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ABSTRACT

GaAs is often used as a multijunction subcell due to its high material quality on GaAs substrates, despite having a non-optimal bandgap.
The bandgap can be beneficially reduced using many layers of thin, strain-balanced GaInAs in a superlattice or quantum well device, but
achieving excellent carrier collection without increased recombination has proven challenging. Here, we develop and demonstrate high per-
formance, optically thick GaInAs/GaAsP strain-balanced solar cells. Excellent material quality is achieved in thick superlattices by using
growth conditions that limit progressive thickness and composition fluctuations. Bandgap-voltage offsets as low as 0.31 V are shown in
superlattice cells using thin, highly strained GaP barriers. Optically thick superlattice cells with over 2500 nm of total GaInAs in the deple-
tion region are developed, enabling 3.8 mA/cm2 of extra photocurrent beyond the GaAs band edge under the AM0 space spectrum.
Optimized superlattice solar cells are incorporated into two-junction devices that achieve 29.2% efficiency under the AM0 space spectrum
due to their improved bandgap combination and high subcell voltages.

© 2022 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/10.1063/5.0125998

INTRODUCTION

III–V solar cells achieve extremely high conversion efficiencies
both by having very low non-radiative recombination and by utiliz-
ing multiple materials with a range of bandgaps that span the solar
spectrum. While some bandgaps are accessed using materials that
are lattice-matched to the host epitaxial substrate, other desirable
materials are lattice-mismatched to the substrate and require meta-
morphic buffers, wafer bonding, or strained layers in order to be
employed. Metamorphic buffers access lattice-mismatched material
through the intentional introduction of dislocations to relieve mis-
match strain, enabling thick but defected absorbing material.1–3

Wafer bonding enables the integration of materials that were origi-
nally grown on two separate host substrates.4–6 Finally, a succession
of thin, strained layers can be coherently implemented without gen-
erating dislocations if the layers remain below the critical thickness
for dislocation formation, termed strained-layer superlattice (SLS)
solar cells or multiple quantum well (MQW) solar cells.7–10

MQW and SLS solar cells have been investigated for over two
decades,11–13 leading to a large body of both experimental and the-
oretical literature. Compressively strained GaInAs on GaAs sub-
strates beneficially lowers the bandgap from 1.41 eV, the GaAs
bandgap, to 1.34 eV, a more optimal bandgap for both single junc-
tion and multijunction solar cells. Using GaAs barriers, the net
strain quickly accumulates and only a few QWs are possible.14

Stress-balancing with tensile-strained GaAsP barriers allows many
more QWs to be incorporated, increasing absorption.7,15–17

Multiple quantum well solar cells use GaAsP barriers that are
thick enough so that there is no overlap of the electronic wavefunc-
tions of adjacent GaInAs wells, thereby providing quantum con-
finement in one dimension. While quantum confinement aids
absorption near the excitonic energy, it also increases the effective
bandgap from that of the bulk GaInAs bandgap, and so partially
negates some of the benefit of the low-bandgap GaInAs.
Photogenerated carriers escape the well by thermionic emission
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and recapture into the well is prevented by placing the MQWs in
the depleted region of a p–i–n device where transport is dominated
by carrier drift.18 While the i-region leads to good carrier collection
in a solar cell, it also leads to increased depletion region recombina-
tion, and so QW devices often have a high J02 diode component
and a reduced fill factor.10,19 Low background doping is needed so
that the QW stack is fully depleted at the maximum power point,
otherwise, the fill factor will further suffer.20

Strained-layer superlattice solar cells, on the other hand, utilize
barriers that are thin enough to allow overlap between the wavefunc-
tions of adjacent GaInAs wells. As has been suggested, thin barriers
should enable tunneling transport between GaInAs wells and can be
beneficial for carrier collection.14,17,21 Figure 1 shows calculated
carrier lifetimes in a single 8.5 nm Ga0.894In0.106As quantum well as
a function of GaAsP barrier thickness before either thermionic
emission or tunneling occurs, using calculations described
previously.7,17,22 For this material combination, the carrier lifetimes
of tunneling and thermionic emission are equivalent at about 5 nm,
indicating that carrier transport shifts from thermionic emission to
tunneling transport at barrier thicknesses below 5 nm. Increased
wavefunction overlap may also have the benefit of reduced carrier
confinement and, thus, a reduced bandgap. Thus, thin-barrier SLS
solar cells have some advantages over QW solar cells in theory, but
there are few high-quality device results.15

