

View

Online


Export
Citation

RESEARCH ARTICLE |  JANUARY 17 2025

Suppression of phase separation in AlGaInAs
compositionally graded buffers for 1550 nm photovoltaic
converters on GaAs
Kevin L. Schulte   ; John F. Geisz  ; Harvey L. Guthrey  ; Ryan M. France  ;
Edgard Winter da Costa  ; Myles A. Steiner 

J. Appl. Phys. 137, 035301 (2025)
https://doi.org/10.1063/5.0244178

 21 February 2025 22:07:04

https://pubs.aip.org/aip/jap/article/137/3/035301/3331718/Suppression-of-phase-separation-in-AlGaInAs
https://pubs.aip.org/aip/jap/article/137/3/035301/3331718/Suppression-of-phase-separation-in-AlGaInAs?pdfCoverIconEvent=cite
javascript:;
https://orcid.org/0000-0003-4273-6254
javascript:;
https://orcid.org/0000-0003-4818-653X
javascript:;
https://orcid.org/0000-0003-1574-3379
javascript:;
https://orcid.org/0000-0002-2040-4809
javascript:;
https://orcid.org/0000-0003-4466-6915
javascript:;
https://orcid.org/0000-0003-1643-9766
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0244178&domain=pdf&date_stamp=2025-01-17
https://doi.org/10.1063/5.0244178
https://e-11492.adzerk.net/r?e=&s=FJ5Z62mUhhzgUO08dUiwVDghJ5I


Suppression of phase separation in AlGaInAs
compositionally graded buffers for 1550 nm
photovoltaic converters on GaAs

Cite as: J. Appl. Phys. 137, 035301 (2025); doi: 10.1063/5.0244178

View Online Export Citation CrossMark
Submitted: 16 October 2024 · Accepted: 18 December 2024 ·
Published Online: 17 January 2025

Kevin L. Schulte,a) John F. Geisz, Harvey L. Guthrey, Ryan M. France, Edgard Winter da Costa,
and Myles A. Steiner

AFFILIATIONS

National Renewable Energy Laboratory, Golden, Colorado 80401, USA

a)Author to whom correspondence should be addressed: kevin.schulte@nrel.gov

ABSTRACT

We investigate strategies to suppress phase separation and reduce threading dislocation density (TDD) in AlGaInAs compositionally graded
buffers (CGBs) that span the lattice constant range from GaAs to InP. Combining the results from high resolution x-ray diffraction, catho-
doluminescence, transmission electron microscopy, and photovoltaic device measurements, we correlate the choices of epitaxial growth con-
ditions with the defect structure of the CGBs and subsequent device performance. Both the use of substrates with high misorientation off
(100) toward the (111)A plane and Zn doping instead of Si doping are shown to suppress phase separation and reduce TDD. We demon-
strate a 0.74 eV GaInAs device grown on a GaAs substrate offcut 19.5° toward (111)A using a Zn-doped AlGaInAs CGB with
TDD = 3.5 ± 0.2 × 106 cm−2 that has a bandgap-open circuit voltage offset of only 0.434 V measured under the AM1.5G solar spectrum. We
characterized this device under high-intensity irradiance from a 1570 nm laser and measured a 31.9% peak laser power conversion efficiency
at 3.6W/cm2 irradiance. These results provide a roadmap to the manufacture of laser- and thermal-power conversion devices with the per-
formance and cost-effectiveness needed to drive adoption of these technologies at scale.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0244178

I. INTRODUCTION

Power beaming applications require photovoltaic laser power
converters (LPCs) to convert photonic energy sources (e.g., lasers)
to electric current with high efficiency. 1550 nm is an important
wavelength for this application due to the availability of sources
and converters, the existence of an atmospheric window for wire-
less applications, and low attenuation by optical fibers for wired
applications.1 Devices near this wavelength are also of interest to
thermophotovoltaic applications that convert radiation from emit-
ters with temperatures around 1500 °C.2,3 0.74 eV GaInAs grown
lattice-matched (LM) to InP offers the highest performance to date;
however, growth on other substrates such as GaAs or Ge offers the
potential for significant cost reduction because these substrates cost
less and are available in larger diameters, enhancing scalability.
Growth on these substrates requires the use of strategies such as
compositionally graded buffers (CGBs), which bridge the lattice
constant difference between the substrate and the GaInAs

composition of interest while maintaining a low threading disloca-
tion density (TDD).4

Photovoltaic applications ideally target a TDD of 1 × 106 cm−2

or below.5 CGBs using Ga1−zInzP provide one solution to bridge
between GaAs and InP with demonstrated TDD near the target and
high performance in photovoltaic applications.6,7 AlyGa1−x−yInxAs
CGBs8–11 present another option that is potentially more cost effec-
tive, because they utilize less In, which is historically more expensive
than Ga or Al, and do not require as high of a group V overpressure
that GazIn1−zP CGBs do.12 AlyGa1−x−yInxAs on GaAs CGBs are
grown with similarly low TDD to GazIn1−zP in the range of
0 < x < 0.3, which access GaInAs bandgaps of 1.0–1.4 eV, but usually
contain elevated TDD above this In content.6,8,9,11,13–15 The increase
in the TDD is attributed to the tendency of the material to separate
into In-rich and In-poor phases above this composition, which
creates stress fluctuations in the CGB that inhibit dislocation glide
and annihilation. The use of substrates with misorientation toward
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(111)A helps suppress phase separation, leading to a reduced
TDD.11,15 Sun et al.11 demonstrated a TDD of 7 × 106 cm−2 in
AlGaInAs CGBs from GaAs to InP grown on GaAs with a 15° mis-
orientation toward (111)A.

