temperature range because of these opposite 
trends in Keq for each binary. This result suggests that AlCl3 is 
the dominant Al precursor in the reactor, because growth from 

AlCl and GaCl is expected to exhibit a monotonic growth rate 
decrease based on Figure 1. We also note that the large 
HCl(Al)/HCl(Ga) ratio of 61 needed to achieve xAl 0.4−0.6 
suggests that the species reaching the substrate surface is AlCl3. 
The more reactive AlCl would be expected to completely 
overwhelm Ga incorporation in the film at that ratio, as 
indicated in Figure 1. 
Next, we varied TS using constant reactant flows with 

constant TD to determine whether this would alter the 
distribution of AlClx species in the reactor. Changing TS is a 
useful method to alter the chemistry within the reactor 
independent of TD or reactant flows. In previous work, we used 
this method to affect the decomposition of AsH3 in the 
reactor.31 Figure 4 displays the results of a similar experiment 
studying the effect of TS on AlxGa1−xAs growth. xAl is relatively 
constant as TS varies between 650 and 800 °C. The growth 
rate is also relatively constant until it shows a decrease at TS 
800 °C. It is possible that AsH3 decomposition increased at the 

Figure 3. xAl (left axis) and growth rate (right axis) of AlxGa1−xAs 
epilayers grown with varying deposition temperature (TD) at constant 
source temperature (TS). 

Figure 4. xAl (left axis) and growth rate (right axis) of AlxGa1−xAs 
epilayers grown with varying source temperature (TS) at constant 
deposition temperature (TD). All other growth parameters were held 
constant. 
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highest temperature and led to decreased growth rate as 
suggested by the results in ref 31. The insensitivity of xAl and 
the growth rate to TS imply that the Al precursor distribution is 
not affected in this temperature range, at least in conjunction 
with the injection scheme used here. This result, combined 
with the result of the first experiment, strongly suggests that 
the predominant Al growth species in the reactor is AlCl3 and 
that it is not substantially decomposing to AlCl at typical 
reactor temperatures. 
We then investigated the effects of the both the flow rate and 

the nature of the group V precursor on AlxGa1−xAs growth. 
Figure 5 shows the effect of AsH3 flow rate on xAl and the 

growth rate. We see that xAl is roughly constant as the AsH3 
flow rate is increased from 45 to 100 sccm. However, the 
growth rate more than doubles within this range, implying that 
the increased AsH3 flow rate is increasing both Ga and Al 
incorporation in the solid because of the relative insensitivity of 
xAl to this parameter. The identity of the group V species has a 
much stronger effect on AlxGa1−xAs growth. In a previous 
study, we showed that the GaAs growth rate could be 
enhanced by limiting decomposition of the AsH3 precursor 
into As2/As4. 

31 In that work, we limited AsH3 decomposition 
by increasing the flow rate of H2 carrier input with the AsH3, 
which increases the velocity of the AsH3 through the reactor 
and decreases the amount of time it spends in the higher-
temperature 800 °C source zone where it would quickly 
decompose. Figure 6 shows xAl and growth rate for a series of 
AlxGa1−xAs samples grown with varying AsH3 carrier flow rate. 
Note that the carrier flow rate was compensated in another 
reactor port so that the total H2 flow rate and reactant dilution 
level were constant. xAl increases strongly with the AsH3 carrier 
flow rate, and the growth rate increases as well. These results 
imply that the presence of uncracked AsH3 is key to the 
incorporation of Al in the solid, as similarly found for AlAs 
growth.22 This can be understood by considering that Keq for 
growth of AlAs from AlCl3 and As4 is extremely low, as seen in 
Figure 1, while Keq for AlAs growth from AlCl3 and AsH3 is 
nearly 5 orders of magnitude larger.16 We further note that Keq 
for AlAs growth from AlCl3 and AsH3 is still well below unity 
at 650 °C, however, indicating that the equilibrium calculations 
do not tell the entire story. It is likely that the presence of 

unreacted AsH3 modifies the kinetics at the substrate surface, 
enhancing Al incorporation from the AlCl3. AsH3 that 
decomposes on the substrate surface may provide reactive H 
radicals that help drive the kinetic reduction of the otherwise 
highly stable AlCl3 molecule, explaining the trends observed in 
Figure 6. 
Thus, the use of AlCl3 allows for the controlled deposition of 