For both types of devices, large numbers of individual GaInAs
wells are needed to significantly increase the absorption in the QW
wavelength range, which presents multiple materials challenges.
First, the entire GaInAs/GaAsP stack needs to be carefully stress-
balanced to prevent plastic relaxation via dislocation formation;
even a small error in the stress-balancing can easily exceed the criti-
cal thickness over the course of a thick stack.23 Second, lateral
thickness or composition modulation slowly onsets throughout a

QW stack due to elastic relaxation or surface instability and must
be limited.24–27 Third, the many interfaces between GaInAs and
GaAsP must not result in unintentional morphology, defects, or
low bandgap material.28 Until recently, only partially absorbing
QW solar cells have been created due to limitations on the amount
of GaInAs, and voltages are often low.15 Applying a reflector
behind the QW stack increases absorption by providing a second
pass to incident light, reaching quantum efficiencies of 60%–80%
in the sub-bandgap region,15,29,30 though introducing a reflector
can be challenging in a multijunction cell where sub-bandgap light
also needs to be transmitted to an adjacent, lower bandgap
junction.31,32

Recently, we demonstrated that 300 QWs can be incorporated
into devices while maintaining excellent material quality, enabling
high efficiency three-junction inverted metamorphic solar cells.33

In this paper, we show the materials development of high quality
GaInAs/GaAsP QWs and investigate very thin-barrier GaInAs/
GaAsP solar cells to enhance absorption below the GaAs band
edge. We vary the thickness of the GaAsP barrier while fixing the
GaInAs thickness, maintaining stress-balancing by changing the
GaAsP composition. In this way, the GaInAs fraction of the
quantum-well stack increases, enabling additional absorption for a
given i-region thickness. We reduce the barrier thickness to 2 nm
so that carrier transport changes from strictly thermionic emission
of a QW cell to a combination of thermionic emission and tunnel-
ing in an SLS cell. In thin-barriers solar cells, extra care is needed
to control lateral thickness or composition modulation, which oth-
erwise leads to major structural defects. With controlled modula-
tion, we test the performance of thin-barrier GaInAs/GaAsP as the
number of GaInAs layers increases and can implement over
2500 nm of total GaInAs without major performance loss, thus cre-
ating an optically thick structure. We also demonstrate QW solar
cells using GaP barriers with a thickness of 2 nm, where GaInAs
makes up 80% of the intrinsic region. Optimized SLS devices are
incorporated into high performance two-junction solar cells that
take advantage of the bandgap combination enabled by the SLS
subcell.

EXPERIMENTAL METHODS

The solar cells in this study are rear-heterojunction solar cells
[Fig. 2(a)], which were previously found to have better performance
than both QW34 and GaInP35 front junction solar cells. Solar cells
were grown by atmospheric pressure metalorganic vapor phase
epitaxy (MOVPE) on (001) GaAs substrates miscut 2° toward (111)
B, using trimethylindium, triethylgallium, trimethylgallium, trime-
thylaluminum, arsine, and phosphine precursors for the constituent
atoms, and silane, dieththylzinc, carbon tetrachloride, and hydro-
gen selenide precursors for the dopants. Dimethylhydrazine was
used as a nitrogen source in the front contact layer. Growth tem-
peratures between 620 and 700 °C were used for all layers, with
growth rates between 2 and 7 μm/h. Notably, the GaInAs/GaAsP
layers were grown between 625 and 650 °C at 2.5–3.1 μm/h without
stop-growths between layers. The growth direction was inverted,
and the structure consisted of a GaInP stop-etch layer, followed by
a GaInNAs:Se contact layer, a GaInP:Se window, 1 μm GaAs:Si
emitter, 2 μm undoped GaInAs/GaAsP quantum well (QW) or

FIG. 1. Electron and hole tunneling and thermionic emission carrier lifetime in a
single, 8.5 nm GaInAs quantum well, for variable GaAsP barrier thickness.
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superlattice (SL) layers, 0.1 μm GaAs:Zn, 0.3 μm GaInP:Zn base,
and GaAs:C contact layer. During growth, in situ wafer curvature
was used to ensure proper stress balancing of the QW or SL layers,
as described in Ref. 8.