Previous work also suggests that dopant choice impacts the
defect structure of III–V CGBs. Tångring et al.16 showed that
p-type Be doping led to improved GaInAs CGB roughness and
TDD compared to n-doped and undoped structures. Fan et al.17

found that p-type GaAsP CGBs exhibited lower TDD compared to
undoped and n-type CGBs. These results are consistent with
studies demonstrating that dislocation glide velocities in III–V
semiconductors are strongly dependent on the dopant choice and
type.18,19 In particular, p-type Zn promotes high β-dislocation veloc-
ities in GaAs, especially relative to n-type dopants like Te.19 The dis-
location velocity is inversely correlated with TDD in theory,20

meaning that higher dislocation velocities should reduce TDD. He
et al.21 showed that Zn doping improved the roughness and x-ray
diffraction peak width in InP layers grown on AlGaInAs CGBs
grown on 15° A GaAs substrates, but the TDD was not reported.

In this work, we explore the effect of substrate offcut and
dopant type on the microstructure of AlGaInAs CGBs from GaAs
to InP. We find that a high misorientation off (100) toward (111)A
and Zn doping is effective at reducing phase separation and TDD

and maximizing photovoltaic device performance. We develop
inverted growth of ∼1550 nm GaInAs laser power converters using
a removable Zn-doped grade, enabling the use of an n-on-p device
configuration. We characterize these devices using a high-intensity
1570 nm laser diode source and find that the use of optimized
AlGaInAs growth conditions (19.5° A offcut substrate, Zn-doped
grade) yields a peak LPC efficiency of 31.9% at 3.6W/cm2, a 59%
relative increase in peak efficiency compared to a similar device
grown on a (100) 6° A substrate with a Si-doped grade.

II. EXPERIMENTAL METHODS

All materials were grown by atmospheric pressure organome-
tallic vapor phase epitaxy (OMVPE). Devices were grown on
Si-doped (100) GaAs substrates with an offcut of 6° or 19.5° toward
the (111)A plane, referenced hereafter as 6° A and 19.5° A sub-
strates, respectively. The latter substrate corresponds to the (411)A
plane. Two types of devices were studied. Figure 1(a) shows a
GaInAs/AlInAs double heterostructure (DH) used for structural
characterization. This device was grown in an upright configuration
using a step-graded Al0.50Ga0.50−xInxAs CGB spanning from GaAs
to Al0.50In0.50As, at which point the Al fraction was reduced relative
to In to continue increasing lattice constant up to a composition of

FIG. 1. Device structures used in this study. (a) GaInAs/AlInAs double heterostructure grown upright on GaAs using an AlGaInAs CGB. (b) Inverted n-on-p GaInAs
photovoltaic cell grown on GaAs using an n-type AlGaInAs CGB. The device is shown after processing and bonding to an Si handle. The CGB remains within the device.
(c) Inverted n-on-p GaInAs photovoltaic cell grown using a Zn-doped or nominally undoped CGB. The grade is removed from the structure during processing.
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Al0.43In0.57As. The compositional steps were 0.25 μm thick and
used a misfit grading rate of 0.8%/μm. A 0.5 μm strain-overshoot
layer was the final grading layer, and then, the DH was grown
lattice-matched to the in-plane lattice constant of the overshoot
layer. The stress in the growing film was monitored with an in situ
laser curvature measurement. The CGB growth temperature was
720 °C with a growth rate of 5 μm/h and a V/III ratio of 300. The
temperature of a graphite susceptor on which the substrate sits was
monitored and controlled using a thermocouple. Those growth
conditions, along with the relatively high Al content, were previ-
ously demonstrated to reduce phase separation in AlGaInAs
CGBs.13 The GaInAs layer and the AlInAs cladding layers were
grown at 620 °C. Four DHs were grown, one with CGB doping of
1 × 1018 cm−3 Si and one with 1 × 1018 cm−3 Zn on each of the 6
and 19.5° A substrates. The DH doping was the same type as in the
CGB in each case. Figures 1(b) and 1(c) show the inverted GaInAs
photovoltaic cell structures used in this study. These devices were
grown with the same CGB structure as the DHs, followed by a
GaInAs n-on-p cell passivated with InP on the front and rear. Cells
were grown on Si-doped, Zn-doped, and undoped CGBs, with
emitter doping of 1 × 1018 cm−3 Se and base doping of
4 × 1016 cm−3 Zn. The Si-doped CGB devices have a baseline struc-
ture with the GaInNAs:Se front contact coming before the CGB,
with the CGB left in the final device, as in Fig. 1(b). The structures
with Zn-doped or nominally undoped grades required the removal
of the CGB to avoid forming a second p–n junction in opposition
to the photovoltaic cell, motivating the use of the structure of
Fig. 1(c). This structure contains a GaInAs:Se front contact layer
grown just before the cell,22 with an InP etch stop inserted just after
the grade to enable the removal of the grade and place the front
contact directly on the n-side of the cell. Devices were processed into
0.116 cm2 square mesas with a concentrator solar cell grid as described
in Ref. 23. After processing, a bilayer ZnS/MgF2 antireflection coating
was deposited on select photovoltaic devices by thermal evaporation.

Multiple structural characterization techniques were applied to
the DHs. Atomic force microscopy (AFM) in the tapping mode was
used to measure the surface roughness. High resolution x-ray diffrac-
tion was used to measure (400) reciprocal space maps (RSMs) of the
DHs in the [011] and [0–11] azimuthal directions. The dislocation
density was analyzed using cathodoluminescence (CL) generated
using a scanning electron microscope as described in Ref. 23. An
area of 2 × 10−4 cm2 was analyzed for each sample. The DH samples
were also analyzed using scanning transmission electron microscopy
(STEM). (1–10) cross-sectional specimens were prepared using a
focused ion beam. Images were collected using a high angular
annular dark field detector, which yields images in which variations
in contrast are proportional to variations in the local atomic weight
of the sample.

