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Abstract
We have recently reported high efﬁciencies in a monolithic III–V triple-junction solar cell design that is grown inverted with a
metamorphic 1.0 eV bottom In.27Ga.73As junction. The biaxial stress and strain grown into this highly lattice-mismatched junction can be
controlled by varying the design of a step-graded GaxIn1xP buffer layer, in which most, but not all, of the 1.9% misﬁt strain is relieved.
A multi-beam optical stress sensor (MOSS) is a convenient tool for in situ measurement of stress during metal–organic vapor phase
epitaxy (MOVPE) for the optimization of solar cell performance. The analysis of stress from curvature data is complicated by signiﬁcant
temperature effects due to relatively small thermal gradients in our atmospheric-pressure MOVPE reactor. These temperature effects are
discussed and approximations made to allow practical analysis of the data. The results show excellent performance of inverted
In.27Ga.73As solar cells grown with slight compressive stress, but degradation under tensile stress. The best devices had a Voc of 0.54 V
and a dislocation density in the low 106 cm2. The in situ stress data is also compared with ex situ strain data derived from X-ray
diffraction measurements.
r 2007 Published by Elsevier B.V.
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1. Introduction
The ability to use lattice-mismatched III–V semiconductor alloys in opto-electronic devices such as solar cells
greatly expands the potential for increased performance.
We have recently demonstrated record breaking efﬁciencies
in a monolithic III–V triple-junction solar cell design that
utilizes a lattice mismatched 1.0 eV In.27Ga.73As bottom
junction [1]. This triple-junction design is grown inverted,
so that traditional Ga.5In.5P and GaAs top junctions are
lattice matched to the GaAs substrate. The excellent
performance of this lattice-mismatched bottom junction
is a result of relatively low defect densities in the active
junction by growing a compositionally step-graded GaInP
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buffer. The design of this graded buffer has previously been
described for another material system [2]. One advantage
of this graded buffer design is the ability to grow the active
junction with little or no strain, despite incomplete strain
relaxation of the buffer layers themselves. Layers grown
with low strain are predicted to result in much lower
dislocation densities [3].
While the extent of the incomplete relaxation of the
buffer layers, which is essential for engineering strain-free
active junctions, is difﬁcult to predict, the strain of buffer
and active regions has previously been characterized with
ex situ X-ray diffraction [2]. Multi-beam optical stress
sensor (MOSS) is an in situ technique that can be used to
determine the evolution of ﬁlm stress from real-time
curvature measurements [4]. In this paper, we describe
the practical application of MOSS for rapid optimization
of layer stresses in the metamorphic solar cell device
described above.
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2. Experimental procedure
Lattice-mismatched 1.0 eV In.27Ga.73As single-junction
solar cells similar to those used in the multi-junction
devices of Ref. [1] were grown by metal–organic vapor
phase epitaxy (MOVPE) on (0 0 1) GaAs substrates miscut
21 toward the (1 1 1)B direction. The Si-doped substrates
were approximately 350 mm thick. The vertical-tube
MOVPE reactor operated at atmospheric pressure
(620 Torr in Golden) without any substrate rotation at
a total ﬂow rate of approximately 6 standard liters per
minute. The substrate was heated on an inductively heated
graphite susceptor. Arsine, phosphine, trimethylgallium,
and trimethylindium were used as III–V precursors while
hydrogen selenide, disilane, and diethylzinc were used as
dopant gases.
The n-on-p In.27Ga.73As homojunction solar cell was
grown in an inverted conﬁguration with In.27Ga.73P
window and back-surface-ﬁeld layers as shown schematically in Fig. 1. The entire active device was 1.9% lattice
mismatched with the GaAs substrate. The device was
grown metamorphically using a compositionally stepgraded GaxIn1xP buffer layer similar to that described
in Ref. [2]. The grade consisted of eight 0.25 mm-thick steps
and a ﬁnal 1.0 mm-thick GaxIn1xP step that were linearly
graded in composition and, therefore, nominal lattice
constant. The composition of the ﬁnal 1.0 mm-thick
GaxIn1xP layer was varied from 0.19oxo0.26 thereby
varying the stress and strain in the active In.27Ga.73As solar
cell. The active In.27Ga.73As device was grown at 650 1C
while the Si-doped step-graded buffer was grown at 620 1C.
A k-space Associates MOSS apparatus was mounted
above the MOVPE reactor for in situ curvature measurements. The MOSS apparatus split a single 662 nm laser
beam into an array of nine parallel beams incident on the
sample through a quartz window. The reﬂected beams were
imaged by a charge-coupled device (CCD) camera and
analyzed as described elsewhere to determine the change in
curvature [4]. The 2-dimensional array of beams allowed