After the growth, a planar Au contact was electrodeposited
onto the GaAs:C back contact layer, and the samples were then
inverted and bonded onto a silicon handle using epoxy.36 Then,
the GaAs substrate was removed by wet-chemical etching, front
Ni/Au contacts were electroplated onto the GaInNAs:Se layer, the
contact layer was removed between the grid fingers, and devices
were mesa isolated using selective etchants. Finally, a MgF2/ZnS
anti-reflection coating was thermally deposited.

Quantum efficiency was measured on a custom-made tool
using chopped, monochromatic light and a lock-in amplifier to
measure extracted current, which was compared to a calibrated ref-
erence cell. For tandem devices, continuous light biasing was pro-
vided by 450 or 850 nm light emitting devices (LEDs), and
luminescent coupling effects on the quantum efficiency were
removed.37 The quantum efficiency was used to establish the
proper spectrum for illuminated J–V measurements on a continu-
ous solar simulator equipped with LEDs to modify the spectrum of
a Xe bulb. The light intensity was set using calibrated reference
cells. Electroluminescence was measured with a fiber optic and

spectral evolution spectroradiometer using the method described in
Ref. 35, and dark JV subcell curves were calculated from the reci-
procity theorem.38 Independent measurement and certification of
the tandem device were provided by the cell module and perfor-
mance team at NREL.

AFM was measured using the tapping mode of a Veeco
Dimension 3100 atomic force microscope (AFM), and the root
mean squared (RMS) roughness was evaluated from an area of
50 × 50 μm2. Scanning transmission electron microscopy (STEM)
images were collected using a ThermoFisher Talos G2 200X TEM/
STEM using a standard bright field (BF) circular detector, standard
annular dark field (ADF) detector, and standard high angle
annular dark field (HAADF) detector. A 10.5 mrad beam conver-
gence angle was used. The foils were prepared in a FEI Helios
Dualbeam Nanolab 600 using standard lift out and thinning
procedures.

The tunneling and thermionic emission carrier lifetimes in
Fig. 1 were calculated using techniques described previously,22
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FIG. 2. (a) Illustration of the single junction test structure. The device is a rear-heterojunction cell with a thick GaAs emitter and stress-balanced GaInAs/GaAsP in the
intrinsic region. The growth direction is from left to right. (b) External quantum efficiency and (c) J–V curve of the baseline structure, which is based off the structure in Ref. 8.
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where tw and tb are the well and barrier thicknesses, mw and mb are
the effective masses, and Eb is the barrier height from the energy
level n, assumed to be the ground state n = 1. The calculation used
a fixed Ga0.894In0.106As composition and thickness and variable
GaAsP thickness, where the composition was modified with the
thickness to result in stress-balancing.39

DEVELOPMENT OF GROWTH CONDITIONS

Stress-balanced GaInAs/GaAsP quantum well solar cell designs
using thick GaAsP barriers are discussed at length in Ref. 8.
These QW cells show excellent external quantum efficiency and
have power conversion efficiency of 27.2% under the AM1.5 global
spectrum. The structure from Ref. 8 is adapted to this experiment
by increasing the number of wells and using a GaInP window
instead of AlInP for ease and reproducibility. There are 80 sets of
85 Å Ga0.894In0.106As wells that are stress-balanced with 170 Å
GaAs0.902P0.098 barriers. With 170 Å barriers, carrier transport is
dominated by thermionic emission.7,22 Figures 2(b) and 2(c) show
the performance and structure of this baseline device. Other than
the i-region, the cell structure is consistent throughout the experi-
ments, and so the thick-barrier device provides a benchmark against
which to compare solar cells with thinner barriers.

To develop thin-barrier solar cells, a variety of stress-balanced
GaAsP/GaInAs layers were developed with different GaAsP barrier
thickness and composition. In each case, the GaInAs composition
and thickness are nominally fixed to Ga0.894In0.106As and 85 Å,
respectively, but the GaAsP composition and thickness are simulta-
neously adjusted to enable stress-balancing with thinner GaAsP
layers.39 Test structures with 30 GaInAs/GaAsP repeats were grown
and characterized using wafer curvature and XRD to confirm
appropriate stress-balancing. Then, solar cells devices were grown
using the structure in Fig. 2 by implementing the GaInAs/GaAsP

layers into the undoped i-region of the device. The total i-region
thickness was kept at a constant 2 μm, by varying the number of
GaInAs/GaAsP repeat units.