External quantum efficiency (EQE) and light current density–
voltage (J–V) measurements were performed on the devices as
described in Ref. 24. Device bandgaps were calculated from the
EQE using the detailed balance equivalent method.25 The Xe lamp
intensity used to simulate the AM1.5 Global (AM1.5G) spectrum
was set using a calibrated 0.74 eV GaInAs cell with an InP filter.
J–V curves were also measured under monochromatic 1570 nm
laser illumination over a wide range of irradiances on a stage with
temperature controlled to 25 °C. The irradiance of the laser was

varied by applying different driving currents to the laser as well as
using neutral density filters in front of the laser just above the
threshold driving current. The average irradiance (Etot) of the
device was calculated from the short-circuit current density (JSC) as
described in Geisz et al.26 The illuminated area of 0.100 cm2,
excluding the busbar area, was used for LPC measurements.

III. RESULTS

First, we characterized the surfaces of the four DH samples
using AFM. Figure 2 shows 50 μm× 50 μm height maps of each
sample surface, with the root mean square (RMS) roughness listed
in each panel. Looking at the 6° A samples, the surface of the
Si-doped grade exhibits a crosshatch roughness pattern typically
observed in III–V compositional grades, with an RMS roughness of
48.4 nm. The use of Zn doping in the grade leads to a dramatic
reduction in the roughness, down to 22.4 nm. The 19.5° A samples
also exhibit crosshatch, but the crosshatch lines are less orthogonal
due to the higher substrate offcut. Both doping types yield similar
roughness values on 19.5° A, which are in between those of the two
6° A samples.

We used high resolution reciprocal space mapping to analyze
the crystal structure of the DH samples. Figure 3 shows the (400)
reciprocal space maps of each sample in the orthogonal [011] and
[0–11] azimuthal directions. The intensity is arbitrary and plotted
using a logarithmic scale. The full width at half maximum
(FWHM) and tilt in the omega direction of the GaInAs reciprocal
lattice points in Fig. 3 are listed in Table I. The FWHM is corre-
lated in theory with defects in the crystal such as threading disloca-
tions or phase separation.27,28 The tilt provides some information
about the strain relaxation mechanism via dislocations. Strain relax-
ation predominantly occurs in III–V materials by the formation of
60° dislocations on {111} glide planes. These dislocations contain a
Burgers vector component that causes tilt, and the sense of the tilt
can be positive or negative. The net tilt of the crystal is low when
the population of dislocations is balanced with positive and nega-
tive tilt vectors, but the use of an offcut is known to cause negative
tilting in the offcut direction, by selecting a specific dislocation type
due to an imbalance in the shear stress on the available glide
planes.29 This phenomenon is the reason all of the samples show a
large negative tilt in the [011] or “A” direction; furthermore, the
magnitude of the tilt is proportional to the dislocation selectivity.7

The 6° A Si-doped sample has the highest FWHM in both azi-
muthal directions, possibly indicating a high degree of defects and/
or phase separation. The use of Zn doping on the 6° A sample
leads to a pronounced reduction in the FWHM, particularly in the
[011] scan direction. The reciprocal lattice points of the AlGaInAs
compositional steps up to the final layer also become narrower,
whereas in the Si-doped sample, those points broaden significantly
in ω-2θ at about -3000 arcsec, which may indicate the occurrence
of phase separation. The Si-doped 19.5° A sample has a signifi-
cantly lower FWHM in both directions than the 6° A Si-doped
sample and lower [011] tilt. The use of Zn doping does not seem to
affect the FWHM or tilt magnitude on the 19.5° A substrate relative
to Si doping.

Next, we employed CL imaging to probe for dislocations in the
DHs. Figure 4 shows the secondary electron images and
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panchromatic CL images for the four structures. The threading dis-
locations appear as black spots due to reduced local luminescence
efficiency. The TDD calculated from each sample is listed below
each image. The Si-doped 6° A sample had a large concentration of
dark pixels with so much overlap that it was not possible to calculate
the TDD. The Zn-doped 6° A sample had a lower density of dark
pixels and discrete dark spots. The TDD of 5.9 ± 0.2 × 106 cm−2 is
clearly lower than the Si-doped case. The use of the 19.5° A sub-
strate yielded a TDD of 6.4 ± 0.3 × 106 cm−2 in the Si-doped sample,
which decreased to 3.5 ± 0.2 × 106 cm−2 in the Zn-doped case.

We also used TEM to analyze the defect structure of these
samples. Figure 5 shows high angle annular dark field images of
the (0–11) cross sections of each sample taken in a STEM. The
Si-doped 6° A sample is shown in Fig. 5(a). We note that the inter-
faces between the layers exhibit significant undulation. In addition,
there is contrast indicating some long-period (100 s of nm) phase
separation in the compositional steps and in the upper AlInAs
layers. An instance in which dislocations appear to be pinned by a

region of phase separation is indicated by “A.” Dislocation pinning
is one of the primary mechanisms by which phase separation
increases the TDD.6 There is also shorter-period (10 s of nm),
apparently [100]-aligned phase separation in the first AlInAs clad-
ding layer grown after the overshoot layer (see Fig. 1) indicated
by “B.” The AlInAs layers in the DH were grown at a lower tem-
perature than the compositional steps in the CGB (620 °C vs
720 °C), and low deposition temperature has previously been cor-
related with phase separation in AlInP.30 A growth pause was not
used for this transition, meaning that the initial portion of the
layer (which is free of phase separation) is grown hotter than
620 °C. We note that the sample cooled 50% of the way down to
the new setpoint after 0.50 min and 100% of the way down after
1.15 min. These data suggest that growth temperature is one key
factor in controlling phase separation in AlInAs. The vertically
aligned phase separation is not present in the Zn-doped 6° A
sample in Fig. 5(b), suggesting that the Zn doping has suppressed
it, although some unidentified contrast remains in that layer and

