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ABSTRACT

Here, we describe a fully in situ method of fabricating light-scattering structures on III-V materials that generates a rough morphology via
vapor phase etching and redeposition. Fully in situ methods support higher industrial throughput by utilizing the growth reactor to generate
the light-trapping structures after device growth without removal from the reactor. We use HCl and PH3 to etch and redeposit scattering
morphologies on Ga0.5In0.5P in a dynamic hydride vapor phase epitaxy (D-HVPE) reactor. We show that the addition of PH3 leads to rede-
position during the vapor phase HCl etching of Ga0.5In0.5P and that HCl flow rate and time exposed to HCl-PH3 each independently cause
a linear increase in the redeposited feature size, indicating that redeposition proceeds by island growth in a III-Cl-limited, hydride-enhanced
HVPE regime. Auger electron spectroscopy and scanning transmission electron microscopy with energy dispersive spectroscopy (STEM-
EDS) reveal redeposition to be highly Ga-rich GaInP, i.e., Ga(In)P. The Ga-rich nature of the redeposition results from the higher thermo-
dynamic driving force for Ga incorporation than for In during HVPE growth and the difference in the volatility of the III-Cl etch products.
The resulting morphologies have high broadband scattering, as determined by normal specular reflectance and integrating sphere measure-
ments, indicating effectiveness as light-scattering structures. In a 270-nm-thick GaAs photovoltaic device with a textured back surface, we
achieve a 4.9% increase in short circuit current density (JSC) without any loss in open-circuit voltage (VOC) relative to a planar control using
only a 60 s in situ texturing treatment.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160559

I. INTRODUCTION

III-V solar cells exhibit the highest conversion efficiencies
across all photovoltaic technologies, with single junction GaAs
devices boasting over 29% efficiency at one-Sun illumination.1

Numerous benefits can be realized by thinning the GaAs absorber
in so-called ultrathin solar cells, which have approximately a
tenfold reduction in thickness compared to conventional solar
cells;2 for single junction III-V photovoltaics, ultrathin means
absorber thicknesses below approximately 400 nm. This thinner
absorber offers high radiation tolerance3 and high specific power
(W/kg),4 motivating ultrathin III-V photovoltaic use in space appli-
cations. Thinner absorbers also have reduced material use and cor-
respondingly shorter deposition times, which may lower the high

cost of III-V epitaxy5 and support industrial production.2 Lower
manufacturing cost may help expand the market for III-V solar
cells to include terrestrial applications where high efficiency and
high specific power are paramount.5 In terms of performance, the
open circuit voltage (VOC) increases in thin GaAs solar cells
because their smaller volume reduces the diffusion recombination
current6 and their effective photon recycling concentrates light in a
smaller volume, increasing carrier density and VOC.

6,7

The high efficiency and high specific power of III-V solar cells
is possible because III-V materials have direct bandgaps leading to
strong optical absorption. Ultrathin photovoltaic cells, however,
have significant optical transmission losses and correspondingly
have a greatly reduced short circuit current density (JSC).
Light-trapping schemes are necessary to increase light absorption
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and JSC; in III-V solar cells, these include periodic structures with
sharp optical resonances,8–11 quasi-random structures with slightly
broader optical resonances,12 and random structures with broad-
band scattering.13,14 Periodic structures, i.e., photonic crystals, can
greatly increase JSC in ultrathin III-V solar cells, but this method
requires precise tuning of the photonic crystal structure dimensions
that is often achieved with complex and expensive lithographic
techniques. Quasi-random photonic crystals do not require such
high precision and have been fabricated with polymer blend lithog-
raphy combined with wet chemical etching.12 An even simpler
method of fabricating light-trapping structures, though, is maskless
wet chemical etching to produce rough diffuse scattering morphol-
ogies.13,14 In these techniques, the back surface of the cell is chemi-
cally roughened then a metal is deposited to form a textured
mirror. Although polymer blend lithography and simple wet chem-
ical etching eliminate the need for highly precise and high-cost
photolithography, these methods still require ex situ processing
with additional capital equipment.