Al containing compounds by HVPE, enabling new applications 
for the technique. Using the understanding developed in the 
AlxGa1−xAs growth studies, we can achieve AlxGa1−xAs with xAl 
tunable between 0 and 1. Figure 7 shows (004) X-ray 

diffraction curves for samples with Al content varying from 
0.10 to 0.92. Use of the AlCl3 precursor is extendable to 
deposition of Al phosphide compounds by HVPE, for which 
we are aware of no prior reports of growth by this technique. 
Figure 8 shows optical transmission measurements of (a) 
AlxIn1−xP and (b) AlxGayIn1−x−yP epilayers with compositions 
closely lattice-matched to GaAs. The direct band gaps were 
obtained by fitting the linear region of the absorption edge. 
These wide band gap epilayers are extremely useful in many 
III−V devices. For example, they can be readily integrated into 
solar cells3 to provide transparent passivation for front and rear 

Figure 5. xAl (left axis) and AlxGa1−xAs growth rate (right axis) as a 
function of AsH3 flow rate in epilayers grown with TD 650 C and 
all other parameters constant. 

Figure 6. xAl (left axis) and AlxGa1−xAs growth rate (right axis) as a 
function of AsH3 carrier flow rate in epilayers grown with TD 650 
C and all other parameters constant. 

Figure 7. (004) Ω−2Θ high resolution X-ray diffraction scans of 
AlxGa1−xAs epilayers nearly spanning the entire compositional space. 
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surfaces, or as the active layers in LED devices that emit at 
green wavelengths.32 Figure 9 shows xAl for AlxIn1−xP epilayers 
grown near the lattice-matched composition as a function of 
AlCl3/InCl ratio. Near unity AlCl3/InCl ratios are necessary to 
achieve a 50/50 solid composition, making the growth of 
AlxIn1−xP not only possible but readily controllable, in stark 

contrast to growth via AlCl. The inset of Figure 9 shows an 
(004) X-ray diffraction curve of a 20 nm thick lattice-matched 
Al0.53In0.47P layer. The appearance of Pendellosung fringes 
indicates that the growth is epitaxial and highly planar. The 
growth of phosphide materials by HVPE opens up exciting 
possibilities for the deposition of high-efficiency III−V 
photovoltaics with reduced cost. 

■ CONCLUSION 

We demonstrated a method for the controlled deposition of 
Al-containing III−V materials by HVPE through ex situ 
generation of AlCl3. We selected for AlCl3 instead of AlCl in 
the AlClx generation reaction through use of a 400 °C source 
temperature. We showed that the AlCl3 molecule was resistant 
to decomposition at typical source and deposition temper-
atures in our reactor. We studied growth of the AlxGa1−xAs 
alloy system to elucidate the effects of growth conditions such 
as deposition temperature, V/III ratio, and group V species on 
Al incorporation from AlCl3. We found that conditions that 
select for the group V hydride over the group V vapor strongly 
promoted incorporation of Al in the film. Using these insights, 
we demonstrated control over AlxGa1−xAs composition in the 
entire range xAl = 0−1, as well as the growth of AlxIn1−xP and 
AlxGayIn1−x−yP for the first time by HVPE. These results have 
exciting implications for the growth of new high-performance 
photovoltaics and other optoelectronic devices by HVPE with 
reduced cost. 
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Figure 8. Transmission spectra of (a) AlxIn1−xP and (b) AlxGay 
In1−x−yP epilayers bonded to glass. 

Figure 9. xAl in AlxIn1−xP for epilayers grown nearly lattice-matched 
to GaAs as a function of AlCl3/InCl ratio, assuming complete 
conversion of HCl to MClx. Inset: (004) X-ray diffraction curve of a 
20 nm thick Al0.53In0.47P layer grown on a GaAs substrate. 
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