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GaAsxP1−x graded buffers were grown via solid source molecular beam epitaxy �MBE� to enable the
fabrication of wide-bandgap InyGa1−yP solar cells. Tensile-strained GaAsxP1−x buffers grown on
GaAs using unoptimized conditions exhibited asymmetric strain relaxation along with formation of

faceted trenches, 100–300 nm deep, running parallel to the �01̄1� direction. We engineered a 6 �m
thick grading structure to minimize the faceted trench density and achieve symmetric strain
relaxation while maintaining a threading dislocation density of �106 cm−2. In comparison,
compressively-strained graded GaAsxP1−x buffers on GaP showed nearly-complete strain relaxation
of the top layers and no evidence of trenches but possessed threading dislocation densities that were
one order of magnitude higher. We subsequently grew and fabricated wide-bandgap InyGa1−yP solar
cells on our GaAsxP1−x buffers. Transmission electron microscopy measurements gave no indication
of CuPt ordering. We obtained open circuit voltage as high as 1.42 V for In0.39Ga0.61P with a
bandgap of 2.0 eV. Our results indicate MBE-grown InyGa1−yP is a promising material for the top
junction of a future multijunction solar cell. © 2011 American Institute of Physics.
�doi:10.1063/1.3525599�

I. INTRODUCTION

Triple-junction metamorphic solar cells have reached ef-
ficiencies as high as 41.1% by combining lattice-
mismatched, light-absorbing materials that target different
regions of the solar spectrum1. Simulations indicate that ef-
ficiencies of 50%–60% may be attainable by increasing the
number of junctions to 4–6, necessitating a wide-bandgap
�Eg=2.0–2.2 eV� material to use as the top subcell.2–5 Un-
fortunately, most III-V materials with the desired bandgap
are indirect, demanding thick absorber layers in order to
fully collect the incident sunlight. In addition, many of these
materials contain Al, which has a strong propensity to form
O-related deep levels,6,7 resulting in solar cells with lower
efficiencies.8,9 In contrast, InyGa1−yP �y=0.27–0.40� is an
Al-free material with a direct bandgap in the desired range
but is lattice-mismatched to conventional substrates such as
GaAs and GaP. We therefore require a graded buffer to en-
gineer the lattice constant and form a virtual substrate on
which to grow wide-bandgap InyGa1−yP.

Previous work with graded InyGa1−yP buffers on GaP
resulted in phase separation that in turn led to higher than
expected threading dislocation densities �TDDs�.10,11 In con-
trast, the mixed anion GaAsxP1−x alloy covers the same
range of lattice constants as the InyGa1−yP system but does
not phase separate.12–14 We thus selected GaAsxP1−x as the
most suitable alloy system for our metamorphic virtual sub-
strates. Mixed anion III-AsP buffers and light emitting de-
vices based upon them have been investigated for several
decades.14–24 However, molecular beam epitaxy �MBE�
growth of mixed anion III-AsP buffers for wide-bandgap
photovoltaic devices has not been investigated.

In this work we studied the growth of metamorphic

GaAsxP1−x buffers, 2–6 �m thick, grown by solid-source
MBE �SSMBE�. We investigated both tensile �on GaAs� and
compressive �on GaP� strained GaAsxP1−x buffer systems,
and examined the effect of growth conditions and buffer
structure on material properties. We subsequently fabricated
and tested wide-bandgap InyGa1−yP solar cells grown on
these graded buffers.

II. EXPERIMENTAL DETAILS

We grew all samples in a Veeco GEN-II SSMBE system
on both GaAs �100� and GaP �100� on-axis substrates. Our
system was equipped with elemental sources of Ga, In, Al,
As, P, Si, and Be. The group V elements were thermally
cracked to produce a dimer beam flux, and an ionization
gauge was used to calibrate the beam equivalent pressures.
Previous work has shown that GaAsxP1−x composition is
strongly dependent on growth temperature,14–16 making it
necessary to have a uniform substrate temperature across the
wafer in order to achieve a homogeneous GaAsxP1−x compo-
sition. We calibrated As composition �x� as a function of the
beam equivalent pressures of both P2 and As2 at each growth
temperature, and obtained an As composition uniformity of
�1% across a 4 inch wafer as estimated by photolumines-
cence �PL� measurements. We grew GaAsxP1−x films at sub-
strate temperatures �TSUB� ranging from 580–700 °C in or-
der to optimize growth conditions for both tensile and
compressive buffers. For tensile-strained films the As2 /Ga
flux ratio was kept constant at �17, while the P2 flux was
varied in a step-wise fashion. For compressively-strained
films we used P2 /Ga�8 and varied the As2 flux at each step
of the buffer. All buffers were capped with a 1 �m thick
GaAsxP1−x layer. The main variables used to optimize the
relaxation, surface morphology, and TDD in the metamor-a�Electronic mail: john.simonnavas@yale.edu.
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phic buffers were the change in P composition in each step
��P�, and the percentage lattice constant grading rate ���
given by:

� =
as − ac

acd
� 100% �m−1, �1�

where as and ac are the lattice constant of the substrate and
GaAsxP1−x capping layer, respectively, and d is the total
thickness of the graded buffer.