In contrast, light-trapping structures could be fabricated
in situ using existing capital equipment, i.e., a growth reactor,
potentially supporting high industrial throughput. Broadband
diffuse scatterers have been fabricated with fully in situ methods
including vapor phase etching15 and rough epitaxial growth,16–18

and both broadband scatterers15 and photonic crystals19 have been
fabricated with a combination of ex situ and in situ methods.
Vapor phase etching is the in situ analog to maskless wet chemical
etching, and this method was reported using an unspecified
etchant in an organometallic vapor phase epitaxy (OMVPE)
reactor to roughen the GaAs back contact layer in a 1 eV InGaAs
solar cell.15 Rough epitaxial growth of AlInP in OMVPE has been
demonstrated to increase JSC; however, growth of multiple microns
of AlInP was required to achieve sufficient roughening.17,18

Lattice-mismatched rough growth of 500 nm of GaP has been used
to achieve a 6.7% increase in JSC for a solar cell with a
300-nm-thick GaAs absorber, but additional lithographic fabrica-
tion was required to contact the back of these devices.16

In this work, we describe a fully in situ method of texturing
the rear contact layer of an inverted ultrathin GaAs solar cell that
utilizes in situ vapor phase etching and subsequent redeposition of
high bandgap Ga(In)P to fabricate a rough, diffuse light-scattering
morphology. Unlike other etching-based texturing techniques, this
method reclaims a fraction of the etched material for the scattering
morphology. In contrast to in situ texturing methods that require
the fabrication of local vias through the rough scattering surface for
back contact metallization,16 the redeposited scattering morphology
inherently contains local vias that enable direct metallization onto
the rear surface, although further research on the efficacy of directly
contacting the rough morphology is necessary. We perform both
the material growth and in situ texturing in a dynamic hydride
vapor phase epitaxy (D-HVPE) reactor without removing the
as-grown sample from the reactor. In the D-HVPE process, textur-
ing is simply an additional step because the required gases, HCl
and PH3, are inherently part of the HVPE process, making HVPE
a natural growth technique in which to implement this texturing
method; however, this process may be applied in other systems,
such as OMVPE. Additionally, because D-HVPE is a high through-
put and potentially lower-cost epitaxial growth technique,

combining D-HVPE with a fully in situ texturing method further
supports III-V industrial throughput. We first determine how the
resulting textured morphology is affected by the exposure time to
the texturing gases, HCl and PH3, and by the HCl flow rate for
constant exposure time. We provide compositional analysis of the
textured surface, then explain the physical mechanisms causing the
observed composition and rough morphology. We then examine
the light-trapping potential of the different resulting morphologies
and implement one promising condition into a 270-nm-thick
single junction GaAs photovoltaic cell. This textured cell with only
a 60 s in situ texturing treatment shows a 4.9% improved JSC com-
pared to a device of the same cell structure with a planar back
reflector, without any loss in open circuit voltage (VOC).

II. EXPERIMENTAL

Samples were grown in a dual-growth-chamber, atmospheric
pressure, D-HVPE reactor described previously.20 All samples were
grown at 650 °C on n-type (100)-oriented GaAs:Si substrates with a
6° offcut toward (111) A. Single junction GaAs solar cells with the
rear-heterojunction structure were grown in an inverted fashion as
shown in Fig. 1. Inverted cell growth enables in situ texturing of
the rear surface immediately following growth without removal of
the sample from the reactor and without requiring subsequent
growth on a roughened surface. The final Ga0.5In0.5P:Zn layer,
which serves as both the emitter and roughened back contact of the
device, was grown thicker in the textured devices to account for
vertical etching such that the final planar and textured structures
had similar layer thicknesses, aside from the textured morphology.
Etching and texturing experiments were performed on Ga0.5In0.5P
epilayers grown with the same conditions as the Ga0.5In0.5P
emitter/contact layer.

After growth, a large area Au back contact was electroplated
directly onto the as-grown, i.e., planar, or textured rear surface using
standard processing conditions. The gold adheres roughly confor-
mally on the textured morphology, as confirmed by cross-sectional
scanning electron microscopy (SEM) (not shown), forming a tex-
tured mirror. Devices with 0.25 cm2 active area were processed using

FIG. 1. Cell schematics of the (a) as-grown inverted cell structure and (b) pro-
cessed cell structure with nominal layer thicknesses.
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inverted processing techniques.21 An MgF2/ZnS/MgF2 antireflec-
tion coating with nominal thicknesses of 96 nm/47 nm/1 nm was
deposited.

In a multi-chamber D-HVPE reactor, the growth of a layer
proceeds in one chamber while process gases for the next layer are
established in the subsequent chamber. During the growth of the
rear emitter/contact layer, the adjacent growth chamber is prepared
with either HCl or with HCl and PH3, depending on the experi-
ment. All etching and texturing of Ga0.5In0.5P layers was done
immediately after growth without sample removal from the reactor.
The control sample for etching and texturing experiments is an
as-grown Ga0.5In0.5P epilayer that was removed from the reactor
after growth. In etching experiments, HCl was supplied at a flow
rate, QHCl, of 4 SCCM (PHCl = 0.0008 atm). In all texturing experi-
ments, PH3 was supplied at a constant flow rate of 80 SCCM
(PPH3 = 0.0110 atm) and either the total texturing time (10–120 s)
or QHCl (1–10 SCCM) was varied with all other conditions held
constant. The PH3 gas is supplied with an H2 carrier gas of
2000 SCCM for all experiments. All experiments were conducted at
650 °C in an H2 atmosphere at a total H2 flow of 5250 SCCM.