FIG. 2. 50 μm × 50 μm AFM scans of the surface of the double heterostructures. The root mean square roughness is given in each image. Scale bar indicates 20 μm.
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the interfaces exhibit significant undulation. There is still evi-
dence of phase separation in the compositional steps, meaning
that the Zn doping has not suppressed all of the phase separa-
tion. In the Si-doped 19.5° A sample [Fig. 5(c)], the short period
phase separation is present in the cooler AlInAs layer, but it is
fainter than in the 6° A sample and inclined away from [100].
This inclination is presumably related to the additional misorien-
tation of the substrate off (100). There appears to be some phase
separation in the GaInAs layer as well, appearing as a dark stripe.
The interfaces are significantly flatter than in either of the 6° A
samples. There is no short period phase separation observed in
the AlInAs layers of the Zn-doped 19.5° A sample [Fig. 5(d)],
although there may still be a small indication of phase separation

in the GaInAs layer. The interfaces between the layers exhibit
good flatness.

We then grew 0.74 eV GaInAs photovoltaic cells on AlGaInAs
CGBs on 19.5° A substrates with varying doping types and densities
in the CGB to test the effect of this parameter on the CGB quality.
These devices were measured under the AM1.5G spectrum, and we
calculated the bandgap–voltage offset (WOC) from the equation
WOC = EG/q−VOC, where EG is the device bandgap, q is the ele-
mentary charge, and VOC is the open circuit voltage. This metric is
an indicator of material quality due to the fact that VOC is a func-
tion of recombination in the device and strongly correlated with
TDD.5 Figure 6 plots WOC as a function of doping density. These
devices did not have anti-reflection coatings. Note that negative

FIG. 3. (400) reciprocal space maps of the GaInAs double heterostructures taken in the orthogonal [011] and [0–11] azimuthal directions. The ω and ω-2θ coordinates of
the reciprocal lattice point of the GaInAs layer are listed in each figure. Units are arcseconds.

TABLE I. Full width at half maximum and tilt in the omega direction of the GaInAs reciprocal lattice point of the RSMs in Fig. 3. Units are arcseconds.

6° A 19.5° A

[0–11] [011] [0–11] [011]

FWHM Tilt FWHM Tilt FWHM Tilt FWHM Tilt

Si-doped CGB 1634 −505 1934 −6288 882 −619 721 −3205
Zn-doped CGB 1429 −515 840 −7389 847 −149 791 −3346
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FIG. 4. Scanning electron microscopy and panchromatic cathodoluminescence images of the double heterostructures. The threading dislocation density is listed below
each image.

FIG. 5. (0–11) cross-sectional STEM high angular annular dark field images of the four double heterostructure samples. The scale bar indicates 500 nm. The double het-
erostructure layers are labeled in (c), and a temperature change that occurred during the growth for all samples is indicated by the arrows in (d).
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values indicate n-type doping of the CGB with Si, while positive
values indicate p-type doping with Zn, and a value of zero indicates
a nominally undoped grade. WOC is 0.513 ± 0.004 V in the device
with n = 1 × 1018 cm−3 (Si) doping and then decreases by 10 mV in
a sample grown with an undoped CGB (doping density = 0). The

WOC decreases further when the dopant is changed to Zn, reaching
a value of WOC = 0.478 ± 0.009 V at p = 1 × 1017 cm−3, and then
decreases further with Zn doping down to WOC = 0.467 ± 0.011 V
for p = 1 × 1018 cm−3.

Next, we compared a 0.74 eV GaInAs laser power converter
grown on the most optimal combination of a 19.5° A GaAs sub-
strate with 1 × 1018 cm−3 Zn-doped grade, with a device grown on
the least optimal combination of (100) 6° A substrate with
1 × 1018 cm−3 Si-doped grade. Figure 7 shows external quantum
efficiency and light J–V measurements taken under an AM1.5G
spectrum. Note that these devices possess a bi-layer antireflection
coating on their front surface. The baseline device has lower EQE
at wavelengths <∼800 nm because it is filtered by the CGB,
whereas the device grown with the 19.5° A substrate had its buffer
removed. The EQE of the baseline device peaks at 0.80 and then
decreases monotonically with increasing wavelength. The 19.5° A
device peaks at an EQE of 0.87 and then decreases more gradually
with wavelength compared to the baseline. This trend is consistent
with a longer minority carrier diffusion length in the 19.5° A
device due to the significant reduction in the TDD.5 Looking at the
J–V curves [Fig. 7(b)], the VOCs of the baseline and 19.5° A devices
are 0.217 and 0.312 V, respectively, corresponding to WOC = 0.528
and 0.434 V, respectively. We also measured both samples under a
condition yielding 30 mA/cm2 to normalize for the fact that these
devices have different optical filtering, obtaining VOCs = 0.217 and
0.312 V and WOC = 0.518 and 0.440 V, respectively. WOC≤ 0.4 V is
generally regarded as a desirable threshold for high-efficiency solar
cells.31 The optimized device compares favorably to 0.74 eV
GaInAs metamorphic devices grown on GaInP CGBs.32

Lastly, we characterized these devices using high-intensity emis-
sion from a 1570 nm diode laser to understand their performance as
LPCs. We also compared these devices to a lattice-matched (LM)
device grown on InP3 and a lattice-mismatched (LMM) device

FIG. 6. Bandgap–voltage offset (WOC = EG/q− VOC) of 0.74 eV GaInAs grown
on 19.5° A substrates with varying dopant density in the compositionally graded
buffer layer. Negative values indicate n-type (Si-doped), and positive values indi-
cate p-type (Zn-doped). Error bars indicate the standard deviation over 8–11
devices measured for each sample. These devices were characterized without
anti-reflection coatings.