After growth, we performed x-ray diffraction �XRD�
measurements on a Bede D1 system with a Cu k� source.
X-ray scans satisfying the �004� and �224� Bragg conditions,

with beams incident along both the �011� and �01̄1� in-plane
directions, allowed us to extract the composition, tilt and
relaxation of the samples. We used Nomarski optical micros-
copy, scanning electron microscopy �SEM�, and atomic force
microscopy �AFM� to characterize the surface morphology
of our films. We prepared samples for plan-view and cross-
sectional transmission electron microscopy �PVTEM and
XTEM, respectively� by polishing them to a thickness of
�10 �m, attaching them to a Cu aperture grid, and perform-
ing low angle Ar ion milling until they were electron trans-
parent. Imaging was done in a Tecnai T12 system operated at
120 kV. XTEM enabled us to inspect defect and interface
morphologies, while PVTEM allowed estimation of buffer
TDD. We verified these TDDs using room temperature
cathodoluminescence �CL� measurements performed on a
JEOL-5800 SEM operated at 10 keV �penetration depth
�1 �m� and an electron-beam current of 1 nA.

In the next part of the study, we grew InyGa1−yP on
GaAsxP1−x buffers, by lowering TSUB to 460 °C under the
same As2 /P2 overpressures used to grow the GaAsxP1−x cap.
We did not take any measures to prevent temperature-
dependent surface anion exchange reactions that are known
to be prevalent in metalorganic chemical vapor deposition
�MOCVD� of GaAsxP1−x.25 As2 flux was closed for 1 min
prior to the growth of InyGa1−yP in order to minimize group
V intermixing during growth. We performed room tempera-
ture PL on the films to determine their bandgaps with a 527
nm neodium doped Yttrium lithium flouride �Nd:YLF� laser.

Finally, we grew wide-bandgap InyGa1−yP solar cells on
graded p-GaAsxP1−x on p-GaAs substrates. The device struc-
ture for all cells consisted of a 2 �m Be-doped InyGa1−yP
base with doping concentration of 1017 cm−3, followed by a
100 nm Si-doped InyGa1−yP emitter with a doping of
1018 cm−3 and a 20 nm window layer of Si-doped InAlP
��5�1017 cm−3�, lattice matched to our junction. Finally, to
facilitate Ohmic contact to the emitter we deposited a highly
Si-doped ��5�1018 cm−3� GaAs layer in two stages. First
we deposited �2 nm of n+GaAs at 460 °C to protect the
underlying InAlP window, and then we raised TSUB to
580 °C to grow an additional 50 nm of n+GaAs. We do not
expect the lattice mismatch between the junction and the
contact layer to adversely affect the efficiency of our device,
since no minority carrier generation should take place near
this interface. The type-II band offset between the low In-
content InGaP and the InAlP window layer26 dictates the
n−on− p polarity, since this configuration is expected to

block valence band holes from traveling to the emitter con-
tact but allow uninhibited flow of conduction band electrons.

Following growth, we fabricated 2.1�2.1 mm2 cells
with 10% grid coverage. The top contact was a stack of 50 Å
Ni followed by 1000 Å AuGe alloy �88–12 wt %�, while the
back p-type contact was 100 Å Cr followed by 1000 Å Au.

Finally, we measured the lighted I-V characteristics
�L-IV� under approximate AM1.5G illumination using a
Newport solar simulator with a Keithley 2400 source meter.
External quantum efficiency �EQE� of the processed solar
cells was measured in ac mode with a PV Measurements Inc.
QEX7 system at 100 Hz.