A. Textured morphology characterization

Textured morphologies were imaged with a JEOL JSM-7000F
field emission SEM. Plan-view and cross-sectional images were
obtained at multiple magnifications from 5 to 40 k× due to varia-
tion in feature size across samples. No effect of magnification on
any aspect of the analysis was found. Samples were manually
cleaved along 110h i for cross-sectional SEM imaging. To determine
the mechanisms causing the textured morphology, compositional
analysis of the textured surface was performed using plan-view
Auger electron spectroscopy (AES) and cross-sectional scanning
transmission electron microscopy with energy dispersive spectro-
scopy (STEM-EDS). AES was performed without any surface clean-
ing and on a Physical Electronics 710 Auger nanoprobe using a
10 kV, 10 nA primary beam. AES data were processed using
MultiPak version 9.6.1.7. High-resolution x-ray diffraction
(HRXRD) was additionally used to characterize the as-grown mate-
rial and the textured morphology.

To evaluate potential light-trapping effectiveness, the normal,
specular reflectance was measured from the roughened Ga0.5In0.5P
surface using an n&k Analyzer 1700-RT. Light that is scattered at
an off-angle is not collected in this setup, therefore a lower normal,
specular reflectance indicates higher potential for light-trapping via
off-angle scattering. In a solar cell, the roughened Ga0.5In0.5P
surface is the back side; therefore, light scattering within the cell
active layers will vary somewhat from these measurements.
Although absorption is not directly measured, backside normal,
specular reflectance is advantageous for rapidly measuring different
morphologies and has been previously used to evaluate light-
trapping potential with reasonable agreement to subsequent cell
current enhancement.13

Analysis of features in the textured morphologies was per-
formed using Fiji (ImageJ). The total plan-view area coverage of
morphological features was measured using Fiji’s threshold feature.
The average plan-view area of an individual feature was determined
after thresholding. Differentiation between adjacent features was

done by performing a distance transform watershed using the
MorpholoLibJ plugin22 and through visual inspection. The thick-
ness of the morphological features was measured at 20 approxi-
mately evenly spaced positions per image. Multiple images were
used per sample for each analysis.

B. Cell characterization

Solar cell devices were characterized with external quantum
efficiency (EQE), light current density–voltage (J–V), and total
and diffuse reflectivity measurements. EQE was measured with a
chopped white light source with a monochromator. Light J–V
measurements were taken using an XT-10 solar simulator. The
AM1.5G spectrum was approximated using a calibrated single
junction GaAs reference solar cell and a calculated spectral mis-
match correction factor based on the measured cell’s EQE. Total
and diffuse reflectivity was performed with a Cary7000 UV–Vis
spectrophotometer and an external diffuse reflectance accessory
DRA2500 integrating sphere. Reflectivity calibrations were per-
formed with a NIST aluminum specular reflectivity standard.
Only the active cell area was illuminated through use of a small
spot kit and a 5 mm aperture placed physically adjacent to
the cell.

III. RESULTS AND DISCUSSION

A. Fabrication of textured morphology

We first etched samples in the growth reactor using HCl to
determine if gaseous HCl, a known GaInP etchant,23 was sufficient
as a roughening agent. Ga0.5In0.5P epilayers exposed to HCl alone
(QHCl = 4 SCCM, PHCl = 0.0008 atm) remain smooth and have a
mirror-like finish. Their morphology is similar to that of an
as-grown Ga0.5In0.5P epilayer control sample, as determined by
Nomarski optical microscopy (not shown), and their normal, spec-
ular reflectance is high, as shown in Fig. 2(a). Reflectance modeling
using a 1D transfer matrix method shows decreased Ga0.5In0.5P
thickness with increasing etch time [see inset, Fig. 2(a)], indicating
that the HCl vapor does etch Ga0.5In0.5P as expected. However, the
high normal specular reflectance that is similar to that of the
control indicates that, under these conditions, gaseous HCl did not
generate a textured surface.