FIG. 7. (a) External quantum efficiency, and (b) light current density–voltage curves under AM1.5G measured from 0.74 eV GaInAs photovoltaic devices grown on a GaAs
(100) 6° A substrate with an Si-doped graded buffer and a GaAs 19.5° A substrate with a Zn-doped graded buffer.
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grown on (100) GaAs using a GaInP compositionally graded buffer
with an estimated TDD of 2 × 106 cm−2.32 The EQEs of these four
devices are shown in Fig. 8(a), and the power dependent VOC, fill
factor (FF), and LPC efficiency are shown in Fig. 8(b). The optimized
AlGaInAs CGB grown on 19.5° A GaAs shows a significant improve-
ment in peak LPC efficiency relative to the (100) 6° A Si-doped CGB
device, with a 59% relative increase from 21.2% at 8.0W/cm2 to
31.9% at 3.6W/cm2. We note that this device would benefit from
some optimization to reduce series resistance, e.g., thickening of the
InP window layer, which would help decrease the sheet resistance of
the device and reduce the fill factor droop observed in this cell at
high irradiance, as well as some optimization of the EQE at 1570 nm.
The (100) 6° A GaAs, Si-doped CGB device still retains the CGB
within the structure, which enables current spreading over the multi-
ple μm of these layers, contributing to reduced FF droop and an

efficiency that peaks at higher irradiance. The LMM cell grown with
the GaInP CGB offers improved performance, peaking at 42.1% at
an irradiance 7.0W/cm2, in part due to its lower TDD, which
enables increased VOC and improved current spreading due to the
thick CGB. The LMM GaInP CGB device provides an attainable
benchmark for the AlGaInAs CGB devices if further improvements
in TDD and series resistance losses are made. Last, the LM device
grown on InP offers the best performance, as expected, with a peak
efficiency of 47.4% at an irradiance of 3.2W/cm2.

IV. DISCUSSION

The (Al)GaInAs alloy frequently exhibits phase separation,
even though thermodynamic calculations predict that phase separa-
tion via spinodal decomposition is not favored at typical growth

FIG. 8. 1570 nm laser power conversion measurements of four ∼0.74 e GaInAs devices, (red) lattice-matched (LM) on InP, (green) lattice-mismatched on (100) GaAs
using a GaInP CGB, (light blue) lattice-mismatched on 6° A GaAs using an AlGaInAs CGB (baseline) and (purple) lattice-mismatched on 19.5° A GaAs using an
AlGaInAs CGB (optimized). (a) External quantum efficiency. (b) VOC, fill factor, and conversion efficiency as a function of 1570 nm laser irradiance. An irradiance of
0.1 W/cm2 or lower is considered “eyesafe” at 1570 nm.
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temperatures.6,33,34 Stringfellow calculated a critical temperature of
462 °C for the spinodal decomposition of AlGaInAs, meaning that
even the lowest temperatures used here exceed this temperature by
at least 158 °C.33 Furthermore, Stringfellow calculated that Al-rich
AlGaInAs, as used here, is even more resistant to phase separa-
tion,33 which was observed experimentally in Ref. 13. The presence
of the surface changes the situation for epitaxially growing materi-
als, because the coherency strain of phase separation can relax elas-
tically, meaning that it is possible for phase separation to be
stabilized at the surface via roughening even when it is unfavorable
in the bulk.35–39 These processes are usually driven by kinetics, and
metamorphic materials are particularly susceptible to phase separa-
tion, because mismatch stress is a key driver of phase separation,39

and metamorphic materials invariably roughen in response to
stress fields from intentionally introduced dislocations.40 The
ability of the material to form multiple phases on the surface pre-
sumably requires lateral diffusion of adatoms. Twigg et al. corre-
lated the period of phase separated GaInAs as a function of growth
temperature with the activation energy of cation surface diffusion,
suggesting that phase separation is controlled by adatom diffu-
sion.37 Thus, if phase separation is formed kinetically at the surface
via diffusion, it follows that successful methods to prevent phase
separation (e.g., the use of low deposition temperatures10) hinder
adatom diffusion, which is what we observed here. The use of an
offcut substrate introduces a high density of steps, which serve as
adatom sinks and limit surface diffusion lengths. The use of a high
misorientation off (100) toward (111)A was successful in this and
previous11,15 work because it aligns the direction of higher adatom
diffusivity, [011],41 perpendicular to the step edges, maximizing the
effectiveness of this strategy to reduce phase separation. The
19.5° A substrate also led to significantly reduced roughness of the
interfaces, which is correlated with reduced phase separation.39,42

The mechanism by which the Zn doping of the CGB impacts
phase separation and TDD is less clear. It is possible that Zn
reduces the adatom diffusion length directly by some mechanism.
Alternatively, there is a large body of evidence that Zn is correlated
with fast self-diffusion in GaAs via the concomitant introduction of
fast diffusing interstitial point defects.43,44 It is possible that these
Zn-aided diffusion mechanisms could cause the randomization of
phase separated regions below the surface. The diffusion of Zn into
the bulk was observed to cause intermixing of 60-period 7.5 nm
GaInAs/7.5 nm AlInAs multiple quantum wells into a uniform
AlGaInAs layer via this mechanism.45 Furthermore, studies of an
analogously surface-driven phenomenon to phase separation,
CuPt-type ordering of GaInP,46 showed that the Zn doping of
GaInP can cause intermixing of a growing crystal via self-diffusion
in the bulk. Kurtz et al.47 showed that OMVPE-grown Zn-doped
Ga0.5In0.5P epilayers with hole concentrations of 1 × 1018 cm−3