curvature in two orthogonal directions to be measured
simultaneously. The reference curvature was calibrated to
be zero at the beginning of each growth run at room
temperature. The ﬁlm stress during the growth of certain
layers was calculated from the curvature measurement as
described in the next section.
X-ray diffraction reciprocal space maps (RSM) of the
224 grazing incidence (GI) reﬂection were measured on a
Bede D1 diffractometer. Rather than using a triple-crystal
conﬁguration, two 0.5 mm slits were sufﬁcient because of
the broadness of the peaks. Two 224GI RSMs were
obtained for each sample with the 21 miscut direction
aligned perpendicular to the plane of diffraction. The
sample was rotated 1801 around the axis normal to its
surface to obtain the second 224GI RSM. The resulting
peak locations were averaged in order to remove the wellknown effects of epilayer tilt in this type of metamorphic
structure [5]. The results were quantitatively analyzed using
the method of van der Sluis [6].
The inverted devices were processed as described in Ref.
[1]. Basically, the metamorphic device was mounted on a
silicon substrate with a low viscosity epoxy and the GaAs
substrate removed. Eleven 0.1 cm2 devices were deﬁned
from each sample with gold grids designed for concentrator
measurements using standard photolithographic techniques. Current–voltage measurements were performed on
the devices using the air-mass 1.5 direct spectrum (low
aerosol optical depth [7]). No antireﬂective coating was
applied. The device band gap (Eg) was determined from
quantum efﬁciency measurements.
Cathodoluminescence (CL) spectrum imaging and transmission electron microscopy (TEM) observations were
performed on a few representative devices to characterize
defect densities. CL was measured using a 30 keV beam to
penetrate past the graded buffer, which acts as a window to
the luminescence excited in the InGaAs. TEM analysis was
performed on thin cross-section samples prepared in an
FEI Nova 200 dual-beam focused-ion-beam workstation
and examined in a Philips CM30 TEM operated at 300 kV.
The defect structure in the samples was imaged using 220
dark ﬁeld two-beam diffraction conditions.
2.1. Temperature effects on MOSS analysis
The curvature, k0, of a simple two layer structure with a
thin-ﬁlm stress, sf, at isothermal temperature, T0, can be
calculated using Stoney’s equation [8]:
k0 ¼ 

Fig. 1. Schematics of single-junction inverted In.27Ga.73As devices grown
for this study illustrating the step-graded GaInP buffer. The width of the
layers indicates the nominal lattice constant. Two schematics illustrate the
range of grades used. Not to scale.

6s0f hf
,
Y s h2s

(1)

where hf is the thickness of a deposited thin ﬁlm, hs is the
thickness of the substrate, and Ys is the biaxial modulus of
the substrate.
Most previous reports of MOSS for in situ stress measurement were performed at constant growth temperatures
under high-vacuum conditions, resulting in near-isothermal
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conditions. Growth of complicated structures, such as multijunction solar cell devices, often requires changing growth
temperatures. While we would prefer to determine the stress
with reference to a standard temperature, T0, any difference in
temperature during measurement, T, results in a change of
curvature due to a difference in the thermal expansion of the
two layers [9]:
kTE ¼ 

6hf
Y f ðas  af ÞðT  T 0 Þ,
Y s h2s

(2)

where Yf is the biaxial modulus of the thin ﬁlm, as is the
coefﬁcient of thermal expansion of the substrate, and af is the
coefﬁcient of thermal expansion of the thin ﬁlm.
The high pressures in our atmospheric-pressure MOVPE
reactor result in convective cooling of the growing surface
and, therefore, a thermal gradient along the thickness of
the semiconductor structure. This thermal gradient causes
a signiﬁcant change in curvature even for single-layer
substrates [9]:
kTG ¼

as
ðT B  T U Þ,
hs

(3)

where TB is the temperature of the heated bottom of the
sample, and TU is the temperature of the cooled upper
surface of the sample. Since the thermal gradient is
dominated by the thicker substrate unless the thermal
conductivity of the thin ﬁlm is dramatically different, we
assume that this contribution to curvature is primarily a
function of substrate properties and the gas ﬂow geometry
that determines the convective heat ﬂux. This assumption
may also be false if the heat ﬂux is dominated by radiative
cooling which would be dependent on the emissivity of the
surface layer. In any event, we assume that kTG is primarily
a function of the growth temperature and the substrate
properties for a given reactor with constant pressure and
ﬂow rates. We have measured this contribution to the
curvature in our reactor by annealing a variety of substrate
materials and thickness, shown in Fig. 2. We ﬁnd that the
curvature is indeed a strong function of the temperature
and material properties, but not of the substrate thickness.
We have ﬁt this data to a cubic function:
kTG ¼ Bs T 2 ð1 þ C s TÞ,

(4)

where Bs and Cs are empirical parameters that are
dependent on the substrate material.
The measured curvature is therefore the sum of all these
contributions:
k ¼ k0 þ kTE þ kTG .