In contrast to the planar etching observed while using only
HCl, the addition of PH3 to the HCl vapor etch led to a rough tex-
tured surface with low broadband specular reflectance that is
potentially useful as a broadband scatterer. We investigated the
effects of exposure time to the HCl-PH3 gas mixture from 10 to
120 s with the HCl flow rate held constant at 4 SCCM. The normal,
specular reflectance of Ga0.5In0.5P epilayers textured in HCl-PH3

[Fig. 2(b) top] varied with texturing time. There was a small
decrease in reflectance at wavelengths shorter than 400 nm after
10 s. After 20 s of texturing, the reflectance decreased significantly
over most of the wavelength range. Texturing for at least 30 s
yielded lower broadband reflectance, indicating promise for light-
trapping. At 60 s, the lowest broadband reflectance was achieved for
wavelengths longer than approximately 450 nm, but reflectance
increases in this wavelength range with longer etch times. We also
investigated the effect of HCl flow rate in the HCl–PH3 mixture
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from 1 to 10 SCCM (PHCl = 0.0002–0.0019 atm) with time held
constant at 60 s. There, similarly, was low specular reflectance
across a range of HCl flow rates [Fig. 2(b), bottom] with 4 SCCM
of HCl providing the lowest reflectance at wavelengths longer than
approximately 400 nm.

We investigated the morphology causing the decrease in reflec-
tance using top-down and cross-sectional SEM in Figs. 3 and 4. The
SEM images show the development of a rough surface morphology
consisting of elevated features with or without an overhang with
both texturing time and HCl flow rate, respectively. The approxi-
mate boundary between the GaAs buffer layer and the as-grown
Ga0.5In0.5P layer was determined with SEM contrast and is marked
with a dashed line. The total plan-view area coverage of these fea-
tures, the average plan-view area of an individual feature, and the
average feature thickness all increase linearly with time, as shown in
Figs. 3(f)–3(h), respectively. The average plan-view area of an indi-
vidual feature was not determined for texturing times greater than
60 s because the features become sufficiently interconnected that
individual features could not be differentiated. Figures 4(d) and 4(e)
show that increasing QHCl leads to increased plan-view area coverage
of elevated features and increased feature thickness, similar to trends
observed with increasing texturing time. In both experiments, there
appears to be feature elongation along the offcut direction.

Comparing the experiments with different exposure time to
HCl–PH3 and with different QHCl, we observe that the texturing
process is reproducible and that similar morphologies can be
achieved under different texturing conditions. One texturing
condition similar to both experiments (60 s with a QHCl of 4 SCCM)
was used to produce two different samples shown in Figs. 3(c)
and 4(b). The samples have similar normal, specular reflectance, and

their morphological features have similar thickness and cover similar
plan-view area, demonstrating reproducibility of the texturing
process. Similar morphologies with similar broadband reflectance
were also achieved when texturing in HCl–PH3 with QHCl = 4 SCCM
for 20 s [Figs. 3(a) and 2(b) top] and with QHCl = 1 SCCM for 60 s
[Figs. 4(a) and 2(b) bottom]. These observations demonstrate con-
trollability over the texturing process and offer flexibility for growth
process optimization. They additionally provide insight into the tex-
turing mechanism, as will be discussed. We also note that the broad-
band reflectance in Fig. 2(b) for both time and QHCl experiments has
a minimum at longer wavelengths, suggesting that there may be an
optimal morphology for minimal broadband normal reflectance over
a given wavelength range. However, more work is needed to establish
optimal texturing morphologies for implementation into a specific
solar cell architecture.

B. Origin of morphology

Our results show that texturing the Ga0.5In0.5P surface can
yield different morphologies with varied broadband reflectance.
Understanding how these features form is essential toward achiev-
ing control over the morphology, and subsequently the reflectance,
for the fabrication of effective light-trapping structures. The SEM
images alone, however, do not allow us to conclusively identify
how the morphology forms. Therefore, we used several measure-
ment techniques to establish the cause of the roughness.

Auger electron spectroscopy (AES) measurements shown in
Fig. 5(a) indicate that the features observed in SEM are Ga-rich
and In-poor relative to the underlying layer but contain similar
amounts of P (not shown). Assuming that the underlying layer is

FIG. 2. Normal, specular reflectance of
Ga0.5In0.5P epilayers (a) exposed to HCl
(QHCl = 4 sccm, PHCl = 0.0008 atm) for
different amounts of time; inset is the
modeled remaining epilayer thickness;
(b) exposed to HCl-PH3 (top) for differ-
ent amounts of time (QHCl = 4 SCCM,
PHCl = 0.0008 atm) and (bottom) for
QHCl from 1 SCCM (PHCl = 0.0002 atm)
to 10 SCCM (PHCl = 0.0019 atm) for
60 s. (c) Sample structure and measure-
ment setup.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 135307 (2023); doi: 10.1063/5.0160559 134, 135307-4