exhibited a higher degree of CuPt order near the surface compared
to positions deeper in the epilayer, whereas lightly doped samples
exhibited a relatively constant, high degree of ordering throughout.
These data imply that the ordering created at the surface is subse-
quently destroyed in the bulk in a matter of minutes during
growth, presumably by a Zn-aided diffusion mechanism. Lee
et al.48 also showed that high Zn doping caused disordering of
Ga0.5In0.5P but did not significantly affect the surface roughness or
step structure of their epilayers, providing further evidence that the

ordering is destroyed sub-surface by bulk diffusion. They showed
that an ordered, 10 nm undoped GaInP “well” layer sandwiched
between a 300 nm GaInP layer and a 50 nm GaInP cap both doped
2 × 1018 cm−3 with Zn was fully disordered after growth, whereas a
50 nm well was only partially disordered, implying a cation diffu-
sion length on the order of 10–20 nm. This length is roughly the
same as the period of phase separation observed in the short-range
phase separation indicated by B in Fig. 5(a), suggesting that it is
plausible that a similar sub-surface diffusion mechanism caused
disordering of the phase separated regions. However, with present
data, it is still unclear whether the phase separation never formed
in the first place or whether it formed and was subsequently
destroyed by diffusion in the bulk.

There are also potential benefits related to dislocation glide
velocities enabled by Zn doping that may be providing benefits
apart from or in addition to phase separation prevention/minimiza-
tion. Previous studies18,19 showed that β-dislocation (group III
cores) velocities in GaAs doped with electron donors were multiple
orders of magnitude smaller than in undoped GaAs and that the
same velocities were orders of magnitude higher in Zn-doped
GaAs.19 α-Dislocation (group V cores) glide velocities for Si-doped
and Zn-doped GaAs remained similar to those in undoped materi-
als.18,19 Presumably then, the slow β-dislocations are limiting in the
Si-doped grades, whereas faster α-dislocations are limiting in the
Zn-doped grades. The XRD FWHM data may provide evidence for
this effect, as the FWHM in the [011] azimuthal scan direction
(correlated with β-dislocations) of the 6° A Si-doped grade is high
and higher than the FWHM of the scan in the [0–11] azimuthal
direction (correlated with α-dislocations). The FWHM in [011] is
cut in half when Zn doping is employed, to a value that is lower
than that in the [0–11] direction, corresponding to the expected
trend in glide velocities when switching from Si to Zn doping. We
saw WOC improvements in the devices shown in Fig. 6 when
switching from Si to undoped to Zn-doped grades, a trend that
agrees nicely with the trends in β-dislocation velocity trends
observed by Yonenaga and Sumino.19 Dislocations with higher
velocities can glide farther, providing more strain relief per disloca-
tion, and may be less prone to pinning by phase separation, effects
that would reduce TDD and, in turn, WOC. Lee et al.48 did not
observe disordering in Ga0.5In0.5P with Zn-doping to a hole con-
centration of 1 × 1017 cm−3, which may suggest that our
1 × 1017 cm−3 Zn-doped Zn-doped grade (see Fig. 6) did not obtain
benefit from phase separation prevention but did benefit from
improved dislocation glide velocities, and then, the 1 × 1018 cm−3

doped grade benefited further from phase separation prevention.
Further studies are needed to clarify these effects.

V. CONCLUSION

We developed 0.74 eV GaInAs laser power conversion devices
grown metamorphically on GaAs with AlGaInAs compositionally
graded buffers. We determined that phase separation was correlated
with high TDD in the graded buffers and found that the use of a
19.5° A substrate and Zn-doping (instead of Si-doping) were effec-
tive to control phase separation and reduce TDD in the CGBs.
Furthermore, 0.74 eV GaInAs photovoltaic devices fabricated on
GaAs using a 19.5° A substrate and Zn-doped AlGaInAs CGB
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exhibited a nearly 100 mV increase in one-sun open circuit voltage
and 59% relative increase (from 21.2% to 31.9%) in 1570 nm peak
LPC efficiency relative to devices grown on (100) 6° A substrates
with Si-doped grades. These optimized devices compare favorably
to state of the art metamorphic 0.74 eV GaInAs devices grown
using GaInP graded buffers, with significant room for optimization.
These results offer another path toward scalable and lower cost
LPC devices grown on GaAs.

ACKNOWLEDGMENTS

The authors would like to thank Michelle Young, Waldo
Olavarria, and Sarah Collins for device growth and processing, and
Dale Batchelor at EAG Eurofins for the preparation and imaging of
the TEM samples. This work was authored by Alliance for
Sustainable Energy, LLC, the manager and operator of the National
Renewable Energy Laboratory for the U.S. Department of Energy
(DOE) under Contract No. DE-AC36-08GO28308. This work was
supported by the Laboratory Directed Research and Development
(LDRD) Program at NREL. The views expressed in the article do
not necessarily represent the views of the DOE or the U.S.
Government. The U.S. Government retains, and the publisher, by
accepting the article for publication, acknowledges that the U.S.
Government retains a nonexclusive, paid-up, irrevocable, world-
wide license to publish or reproduce the published form of this
work, or allow others to do so, for U.S. Government purposes.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to declare.