(5)

Because of the complications of calculating Eq. (2) for
real materials and structures, we typically choose the
standard temperature to be the growth temperature rather
than room temperature, so that kTE ¼ 0. Both hf and sf
vary with time as the ﬁlm grows and relaxes, but we can
calculate an incremental stress at growth temperature from

Fig. 2. Curvature of annealed substrates for calibration of thermal
gradient effects. Black lines are the ﬁts to Eq. (4) for each substrate
material.

the slope of the stress-thickness versus thickness [4]:
sinc ¼

dðsf hf Þ Y s h2s dðk  kTG Þ
,
¼
dhf
dt
6GR

(6)

where GR ¼ dhf =dt is the growth rate. If this slope is
constant during a growth layer and other layers are not
simultaneously relaxing, it is likely that this incremental stress
is the layer stress at growth temperature. Note that
dkTG =dt ¼ 0 within layers of constant growth temperature
(based on the assumptions of Eq. (4)), so the resulting stress
does not actually depend on the thermal gradient calibration.
3. Results
Fig. 3 shows the real-time measured curvature in two
orthogonal directions, kx and ky, as well as the measured
temperature of the susceptor of a typical growth run. The
kTG is calculated from Eq. (4) and shows good agreement
with the measured curvature until mismatched layers are
grown. From this data, it is clear that the effect of the
thermal gradient is similar in magnitude to that of the
lattice-mismatched induced stress. Using Eq. (3), we
estimate that the temperature difference from front to
back of the substrate is less than 10 1C when the
temperature is at 900 1C. The nominal growth rate is also
shown on the ﬁgure based on previous calibrations, but the
growth rate could also be measured from interference
oscillations of reﬂectance data. From these measurements,
the data is replotted in Fig. 4 as stress-times-thickness as a
function of cumulative thickness. This ﬁgure also shows the
intended misﬁt of the layers grown. We can see that during
the growth of the ﬁrst couple mismatched layers of the
compositionally step-graded GaInP buffer, compressive
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Fig. 5. X-ray diffraction data of typical structure. 224GI RSM. The long
(red) line indicates zero strain.
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Fig. 3. In situ measurements of curvature and temperature during growth
of a typical device. The growth rate and kTE are estimated based on
previous calibrations. Vertical lines indicate abrupt changes in growth
conditions.
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Fig. 4. Stress-times-thickness as a function of cumulative thickness replotted from data in Fig. 3. Misﬁt of nominal material lattice constant
with the substrate is also plotted. Vertical lines indicate layer boundaries.
Active junction stress is calculated using Eq. (6) from the ﬁt slope.

stress builds with a positive slope. But in subsequent steps,
the stress is observed to relax, slowly from reduced slopes
or quickly during regions of negative slope within a layer of
constant misﬁt. After much relaxation during the graded
buffer, the ﬁnal thick layer of the GaxIn1xP buffer retains
some compressive stress. The negative slope in Fig. 4
indicates tensile stress in the active junction of this buffer
composition. The stress in the two orthogonal directions is
calculated from Eq. (6) and averaged for subsequent
analysis.
Before processing each sample as a device, they were
characterized by X-ray diffraction as described above. An
example of a 224GI RSM is shown in Fig. 5. From these Xray measurements, the strained lattice constants of the