© Author(s) 2023

 21 N
ovem

ber 2023 22:16:30

https://pubs.aip.org/aip/jap


as-grown Ga0.5In0.5P, this suggests that the elevated features are
Ga-rich GaxIn1−xP. Figure 5(b) shows cross-sectional STEM-EDS
maps through one morphological feature in a sample textured in
HCl–PH3 for 120 s with a QHCl of 4 SCCM [also shown in
Fig. 3(e)]. Figure 5(c) shows EDS line profile data taken through
the center of this feature from top to bottom. The Pt signal is due
to the deposition of a protective Pt layer during sample preparation.
Using the EDS area and line profile data and the high-angle
annular dark-field (HAADF) image, we identify three distinct
regions in the feature from top to bottom: an elevated GaP-rich
feature, an as-grown underlying Ga0.5In0.5P layer showing a
remaining “pillar” region, and the as-grown GaAs buffer layer. In
both the EDS area maps [Fig. 5(b)] and line profile [Fig. 5(c)], the
elevated feature and underlying Ga0.5In0.5P region have similar and
homogeneous P signals, and the elevated feature is Ga-rich relative
to the underlying layer, in agreement with the AES results. EDS
line profile data from the Ga-rich elevated feature are summarized
in Table I, providing average values for the GaP-rich shaded region
in Fig. 5(c). The table shows both raw signals and recalculated
signals that invoke stoichiometry between the group III and group
V signals such that the total group III and V signals sum to 50%

each. These line profile data indicate that there is approximately
3% In incorporation, on average, in the GaP-rich elevated feature,
i.e., a composition of approximately Ga0.94In0.06P.

We also performed HRXRD on samples textured from 20 to
120 s shown in Fig. 3 to characterize the composition and strain.
Normalized symmetric HRXRD scans shown in Fig. 6 have a
primary peak that contains the (004) reflections for the GaAs sub-
strate and as-grown GaAs buffer layer. The as-grown Ga0.5In0.5P
(004) peak (see Fig. 6 inset) shows slight lattice mismatch to the
substrate and a composition of Ga0.53In0.47P, determined using
Vegard’s law. A tensile-strained peak emerges after 45 s of textur-
ing, increasing in intensity and shifting closer to the substrate peak
with increasing texturing time. At 120 s, the peak is positioned at
approximately +4400 arcsec with a FWHM of 860 arcsec, corre-
sponding to the same GaInP composition observed in STEM-EDS,
Ga0.94In0.06P, assuming 100% relaxation in the growth direction.
The emergence of this peak with time suggests the growth of new
materials with epitaxial registry to the underlying layer. Utilizing
the composition data and SEM images in Fig. 3, we conclude that
the textured morphology forms via island growth of (001)-oriented
Ga-rich GaInP, i.e., Ga(In)P.

FIG. 3. Plan-view (top) and cross-sectional (bottom) SEM images of Ga0.5In0.5P epilayers textured in HCl-PH3 (QHCl = 4 SCCM, PHCl = 0.0008 atm) for (a) 20 s, (b) 30 s,
(c) 60 s, (d) 90 s, (e) 120 s. Different data points for a given time represent different images from the same sample. The dashed line marks the approximate demarcation
between the GaAs buffer layer and the as-grown Ga0.5In0.5P layer. (f ) Total plan-view area coverage of elevated morphological features; (g) average plan-view area of indi-
vidual elevated features; (h) boxplot of elevated feature thickness showing median and interquartile range. Whiskers show the minimum and maximum values.
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The observation that the textured morphology does not form
from HCl etching alone (not shown) and does form with supplied
PH3 suggests that redeposition and island growth of Ga(In)P result
from reactions between etch products and the supplied PH3. This
phenomenon can be explained by HVPE growth mechanisms. The
planar etching observed when only using gaseous HCl likely indi-
cates that the reaction of HCl with Ga0.5In0.5P results in volatile
etch products according to the reverse growth reaction in HVPE,

2HClþ GaInP2 $ GaClþ InClþ P2 þH2: (1)

The presence of metal chlorides and Px etch products provides
the ingredients for a growth reaction; however, redeposition is not
observed because Eq. (1) has high thermodynamic and kinetic bar-
riers to growth at the texturing temperature of 650 °C.24 Growth at
650 °C is possible in the hydride-enhanced HVPE growth regime
by a reaction of the form

III� Clþ PH3 $ III� PþHClþH, (2)

which has much lower kinetic and thermodynamic barriers to
growth than growth from Px compounds.24 By supplying PH3, we
enable the redeposition of Ga(In)P that forms the textured
morphology.

Compositional data in Figs. 5 and 6 show that redeposition by
Eq. (2) is highly Ga-rich, indicating that the majority of the InCl
liberated via Eq. (1) is not incorporated in the redeposited solid.