Even though properly stress-balanced, implementing thin,
3 nm, GaAs0.5P0.5 barriers resulted in poor device performance.
Figures 3(a) and 3(b) show the QE and IV, respectively, of the
initial thin-barrier device (red line), showing reduced performance.
The surface of the solar cell is rough, shown in Fig. 4(a), and has
an Rrms roughness of 11 nm.

The thickness of strained GaAsP required to stress-balance
85 Å of Ga0.895In0.105As is less than the Matthews–Blakeslee critical
thickness for all possible compositions of GaAsP,39–41 even consid-
ering the impact of CuPt atomic ordering.42 Therefore, standard
dislocation nucleation and glide from strained two-dimensional
growth are not expected. In addition, the surface does not have a
crosshatched appearance, normally indicative of dislocation nucle-
ation and glide. However, three-dimensional relaxation is possible,
such as strain-relaxation through lateral composition or thickness
modulation from the step-bunching of surface steps or the forma-
tion of quantum dots.43 The combination of rough surface mor-
phology and poor device performance is indicative of such elastic
relaxation within the stress-balanced GaInAs/GaAsP stack.

The prior literature has shown that gradual lateral thickness
modulation can progress during the growth of strained quantum
wells, eventually resulting in the formation of defects. Previously,
Sb surfactant was used to limit this relaxation, presumably by
reducing indium migration.44–46 Guidelines for limiting thickness
modulation include utilizing high growth rates, high V/III ratio,
low substrate miscut, and low temperature.25 In this study, we
investigate the impact of the GaInAs V/III ratio on device perfor-
mance, with the intent of limiting indium migration and thus 3D
elastic relaxation. No changes to the GaAsP layers were made.

Figure 3 shows the EQE and JV of solar cells with varied
AsH3 partial pressure during the growth of the GaInAs layers.
Device performance of thin-barrier solar cells improves with
increasing AsH3 partial pressure, implying a benefit to the material
quality from increased AsH3 partial pressure. Final devices have a
QE near 100% near 800 nm along with significant sub-bandgap

FIG. 3. (a) EQE and (b) JV of GaInAs/GaAsP solar cells with variable AsH3 partial pressure in GaInAs layers.
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absorption due to the amount of GaInAs in these thin-barrier SL
devices. The open circuit voltage (Voc) of the best device is 1.02 V,
and the Woc (=Eg/q –Voc) is 0.32 V, demonstrating that high
material quality can be achieved.

Cross-sectional transmission electron microscopy is performed
on the best and worst devices in this sample set to further investi-
gate the cause of device degradation and impact of AsH3 partial

pressure, shown in Fig. 4. The initial layers of both samples are flat,
with minimal roughness, and have thicknesses of 7.7 and 3.3 nm
for the GaInAs and GaAsP layers, respectively, close to the
nominal value from the growth rate calibration. Assuming uniform
compositions of both GaAsP and Ga0.895In0.105As, the stress-
balancing condition estimates that the GaAsP composition is
GaAs0.5P0.5.

FIG. 4. (a) AFM of the surface of the GaInAs/GaAsP solar cell using low arsine overpressure in GaInAs layers. (b) High magnification and (c) low magnification
cross-sectional STEM image of the same sample. (d)–( f ) Similar images of the solar cell with high arsine overpressure in GaInAs layers. The red arrows on the low
magnification images indicate the approximate position of the high magnification images in (b) and (e).
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A low magnification image of the sample with low AsH3 is
shown in Fig. 4(c). Small ripples in the morphology appear later
during the growth of both samples, about 500 nm into the stack, or
45 repeat units. These ripples are consistent with the formation of
step bunches due to the strained-layer growth on a miscut wafer
surface43 and result in a similar lateral thickness modulation to that
observed previously. On the sample with low AsH3 partial pressure,
the amount of step bunching gradually worsens, eventually leading
to extended defects. However, on the sample with high AsH3

partial pressure, shown in Fig. 4(f), the material stabilizes, and
further elastic relaxation is not observed. A similar type of ripple
formation was observed in QW cells with thick barriers, shown in
Ref. 8, so it is likely that higher strain in GaAsP encourages this
relaxation, as is expected from Ref. 43.