In.27Ga.73As active junction and the thick GaxIn1xP layer
at the top of the graded buffer were extracted and, from
these, the composition and room temperature strain were
calculated. For some compositions of the buffer layer, the
GaxIn1xP peak could not be differentiated from the
In.27Ga.73As peak, so the nominal rather than the
measured composition was used in these cases.
A series of identical 1.0 eV In.27Ga.73As single-junction
solar cells were grown while varying the composition of the
1.0 mm-thick GaxIn1xP layer at the top of the graded
buffer. The compositions of the eight 0.25 mm-thick
intermediate steps of the grade were spaced linearly from
Ga.51In.49P to GaxIn1xP as illustrated in Fig. 1. Fig. 6
shows the growth temperature stress calculated from in situ
MOSS measurements and the room temperature strain
calculated from ex situ X-ray diffraction measurements for
both the In.27Ga.73As active junction and the thick
GaxIn1xP layer at the top of the graded buffer as a
function of the composition of this layer. The stress in the
top buffer layer remained consistently compressive
(0.1 GPa) over the entire range of compositions used,
but the stress of the In.27Ga.73As active junction varied
linearly from compressive to tensile. This buffer design
therefore offers signiﬁcant control over the stress of latticemismatched devices such as this 1.0 eV solar cell. It is
important to note that the zero stress condition is not
achieved by grading to the lattice constant of the ﬁnal
In.27Ga.73As device, but overshooting slightly to compensate for the residual compressive stress observed in all the
graded buffers. In other words, the zero stress condition is
achieved when a graded buffer is designed to result in a
strained in-plane lattice constant equal to the unstrained
lattice constant of the active devices.
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The trends of the room temperature strain are in good
agreement with the growth temperature stress for both
layers. This is only the case because all the layers in this
structure have similar thermal expansion coefﬁcients
making the contribution of Eq. (2) negligible. Growth of
III–V on silicon, for example, would result in considerable
change in stress/strain from growth to room temperature.
The trends of the ex situ strain data appear to have
signiﬁcantly more noise than the in situ stress data. Some of
this may be due to higher uncertainty of the X-ray strain
measurement, but at least some is due to relaxation that
occurs during cool-down. In particular, the sample with the
highest tensile stress almost certainly has relaxed during
cooldown. While not strictly correct because of different
measurement conditions, the biaxial modulus can be
estimated from the slope of the stress versus strain. This
gives a value of about 62 GPa for the In.27Ga.73As layer.
This is comparable in magnitude at least to an interpolated
value of 111 GPa from the literature [10].
The inverted In.27Ga.73As single-junction solar cells were
processed and measured as described above. The performance is plotted in Fig. 7 as a function of active layer
stress. The devices grown with stress over the range of
0.05 GPa (tensile) to 0.15 GPa (compressive) had excellent performance with a open-circuit voltage (Voc) of about
0.54 V. Voc is typically an excellent indicator of dislocation
density and the best Voc that we could expect from a 1.0 eV
junction is Voc(Eg/q0.4) ¼ 0.6 V, where q is the elementary charge. Tensile stress greater than 0.05 GPa resulted in
signiﬁcant device degradation. The efﬁciency, short-circuit
current density (Jsc), and ﬁll factor (FF) mirrored the

% In in InGaAs

Fig. 6. Growth temperature stress calculated from in situ MOSS
measurements and the room temperature strain calculated from ex situ
X-ray diffraction measurements for both the In.27Ga.73As active junction
and the thick GaxIn1xP layer at the top of the graded buffer as a function
of the composition of this layer.
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Fig. 7. Solar cell data as a function of junction stress during growth. Eg
was derived from quantum efﬁciency data. The actual InxGa1xAs
composition was derived from X-ray measurements. TEM images of the
indicated points are shown in Fig. 8.

trends of the Voc. It should be noted, however, that the
band gap of the light-ﬁltering GaxIn1xP buffer was varied
from 1.52 to 1.57 eV in this study, artiﬁcially inﬂating the
Jsc of the devices in compression relative to the devices in
tension. Thus, if the devices had been optically ﬁltered by
GaAs, as in the multi-junction device, a very slight decline
in the Jsc would have been observed as the device stress
decreased from zero into compression. While we have not
explored far enough, high compressive stress is also likely
to result in more signiﬁcant device degradation. Certainly,
growth of the device without a graded buffer would result
in extremely high compressive stress (1.9% misﬁt strain)
that would relax during growth, creating many dislocations. CL revealed dislocation densities in the low 106 cm2
for devices grown under zero stress and moderate
(0.10 GPa) compressive stress with corresponding Voc’s
of 0.54 V, but CL of a device under tensile stress (0.17 GPa)
with a Voc of 0.32 V had a dislocation density in the high
106 cm2 range. Cross-sectional TEM images, shown in
Fig. 8, conﬁrmed the difference in dislocation densities
between the compressive and tensile stressed devices, with
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4. Conclusions
In situ stress measurements using MOSS can be very
useful for optimization of lattice-mismatched devices such
as solar cells. We have discussed methods to address the
considerable effects of temperature on this measurement
that occur in atmospheric-pressure MOVPE. We have
demonstrated how the stress in devices can be controlled
using a graded buffer design. The lattice-mismatched
1.0 eV In.27Ga.73As solar cell shows excellent performance
over a relatively wide range near zero stress and slightly
compressive stress, but degrades more quickly under
tension. This degradation is correlated with an increase in
dislocation densities from the low 106 cm2 to the high
106 cm2. The MOSS measurements are a good complement to X-ray diffraction data, and could completely
replace the X-ray measurements in production of latticemismatched devices for rapid quality control.
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Fig. 8. The 220 dark ﬁeld TEM images of two inverted InGaAs solar cells
grown with different ﬁlm stress in the active layer: (a) 0.12 GPa
compressive and (b) 0.17 GPa tensile. Threading dislocations (TD) and
the ends of misﬁt dislocations (MD) are observed in the thick InGaAs
layer of sample b.
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