This situation likely occurs because GaP growth is more thermody-
namically favored than InP growth25 and InCl has a higher desorp-
tion rate than GaCl due to its weak adsorption energy relative to
GaCl.26 To grow Ga0.5In0.5P under typical conditions in our
reactor, these mechanisms necessitate a high InCl to GaCl ratio,
i.e., >5.27,28 Thus, we can expect the redeposited solid to be Ga-rich
because the HCl-etching of Ga0.5In0.5P liberates InCl and GaCl in a
1:1 ratio. Furthermore, free HCl supplied during growth has been
shown to increase the Ga:In ratio in the solid during the growth of
other III-V compounds.29 The presence of free HCl as a reaction
product likely further suppresses In incorporation during redeposi-
tion by contributing to the HCl partial pressure. Previous literature
on in situ etching for microfabrication applications similarly
reports GaP redeposition in the vapor phase etching of
Ga-containing III-V compounds by Cl-based etchants in the pres-
ence of supplied PH3;

30–32 experimental verification of GaP redepo-
sition is provided in Ref. 30.

This redeposition process also explains the trends in increas-
ing feature size with time and QHCl. Fig. 3 shows that the average
feature size and thickness trend toward zero at zero time and have
a constant growth rate, indicating island growth starting from
nucleation. The plan-view area coverage of these features [Fig. 3(f )]
does not trend toward zero because nucleation occurs in numerous
places simultaneously after an undetermined time; therefore, there
is a rapid trend from zero to a relatively large fraction. Increased
feature size and plan-view area coverage with QHCl (Fig. 4) indicate
higher growth rate with QHCl, which is explained by concurrent

FIG. 4. Plan-view (top) and cross-sectional (bottom) SEM images of Ga0.5In0.5P epilayers textured in HCl-PH3 for 60 s with (a) QHCl = 1 SCCM (PHCl = 0.0002 atm),
(b) QHCl = 4 SCCM (PHCl = 0.0008 atm), (c) QHCl = 10 SCCM (PHCl = 0.0019 atm). Different data points for a given flow rate represent different images from the same
sample. The dashed line marks the approximate demarcation between the GaAs buffer layer and the as-grown Ga0.5In0.5P layer. (d) Total plan-view area coverage of ele-
vated morphological features; (e) boxplot of elevated feature thickness showing median and interquartile range. Whiskers show the minimum and maximum values.
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FIG. 5. Compositional characterization of Ga0.5In0.5P epilayers textured in HCl-PH3. (a) Auger electron spectroscopy (AES) showing, from left to right, plan-view SEM
image of the sample, SEM image of the sample as imaged during AES, the Ga signal, and the In signal. The sample was textured in HCl-PH3 (QHCl = 1 SCCM,
PHCl = 0.0002 atm) for 120 s; (b) STEM-EDS of one morphological feature of a sample textured in HCl-PH3 (QHCl = 4 SCCM, PHCl = 0.0008 atm) for 120 s. (c) STEM-EDS
line profile taken through the imaged morphological feature.

TABLE I. STEM-EDS line profile data in the GaP-rich elevated region showing atomic percent. Normalized signal is given in parenthesis. The reported error is the standard
deviation in atomic percent of the mean composition in this region.

Layer at. % Ga at. % In at. % As at. % P

Top (Ga(In)P) 49.4 ± 2.7 (47.1 ± 2.6) 3.1 ± 1.6 (2.9 ± 1.5) 0.2 ± 0.1 (0.2 ± 0.1) 47.3 ± 0.5 (49.8 ± 0.6)
Middle (Ga0.5In0.5P) 28.9 ± 1.1 (26.6 ± 1.0) 25.4 ± 8.4 (23.4 ± 7.7) 0.2 ± 0.1 (0.3 ± 0.1) 45.5 ± 0.3 (49.7 ± 0.4)
Bottom (GaAs) 50.0 ± 2.1 (49.1 ± 2.1) 0.9 ± 0.5 (0.9 ± 0.5) 48.4 ± 1.0 (49.3 ± 1.0) 0.7 ± 0.1 (0.7 ± 0.1)
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HCl-limited etching and group III metal chloride (III-Cl) limited
growth mechanisms. Increasing QHCl in an HCl-limited etch
regime increases the amount of etching of as-grown Ga0.5In0.5P via
Eq. (1), which generates a higher partial pressure of III-Cl etch
products near the surface. In a III-Cl limited growth regime,

increasing the partial pressure of the metal chlorides will increase
the redeposition growth rate by Eq. (2).