Author Contributions

Kevin L. Schulte: Conceptualization (lead); Formal analysis (lead);
Funding acquisition (supporting); Investigation (lead);
Methodology (lead); Writing – original draft (lead); Writing –
review & editing (equal). John F. Geisz: Formal analysis (support-
ing); Investigation (supporting); Writing – review & editing
(equal). Harvey L. Guthrey: Investigation (supporting); Writing –
review & editing (equal). Ryan M. France: Formal analysis (sup-
porting); Methodology (supporting); Writing – review & editing
(equal). Edgard Winter da Costa: Investigation (supporting);
Writing – review & editing (equal). Myles A. Steiner: Funding
acquisition (lead); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1C. Algora, I. García, M. Delgado, R. Peña, C. Vázquez, M. Hinojosa, and
I. Rey-Stolle, Joule 6, 340 (2022).
2A. Datas, Sol. Energy Mater. Sol. Cells 134, 275 (2015).
3E. J. Tervo, R. M. France, D. J. Friedman, M. K. Arulanandam, R. R. King,
T. C. Narayan, C. Luciano, D. P. Nizamian, B. A. Johnson, A. R. Young,
L. Y. Kuritzky, E. E. Perl, M. Limpinsel, B. M. Kayes, A. J. Ponec,
D. M. Bierman, J. A. Briggs, and M. A. Steiner, Joule 6, 2566 (2022).

4R. Beanland, D. J. Dunstan, and P. J. Goodhew, Adv. Phys. 45, 87 (1996).
5C. L. Andre, D. M. Wilt, A. J. Pitera, M. L. Lee, E. A. Fitzgerald, and
S. A. Ringel, J. Appl. Phys. 98, 014502 (2005).
6N. J. Quitoriano and E. A. Fitzgerald, J. Appl. Phys. 102, 033511 (2007).
7R. M. France, W. E. McMahon, A. G. Norman, J. F. Geisz, and M. J. Romero,
J. Appl. Phys. 112, 023520 (2012).
8D. Kohen, X. S. Nguyen, R. I. Made, C. Heidelberger, K. H. Lee, K. E. K. Lee,
and E. A. Fitzgerald, J. Cryst. Growth 478, 64 (2017).
9K. E. Lee and E. A. Fitzgerald, J. Cryst. Growth 312, 250 (2010).
10Y. Takano, K. Kobayashi, H. Iwahori, M. Umezawa, S. Shirakata, and S. Fuke,
Jpn. J. Appl. Phys. 44, 6403 (2005).
11Y. Sun, J. Dong, S. Yu, Y. Zhao, and Y. He, J. Mater. Sci.: Mater. Electron. 28,
745 (2017).
12R. M. France, J. F. Geisz, M. A. Steiner, B. To, M. J. Romero, W. J. Olavarria,
and R. R. King, J. Appl. Phys. 111, 103528 (2012).
13K. L. Schulte, H. L. Guthrey, R. M. France, and J. F. Geisz, IEEE
J. Photovoltaics 10, 109 (2020).
14L. Yang, M. T. Bulsara, K. E. Lee, and E. A. Fitzgerald, J. Cryst. Growth 324,
103 (2011).
15Y. R. Sun, K. L. Li, J. R. Dong, X. L. Zeng, Y. M. Zhao, S. Z. Yu, C. Y. Zhao,
and H. Yang, J. Cryst. Growth 381, 70 (2013).
16I. Tångring, Y. X. Song, Z. H. Lai, S. M. Wang, M. Sadeghi, and A. Larsson,
J. Cryst. Growth 311, 1684 (2009).
17S. Fan, R. D. Hool, P. Dhingra, M. Kim, E. D. Ratta, B. D. Li, Y. Sun,
J. Y. Zhengshan, Z. C. Holman, and M. L. Lee, in Effects of Graded Buffer Design
and Active Region Structure on GaAsP Single-Junction Solar Cells Grown on GaP/
Si Templates (IEEE, 2020), p. 2044.
18S. K. Choi, M. Mihara, and T. Ninomiya, Jpn. J. Appl. Phys. 16, 737 (1977).
19I. Yonenaga and K. Sumino, J. Appl. Phys. 65, 85 (1989).
20E. A. Fitzgerald, A. Y. Kim, M. T. Currie, T. A. Langdo, G. Taraschi, and
M. T. Bulsara, Mater. Sci. Eng. B 67, 53 (1999).
21Y. He, Y. Sun, Y. Zhao, S. Yu, and J. Dong, J. Mater. Sci.: Mater. Electron. 28,
9732 (2017).
22K. L. Schulte, R. M. France, D. J. Friedman, A. D. LaPotin, A. Henry, and
M. A. Steiner, J. Appl. Phys. 128, 143103 (2020).
23K. L. Schulte, D. J. Friedman, T. Dada, H. L. Guthrey, E. W. Costa, E. J. Tervo,
R. M. France, J. F. Geisz, and M. A. Steiner, Adv. Energy Mater. 14, 2303367 (2024).
24K. L. Schulte, S. W. Johnston, A. K. Braun, J. T. Boyer, A. N. Neumann,
W. E. McMahon, M. Young, P. G. Coll, M. I. Bertoni, and E. L. Warren, Joule 7,
1529 (2023).
25M. A. Steiner, E. E. Perl, J. F. Geisz, D. J. Friedman, N. Jain, D. Levi, and
G. Horner, J. Appl. Phys. 121, 164501 (2017).
26J. F. Geisz, D. J. Friedman, M. A. Steiner, R. M. France, and T. Song, IEEE
J. Photovoltaics 13, 808 (2023).
27J. E. Ayers, J. Cryst. Growth 135, 71 (1994).
28B. Pantha, J. Li, J. Lin, and H. Jiang, Appl. Phys. Lett. 96, 232105 (2010).
29P. M. Mooney, F. K. LeGoues, J. Tersoff, and J. O. Chu, J. Appl. Phys. 75, 3968
(1994).
30K. Mukherjee, A. G. Norman, A. J. Akey, T. Buonassisi, and E. A. Fitzgerald,
J. Appl. Phys. 118, 115306 (2015).
31R. R. King, D. Bhusari, A. Boca, D. Larrabee, X. Q. Liu, W. Hong,
C. M. Fetzer, D. C. Law, and N. H. Karam, Prog. Photovoltaics 19, 797 (2011).
32R. M. France, I. Garcia, W. E. McMahon, A. G. Norman, J. Simon, J. F. Geisz,
D. J. Friedman, and M. J. Romero, IEEE J. Photovoltaics 4, 190 (2014).
33G. B. Stringfellow, J. Appl. Phys. 54, 404 (1983).
34I. V. Pentin, J. C. Schön, and M. Jansen, Phys. Chem. Chem. Phys. 12, 8491
(2010).
35I. P. Ipatova, V. G. Malyshkin, A. A. Maradudin, V. A. Shchukin, and
R. F. Wallis, Phys. Rev. B 57, 12968 (1998).
36P. M. Petroff, A. Y. Cho, F. K. Reinhart, A. C. Gossard, and W. Wiegmann,
Phys. Rev. Lett. 48, 170 (1982).
37M. E. Twigg, S. Tomasulo, M. A. Stevens, N. A. Mahadik, N. A. Kotulak, and
M. K. Yakes, Thin Solid Films 793, 140255 (2024).