III. RESULTS

A. Growth of metamorphic GaAsxP1−x on GaAs

Initial GaAsxP1−x buffers on GaAs consisted of a two-
layer stack with a cap composition of x=0.85 grown at
TSUB=650 °C, and with ��0.53% �m−1. Nomarski micro-
graphs and planar view SEM images of these layers showed

formation of faceted trenches �FTs� along the �01̄1� direction
�Figs. 1�a� and 1�b��. The FTs were 100–300 nm deep as
measured by both cross-sectional SEM �Fig. 1�c�� and AFM.
By measuring the angle between the facets and the growth
plane we estimated their indices to be between �113�A and
�114�A. The formation of FTs has been previously reported
in other tensile-strained systems including InGaAs27,28 and
InGaP29 on InP �100�. XRD measurements showed asymmet-
ric strain relaxation of these highly faceted films. France et
al.30 showed that the degree of relaxation along the orthogo-
nal 	110
 directions in MBE-grown films is sensitive to
growth conditions and that differences in � and 	 dislocation
core structure are insufficient to account for the observed
asymmetry. We thus explored different growth conditions to
improve film relaxation and reduce FT formation.

In order to better understand the effect of growth condi-
tions on the formation of FTs we determined their density
�
FT� by measuring the length of all facets and dividing by
the sampled area. As we lowered � from 0.53 to
�0.29% �m−1 with �P=4%, 
FT decreased by almost 30
times �from 119.7 to 4.3 cm−1� for buffers with x�0.7. The
strong dependence of 
FT on � suggests that the formation of
FTs is affected by the kinetics of the strain relaxation pro-
cess.

Increasing the growth temperature from 650 to 700 °C
led to an increase in the relaxation of the top GaAsxP1−x cap
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FIG. 1. �Color online� �a� Nomarski micrograph of GaAsxP1−x films grown
on GaAs with ��0.53% �m−1 and a top layer composition of x=0.85.
Vertical lines are FTs formed during growth with 
FT=120 cm−1. SEM im-
ages of trenches on GaAsxP1−x layers �b� from plan-view and �c� cross-
sectional view. A depth of 100–300 nm is measured for these FTs.
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from �60% to �90%. Moreover, the strain relaxation was
found to be almost completely symmetric, while 
FT de-
creased to 0.73 cm−1 �Fig. 2�a��. AFM measurements re-
vealed a surface root mean square �RMS� roughness as low
as 2.45 nm across a 30�30 �m2 area on buffers graded to
x=0.8 at TSUB=700 °C �Fig. 2�b��. PVTEM studies showed
a reduction in the TDD from 2.0–3.0�106 cm−2 to
0.7–1.3�106 cm−2 �Fig. 3�a�� when TSUB was increased
from 650 to 700 °C on buffers with x�0.7. CL mapping of
a GaAs0.8P0.2 graded buffer grown at 700 °C across an area
of �3200 �m2 confirmed the low TDD of 106 cm−2 ob-
tained for the graded buffers grown at 700 °C �Fig. 3�b��;
these TDDs are comparable to those obtained in the highest
efficiency metamorphic solar cells.1,31

Figure 4 shows TEM images taken of the FTs formed
during growth of tensile strained GaAsxP1−x. We observed
microtwins at the cusp of each FT, as well as evidence of
dislocation pileups below the FTs. Microtwins32,33 and sur-
face roughness34 have been shown in other material systems
to block dislocation glide and, as a result, increase the TDD.
Since FTs lead to higher TDD, they must be eliminated to
realize large-area, high-efficiency solar cells.

When we attempted to increase the P content beyond
30% �x�0.7�, 
FT increased to 120 cm−1. Decreasing � to
0.19% �m−1 with �P=4% led to 
FT�63 cm−1 �Fig. 5�a��
but this 
FT is still almost 100 times higher than those ob-
tained for buffers with x�0.7. XTEM also showed the for-
mation of microcracks in tensile-strained buffers with x
�0.7. By combining a low buffer grading rate with a re-
duced �P of 2% per step, we reduced 
FT to �9 cm−1 �Fig.
5�b��. Unfortunately, this requires the use of very thick buff-
ers ��6–8 �m� in order to reach the desired lattice con-
stants for growth of wide-bandgap InyGa1−yP. Graded buff-
ers with 
FT�60 cm−1 exhibited an average TDD of

�107–108 cm−2 arising from the dislocation pile-ups asso-
ciated with the FTs. Due to the inability to completely elimi-
nate the FTs in tensile-strained GaAsxP1−x with x�0.7, we
also investigated the material properties of compressively-
strained GaAsxP1−x on GaP substrates.