It is possible that a ripening process contributes to the
increase in average Ga(In)P feature size with time. Ripening is a
temperature-induced process by which metal chlorides diffuse
either through the vapor or by surface diffusion from smaller
Ga(In)P features to larger features and would occur even in the
absence of the supplied HCl and PH3. To determine if ripening
contributes significantly to particle growth, we textured a sample
for 30 s in one chamber then annealed it in the adjacent chamber
for 30 s under PH3 at the texturing temperature, 650 °C. We com-
pared this sample to samples textured using the same conditions
for either 30 or 60 s without the subsequent anneal step. Plan-view
SEM images in Fig. 7 show that the sample textured for 30 s then
annealed for 30 s [Fig. 7(b)] has similar morphology as the 30 s tex-
tured, non-annealed sample [Fig. 7(a)], which is notably different
from the 60 s texture sample [Fig. 7(c)] morphology. This indicates
that Ga(In)P feature growth is primarily from the redeposition of
etch products and not from ripening processes.

C. Redeposition growth progression

The Ga(In)P crystalline features shown in cross section in
Fig. 3 and Fig. 4 have a (100) vertical face inclined to the surface by
6° in the direction of the intentional substrate offcut and some
lateral faces corresponding to {110} and {111}-type planes, as
shown in the cross-sectional HAADF image in Fig. 5(b). The 6°
(100) surface inclination matches the degree of substrate offcut,
and SEM images comparing the distance from the as-grown
Ga0.5In0.5P/GaAs interface to the (100) Ga(In)P surface show
minimal vertical growth along [100]. The surface does not begin
step-free; however, step-flow growth may be self-limiting on the
island faces, forming the exact (100) surface at an inclination
matching the intentional substrate offcut. The step-free (100)
surface would promote high surface diffusion such that impinging
etch products laterally diffuse to the edges of the feature and grow
along the sidewalls, effectively inhibiting vertical growth. The stable
{110} and {111} facets formed in this way continue to grow later-
ally, both from impinging atoms that land on the facets and from
material that diffuses from the passive (100) surface, until they
begin to coalesce with neighboring features. The Ga(In)P features
appear elongated in the [011] and [0�1�1] directions. This may be

FIG. 6. Normalized 2θ � ω scans of Ga0.5In0.5P epilayers textured in HCl-PH3
(QHCl = 4 SCCM, PHCl = 0.0008 atm) for different amounts of time from 0 to
120 s. Vertical lines indicate expected positions of various GaxIn1−xP composi-
tions with out-of-plane relaxation state indicated in parentheses: “relaxed” indi-
cates 100% relaxation and “strained” indicates 0% relaxation. The inset is the
normalized 2θ � ω scan of the 0 s control.

FIG. 7. Plan-view SEM images of
samples textured in HCl-PH3
(QHCl = 4 SCCM, PHCl = 0.0008 atm) for
(a) 30 s, (b) 30 s then annealed under
PH3 for 30 s, (c) 60 s, showing no sig-
nificant increase in Ga(In)P feature
size due to ripening.

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 134, 135307 (2023); doi: 10.1063/5.0160559 134, 135307-8

© Author(s) 2023

 21 N
ovem

ber 2023 22:16:30

https://pubs.aip.org/aip/jap


due to the substrate offcut, which is along the [0�1�1] direction.
Lateral growth on the {111} faces may also be faster on {111} A
than {111} B, which has been observed in the HVPE growth of
GaAs.33

Figure 8 presents a schematic representation of the process
described above. (a) HCl chemically etches Ga0.5In0.5P, liberating
InCl and GaCl via Eq. (1). The etching process continues through-
out each subsequent step. (b) Liberated metal chlorides and sup-
plied PH3 react via Eq. (2) causing Ga(In)P island nucleation on
the etched Ga0.5In0.5P surface. The redeposition has epitaxial regis-
try with the underlying Ga0.5In0.5P. (c) Redeposited Ga(In)P
islands act as an etch mask to vertical HCl etching of as-grown
Ga0.5In0.5P. (d) Ga(In)P islands grow vertically to an exact (100)
surface and laterally to various {11n} planes, including {110} and
{111}. Throughout etching, new Ga(In)P islands nucleate both
homogeneously and heterogeneously. Nucleation and growth may
occur within the trench formed between two as-grown Ga0.5In0.5P
pillars, forming a morphology similar to what is observed in
STEM-EDS [Fig. 5(b)]. (e) The Ga(In)P islands coalesce to form a
semi-continuous sheet. HCl etches Ga0.5In0.5P vertically and later-
ally, attacking the Ga0.5In0.5P “pillars” below the Ga(In)P features
as well as the underlying as-grown Ga0.5In0.5P lateral layer. This
process results in both the shape and material compositions
observed in these features, such as the feature shown in Fig. 5(b).