Figure 4(b) shows a magnified image of the sample with low
AsH3. The image is about 500 nm into the layer stack, just prior to
the formation of major defects. Lateral thickness variation is
observed in both GaInAs and GaAsP, but the variation is greater in
GaAsP. It is likely that the thickness variation is accompanied by a
concurrent composition variation as a strain-relieving mechanism.
The variation worsens throughout the SLS stack, eventually leading
to phase separation, plastic relaxation via the formation of disloca-
tions and stacking faults, and the poor final surface morphology
observed via AFM [Fig. 4(a)].

Increased arsine partial pressure in the GaInAs layers leads to
a stable superlattice, and indirectly leads to reduced variation in the
GaAsP layer, as observed in Figs. 4(d)–4(f ). Reduced GaInAs
lateral thickness modulation is expected with an increase in AsH3

partial pressure due to decreased group-III adatom mobility25,47

and is similar to the previously theorized impact of Sb on GaInAs
QWs.44 We suggest that decreased variation in GaInAs also leads
to decreased variation in GaAsP due to the impact of the surface
on the GaAsP growth. Here, the surface likely contains some com-
position variation and thus strain variation in addition to thickness
variation. It has been shown previously that surface strain variation
on a metamorphic surface due to underlying dislocations results in
composition variation in subsequent growth.48 Increased arsine
partial pressure reduces composition variation in GaInAs that then
leads to less composition variation in GaAsP.

The growth conditions have a clear impact on material
quality. Reducing thickness and composition variation by optimiz-
ing growth conditions leads to a dramatic improvement in device
performance. This device development enables thin-barrier SLS
cells with a high fraction of GaInAs in the i-region, which we
further explore in the next sections.

OPTICALLY THICK SUPERLATTICE SOLAR CELLS

Using the growth conditions established above, we perform
two experiments to increase the optical thickness of the SLS
devices. In a first experiment, we systematically vary the GaAsP
barrier thickness and composition while stress-balancing to
Ga0.895In0.105As with constant composition and thickness. The
i-region thickness is kept constant at 2 μm, by varying the number
of superlattice repeats within the i-region. The nominal thicknesses
and compositions of the barriers in this experiment are 170 Å of
GaAs0.9P0.1, 100 Å of GaAs0.8P0.2, 60 Å of GaAs0.65P0.35, 30 Å of

GaAs0.5P0.5, and 20 Å of GaP. Wafer curvature confirms stress-
balancing in all cases.

Figure 5(a) shows the QE as the barrier thickness is varied.
As the barrier thickness decreases, the quantum efficiency near
the band edge increases due to the increasing amount of total
GaInAs within the i-region. The height of the EQE at 800 nm is
similar to the baseline performance of thick-barrier devices
shown in Fig. 2. The fraction of GaInAs in the i-region increases
with thinner GaAsP barriers, as listed in the legend of Fig. 5(a).
With a fixed i-region thickness, the total amount of GaInAs
increases as the GaAsP barrier is thinned due to the increased
number of superlattice repeats. With progressively thinner GaAsP
barriers, the total thickness of GaInAs increases from 680 to
1564 nm and the fraction of GaInAs in the SL stack increases
from 32% to 80%, respectively. Thus, the absorption beyond the
GaAs band edge increases in these thin-barrier devices.
Additionally, the Au contact behind the cell acts as an efficient
reflector, giving light a second pass through the SL. Thus, in
devices with the thinnest barriers, the EQE approaches 100% at
910 nm, implying an efficient collection of carriers generated in
GaInAs. Note that these cells can be considered optically thick,
but still rely on the use of a back reflector.

In a second experiment shown in Fig. 5(b), the number of
repeats, and thus the total thickness of the i-region, is varied in
order to further test the potential of optically thick solar cells. In
this experiment, the thickness and composition of the barrier
were fixed to 60 Å of GaAs0.65P0.35 [corresponding to the green
curve in Fig. 5(a)] to maintain a high fractional GaInAs content
while avoiding high barrier strain and enable the growth of many
SL repeats without problematic thickness and composition varia-
tion. The number of repeats varies from 100 to 300, which varies
the total thickness of the GaInAs from 850 to 2550 nm. GaInAs
makes up 57% of the total i-region thickness in all cases, meaning
that the thickest i-region in this experiment is almost 4.5 μm
thick.