B. Growth of metamorphic GaAsxP1−x on GaP

Compressively-strained graded GaAsxP1−x buffers,
grown at a TSUB of 580–620 °C and a V/III ratio of �20,
showed symmetric, and nearly complete strain relaxation of
the buffer cap layer. These buffers had no FTs �Fig. 6�a��,
microcracks, or dislocation pileups, evidence that FT forma-
tion is related to differences in strain relaxation mechanism
for tensile and compressive �100� material. Due to the lack of
FTs, we were able to use much higher strain grading rates
than in the tensile-strained buffers, with � as high as
−1.23% �m−1. AFM measurements across a 15�15 �m2

area gave an RMS surface roughness of �3.56 nm on buff-
ers graded to x�0.7 �Fig. 6�b��. PVTEM measurements on
buffers graded to x=0.68 revealed TDDs of 3�106 cm−2

when sampling an area of �1000 �m2 �Fig. 7�a��, while CL
measurements gave a TDD of 1.5�107 cm−2 �Fig. 7�b��. We
speculate that variations in the measured TDDs arise from
inhomogeneity across the sample. Our measured TDDs are
20 times higher than those reported for GaAsxP1−x on GaP
grown by MOCVD.14 Factors leading to higher TDDs in
MBE-grown graded GaAsxP1−x /GaP buffers remain unclear
and will be investigated in future work.

C. Growth of metamorphic InyGa1−yP on GaAsxP1−x

We subsequently grew layers of the wide-bandgap
InyGa1−yP absorber material onto both the tensile-strained
and compressively-strained buffer systems. During the cool
down of the GaAsxP1−x buffer from 700 to 460 °C prior to
growth of the InyGa1−yP, we observed a streaky reflection
high energy electron diffraction �RHEED� pattern through-
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FIG. 3. Threading dislocations observed by �a� PVTEM
�g=022� and �b� CL on tensile-strained GaAsxP1−x buffers. Both PVTEM
and CL comfirmed a TDD of �106 cm−2 for TSUB=700 °C.
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FIG. 5. �Color online� Nomarski micrographs of graded GaAsxP1−x buffers
with a top layer composition of x=0.68, ��0.19% �m−1, and �P of �a� 4%
and �b� 2%. 
FT decreased from �63 to 9 cm−1 by halving �P.
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FIG. 2. �Color online� �a� Nomarski micrograph of a graded GaAs0.80P0.20

buffer grown on GaAs with ��0.36% �m−1, 
FT=0.73 cm−1, and top layer
composition of x=0.80. �b� AFM micrograph showing surface RMS rough-
ness of 2.45 nm.
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FIG. 4. �a� XTEM �g=−111� micrograph of a microtwin found below all
FTs. �b� PVTEM �g=022� of FT showing dislocation pileups caused by FTs.
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out. This indicates that the surface morphology remained
smooth during cool down, and implies that little surface an-
ion exchange occurred.

By adjusting the lattice constant of the GaAsxP1−x buffer
cap, we were able to grow metamorphic InyGa1−yP with
bandgaps ranging from 1.88 to 2.16 eV. Our InyGa1−yP films
showed room temperature PL emission �Fig. 8� at bandgap
energies that allow us to cover the range of values required
for several proposed 4–6 junction cell designs.2–4 Addition-
ally, the bandgap of the lattice-matched GaAsxP1−x beneath
the InyGa1−yP can reach values of �1.9 eV, making it a
suitable material for the second junction of a multijunction
solar cell.3,4

AFM measurements on the InyGa1−yP films showed
similar surface morphologies to the underlying GaAsxP1−x

buffers, while XTEM studies of the InyGa1−yP films revealed
a smooth, coherent interface with the underlying GaAsxP1−x

cap �Fig. 9�. The smooth interface confirms that minimal
anion exchange occurred during cool down of the GaAsxP1−x

buffer surface prior to InyGa1−yP growth. We performed se-

lected area diffraction measurements along �011� and �01̄1�
of the InyGa1−yP films �Fig. 9 inset�, and saw no evidence of
the half-order superspots typical of CuPt ordering.22 This in-
dicates that our MBE-grown films are disordered, which
agrees with previous results for MBE-grown InyGa1−yP.35

CuPt ordering is often observed in MOCVD-grown
InyGa1−yP films, and small fluxes of Sb are typically used to
promote disordered growth and to avoid ordering-induced
bandgap reduction.22 Sb is known to generate deep level de-
fects in GaAs36,37 and GaAsN37–39 and can lead to elevated
dark currents in InGaAsN solar cells.38 Lower conductivity40

and minority carrier lifetime41 in InGaP solar cells have also
been attributed to Sb incorporation. MBE-grown InyGa1−yP

does not appear to need an Sb surfactant to suppress CuPt
ordering,35 which may prove helpful in attaining wide-
bandgap materials with long minority carrier lifetimes.