D. Solar cell performance

In this section, we demonstrate a textured solar cell with
increased current density over a planar control and show that the
increased current density is due to light-scattering from the rough
surface. One texturing condition that produces a scattering mor-
phology with low broadband specular reflectance is texturing in
HCl–PH3 for 60 s with a QHCl of 4 SCCM (PHCl = 0.0008 atm). We
implemented this condition into a 270 nm-thick rear heterojunc-
tion (RHJ) GaAs solar cell and compared its performance with a
planar control cell of the same thickness without texturing.

Figure 9(a) shows current density–voltage measurements of
the best performing textured and planar solar cells and Table II
shows performance metrics of the four total devices per sample.
The best performing 270-nm-thick textured cell has a JSC of
21.84 mA/cm2, achieving a 4.9% increase in JSC relative to the best
performing planar control. The average increase in current density
in the textured sample across all devices is 5.1%. The textured cell
has a similar EQE at all wavelengths as the control cell, shown in

FIG. 8. Schematic of the texturing process in cross section. The sample is continuously exposed to HCl and PH3. (a) As-grown Ga0.5In0.5P; (b) HCl-etching of Ga0.5In0.5P
and nucleation of Ga(In)P islands from etch products and PH3; (c) Ga(In)P masks the vertical HCl-etching of Ga0.5In0.5P; (d) Ga(In)P islands evolve and grow to exact
(100) ,{111}, and {110} planes; (e) Ga(In)P islands coalesce and HCl laterally etches Ga0.5In0.5P pillars.

FIG. 9. Cell measurements of thin solar cells without texturing (black) and tex-
tured (blue) in HCl-PH3 with a QHCl of 4 SCCM for 60 s); (a) Current density vs
voltage; (b) External quantum efficiency; (c) Absorption calculated as A = 1–Rh
with total hemispherical reflectance, Rh, obtained from UV-Vis with an integrating
sphere.
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Fig. 9(b). However, Fabry–Pérot resonances characteristic of planar
interfaces in thin film material stacks are reduced in the textured
cell, thus increasing JSC. Integrating the EQE of the selected device
yields JSC values of 23.3 and 22.1 mA/cm2 in the textured cell and
planar cell, respectively, corresponding to the JSC increase observed
in the current density-voltage measurement. There is no apprecia-
ble loss in VOC or fill factor, indicating similar material quality and
no adverse effect on the back contact metallization, respectively.
Due to the limited sample size (N = 4), however, further study and
optimization is necessary to explore device homogeneity across a
full wafer. The resulting textured cell efficiency is 19.6% and the
planar cell efficiency is 18.2%.

We determined the total reflectance and absorption of the
planar and textured solar cells with UV–Vis reflection measure-
ments using an integrating sphere. The total hemispherical reflec-
tance, Rh, collected in the integrating sphere can be used to
calculate total absorption in the device. The rear gold contact is
optically thick and adhered to a silicon handle, so we assume there
is zero transmission. The total absorption is therefore A = 1–Rh.
Figure 9(c) shows that the textured cell displays a significant
increase in absorption over the planar cell. This enhanced optical
absorption explains why the textured cell has a higher integrated
EQE and JSC than the planar control. In an ideal cell without para-
sitic absorption or recombination, the absorption would be equal
to the external quantum efficiency, EQE. We observe a lower EQE
than absorption in both cells that, for the textured cell, is more sig-
nificant at long wavelengths. This may be due to parasitic absorp-
tion in the rough gold surface, causing the metal to act as a lossy
mirror.34 Optimization of the rear side metallization process may
limit these losses and allow increased current collection.

IV. CONCLUSIONS

We developed a fully in situ method of texturing Ga0.5In0.5P
to form broadband diffuse scattering structures and demonstrate
this method within a dynamic HVPE reactor. We showed through
compositional analysis that etching Ga0.5In0.5P in an HCl and PH3

environment causes Ga(In)P redeposition via hydride-enhanced
HVPE growth. The redeposited morphological features are shown
to be larger with longer exposure to HCl-PH3 because there is con-
tinuous nucleation and island growth, and features are larger with
higher HCl flow rate because redeposition under these conditions
operates in a group III-limited growth regime. We textured a
270-nm-thick GaAs rear heterojunction solar cell with a condition
that demonstrated high off-angle scattering, yielding a 4.9% boost
in JSC without any loss in VOC relative to a planar control, with
only a 60 s treatment. This study provides a physical understanding
of a III-V etching and redeposition process that can be utilized as

an in situ and potentially low-cost method of texturing III-V solar
cells.
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