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 035301 (2025); doi: 10.1063/5.0244178 137, 035301-10

© Author(s) 2025

 21 February 2025 22:07:04

https://doi.org/10.1016/j.joule.2021.11.014
https://doi.org/10.1016/j.solmat.2014.11.049
https://doi.org/10.1016/j.joule.2022.10.002
https://doi.org/10.1080/00018739600101477
https://doi.org/10.1063/1.1946194
https://doi.org/10.1063/1.2764204
https://doi.org/10.1063/1.4739725
https://doi.org/10.1016/j.jcrysgro.2017.08.025
https://doi.org/10.1016/j.jcrysgro.2009.10.041
https://doi.org/10.1143/JJAP.44.6403
https://doi.org/10.1007/s10854-016-5585-z
https://doi.org/10.1063/1.4721367
https://doi.org/10.1109/JPHOTOV.2019.2951927
https://doi.org/10.1109/JPHOTOV.2019.2951927
https://doi.org/10.1016/j.jcrysgro.2011.04.032
https://doi.org/10.1016/j.jcrysgro.2013.07.014
https://doi.org/10.1016/j.jcrysgro.2008.11.019
https://doi.org/10.1143/JJAP.16.737
https://doi.org/10.1063/1.343380
https://doi.org/10.1016/S0921-5107(99)00209-3
https://doi.org/10.1007/s10854-017-6724-x
https://doi.org/10.1063/5.0024029
https://doi.org/10.1002/aenm.202303367
https://doi.org/10.1016/j.joule.2023.05.019
https://doi.org/10.1063/1.4982234
https://doi.org/10.1109/JPHOTOV.2023.3304360
https://doi.org/10.1109/JPHOTOV.2023.3304360
https://doi.org/10.1016/0022-0248(94)90727-7
https://doi.org/10.1063/1.3453563
https://doi.org/10.1063/1.356992
https://doi.org/10.1063/1.4930990
https://doi.org/10.1002/pip.1044
https://doi.org/10.1109/JPHOTOV.2013.2281724
https://doi.org/10.1063/1.331719
https://doi.org/10.1039/c004040c
https://doi.org/10.1103/PhysRevB.57.12968
https://doi.org/10.1103/PhysRevLett.48.170
https://doi.org/10.1016/j.tsf.2024.140255
https://pubs.aip.org/aip/jap


38C. A. Wang, C. J. Vineis, and D. R. Calawa, Appl. Phys. Lett. 85, 594 (2004).
39F. Glas, Phys. Rev. B 55, 11277 (1997).
40E. A. Fitzgerald, Y. H. Xie, D. Monroe, P. J. Silverman, J. M. Kuo,
A. R. Kortan, F. A. Thiel, and B. E. Weir, J. Vac. Sci. Technol. B 10, 1807
(1992).
41M. A. Stevens, S. Tomasulo, S. Maximenko, T. E. Vandervelde, and
M. K. Yakes, J. Appl. Phys. 121, 195302 (2017).
42K. Mukherjee, D. A. Beaton, A. Mascarenhas, M. T. Bulsara, and
E. A. Fitzgerald, J. Cryst. Growth 392, 74 (2014).
43R. M. Cohen, J. Electron. Mater. 20, 425 (1991).

44D. G. Deppe, Appl. Phys. Lett. 56, 370 (1990).
45Y. Kawamura, H. Asahi, A. Kohzen, and K. Wakita, Electron. Lett. 21, 218
(1985).
46B. A. Philips, A. G. Norman, T. Y. Seong, S. Mahajan, G. R. Booker,
M. Skowronski, J. P. Harbison, and V. G. Keramidas, J. Cryst. Growth 140, 249
(1994).
47S. R. Kurtz, J. M. Olson, D. J. Friedman, A. E. Kibbler, and S. Asher,
J. Electron. Mater. 23, 431 (1994).
48S. H. Lee, C. M. Fetzer, G. B. Stringfellow, C.-J. Choi, and T. Y. Seong, J. Appl.
Phys. 86, 1982 (1999).

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

J. Appl. Phys. 137, 035301 (2025); doi: 10.1063/5.0244178 137, 035301-11

© Author(s) 2025

 21 February 2025 22:07:04

https://doi.org/10.1063/1.1773368
https://doi.org/10.1103/PhysRevB.55.11277
https://doi.org/10.1116/1.586204
https://doi.org/10.1063/1.4983257
https://doi.org/10.1016/j.jcrysgro.2014.01.058
https://doi.org/10.1007/BF02657822
https://doi.org/10.1063/1.102788
https://doi.org/10.1049/el:19850154
https://doi.org/10.1016/0022-0248(94)90297-6
https://doi.org/10.1007/BF02671225
https://doi.org/10.1063/1.370997
https://doi.org/10.1063/1.370997
https://pubs.aip.org/aip/jap