D. InyGa1−yP solar cells on metamorphic GaAsxP1−x

We grew solar cells using wide-bandgap InyGa1−yP on
graded GaAsxP1−x /GaAs, in order to investigate the photo-
voltaic properties of our material. A schematic of the finished
devices is shown in the inset to Fig. 10�a�. In addition to
metamorphic cells with y=0.39 and 0.43, we grew a lattice-
matched cell at y=0.48 as a control device �Table I�. Band-
gaps determined by PL ranged from 1.89–2.00 eV. The opti-
mized grading procedure described in Sec. III A led to
sufficiently low 
FT ��1 cm−1� allowing us to process
2.1�2.1 mm2 devices with no FTs. Under approximate
AM1.5G illumination, we observed an increase in open cir-
cuit voltage �Voc�, and a decrease in short circuit current
density �Jsc� in our InyGa1−yP with decreasing y �Fig. 10�a��,
consistent with expected trends for larger Eg.42 Raising Eg

from 1.89 to 2.00 eV resulted in an increase in Voc from 1.31
to 1.42 V, while fill factors �FFs�, and EQEmax �Fig. 10�b��
remained constant at �0.8 and �59%, respectively, for all
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FIG. 7. �a� PVTEM �g=022�, and �b� CL micrographs of compressively-
strained GaAs0.68P0.32 buffers. The PVTEM survey showed TDD�3
�106 cm−2 while the CL showed TDD�1.5�107 cm−2.
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FIG. 6. �Color online� �a� Nomarski and �b� AFM micrographs of a
compressively-strained GaAsxP1−x buffer with a top layer composition of
x=0.68 with ��1.23% �m−1. A smooth morphology, with no FTs was
observed, and a surface RMS roughness of �3.56 nm was extracted from
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FIG. 8. �Color online� Normalized room temperature PL of metamorphic
InyGa1−yP films grown on GaAsxP1−x with different In compositions.
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FIG. 9. XTEM �g=02̄2� of a lattice-matched In0.34Ga0.66P layer on top of
GaAs0.7P0.3 on GaAs. Threading dislocations are not formed at the
In0.34Ga0.66P /GaAs0.7P0.3 interface. Insets at right show selected area diffrac-

tion patterns of the In0.34Ga0.66P layer along both �011� and �01̄1� and show
no evidence of CuPt ordering.
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devices �Table I�. Note that the increase in Voc of 0.11 V is
proportional to the increase in Eg. Given the bandgap of 2.00
eV, our In0.39Ga0.61P cell could be expected to generate a
maximum Voc of �1.6 V �Voc,max=Eg /q−0.4 V�.42 How-
ever, we believe that the Voc, EQE, and FF of our metamor-
phic InyGa1−yP cells are already quite promising in light of
unoptimized processing and cell design. Refinements such as
the addition of a back surface field and antireflection coat-
ings should result in superior device performance in the fu-
ture.

IV. CONCLUSIONS

We demonstrated the growth of metamorphic GaAsxP1−x

buffers under both tensile-strain �on GaAs� and compressive
strain �on GaP� by SSMBE. Tensile-strained graded
GaAsxP1−x buffers suffered from high FT densities, which
we were able to decrease by slowing the grading rate and
reducing the compositional step size in the graded buffer.
This allowed us to achieve a TDD of �0.7–1.3
�106 cm−2 for a GaAsxP1−x buffer with x=0.7. In compari-

son, compressively-strained GaAsxP1−x graded buffers on
GaP did not develop FTs but exhibited higher TDD. Meta-
morphic InyGa1−yP grown on relaxed GaAsxP1−x buffers
showed no evidence of CuPt ordering, unlike similar films
grown by MOCVD. We fabricated In0.39Ga0.61P solar cells
with a bandgap of 2.00 eV and a Voc of 1.42 V.

The ability to increase both bandgap and Voc by decreas-
ing In content implies that further optimization could enable
realization of efficient wide-bandgap cells for future 4–6
junction devices. In addition, it is straightforward to modify
the design we presented here to accommodate growth of
InyGa1−yP with bandgaps in the range 1.9–2.2 eV. In the
future, the wide-bandgap cell presented here could be incor-
porated into a multijunction spectrum splitting system,5,43 or
into an inverted metamorphic multijunction solar cell,31

where the wide-bandgap cell is grown first followed by the
subsequent junctions, allowing the substrate and GaAsxP1−x

graded buffer to ultimately be removed.
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