Figure 5(b) shows the EQE as the number of repeats increases.
Increasing the number of repeats, and thus increasing the amount
of GaInAs, increases the quantum efficiency without any major
signs of material quality degradation or limitations of the i-region
thickness. The thickest sample has a nearly perfect carrier collec-
tion up to 920 nm. Although this sample still benefits from a back
reflector, the thickness of the GaInAs is over 2500 nm thick, and so
it can be considered optically thick even without a reflector.

Figure 5(c) shows the calculated photocurrent from photons
with energy below the GaAs band edge (1.41 eV), using the EQE
beyond 880 nm integrated over the AM0 space spectrum, as a func-
tion of the total GaInAs thickness in the i-region. Both of the
above experiments are shown: using a fixed i-region thickness and
increasing the GaInAs by thinning the GaAsP barriers (red line)
and using a variable i-region thickness and increasing the GaInAs
by increasing the number of SL repeats (blue line). Both routes lead
to significant gains in the sub-bandgap current, with both routes
achieving equivalent photocurrent for a given total GaInAs
thickness.

Figure 6 shows analysis of the JV curves of both experiments
shown in Fig. 5, including open-circuit voltage (Voc), fill factor
(FF), short-circuit current (Jsc), and efficiency. The bandgap is
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calculated from the EQE using Ref. 49, where “bandgap” here refers
to the “absorption edge” of the quantum well or superlattice. To
minimize scatter in the data, device analysis is performed on devices
all the same size and without anti-reflection coating (ARC).

The increases in Jsc with GaInAs thickness noted in Fig. 5(c)
are also observed in Fig. 6 but with greater scatter in the trends.
While using JV data from devices without ARC reduces relative
error overall, it does lead to higher sensitivity to Fabry–Pérot
fringes in the EQE that leads to some scatter in Jsc.

Increasing the total GaInAs thickness by increasing the
i-region thickness leads to slow losses in the Voc and FF. Some
decrease in both Voc and FF is expected due to an increased deple-
tion region recombination (J02) in devices with wider depletion
regions. However, we also note that the bandgap decreases with
increasing i-region thickness. There is no change in the deposition
parameters, so a decrease in the bandgap is not expected. The

FIG. 6. JV analysis of stress-balanced GaInAs/GaAsP solar cells (without
ARC), including open-circuit voltage (Voc), fill factor (FF), short-circuit current
(Jsc), and efficiency. All measurements were taken under the AM1.5 global
spectrum. The bandgap is calculated from the EQE.

FIG. 5. EQE of stress-balanced GaInAs/GaAsP solar cells with (a) variable
GaAsP barrier thickness and composition and fixed GaInAs composition and
i-region thickness, (b) fixed GaInAs and GaAsP composition and layer thickness
but variable number of repeats and thus i-region thickness. The x-axis is the
total GaInAs thickness in the i-region. (c) Integrated Jsc under AM0 from below
the GaAs band edge of both approaches to increase photocurrent.
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change in bandgap is 15 meV from 850 to 2550 nm thickness,
while the change in Voc is 25 mV, meaning there is ∼10 mV loss in
Voc beyond the bandgap change. Although we do not investigate
the source of the bandgap reduction, we speculate that the bandgap

shift could be related to the slow increase in composition variation
as the number of GaInAs/GaAsP repeats increases (Fig. 4).
Fortunately, the relatively minor loss indicates that there is no
major plastic deformation, which may occur if the composition
and thickness variation results in enough strain energy for disloca-
tion formation or other defect generation, such as in Fig. 4(c). The
sensitivity of the device to material degradation makes an in-depth
modeling of performance difficult. However, all Vocs are excellent.
Even the thickest device (4.5 μm i-region, 2.5 μm GaInAs) has a
Voc of 1.0 V and a Woc of 0.33 V.

Increasing the total GaInAs thickness by decreasing the
GaAsP barrier thickness and maintaining a constant i-region thick-
ness leads to a different trend in Voc and FF. The Voc and FF do
not decrease and may even slightly increase, although data are
limited. The expected trends in Voc and FF are complex.
Increasing low bandgap material in the intrinsic region should
increase depletion region recombination and, thus, increase J0,
while raising the bandgap of the high bandgap barriers should have
the opposite effect.50 In addition, the non-radiative recombination
may change with the strain and composition in the barrier due to
changes in composition modulation or interface quality.51 With
very thin barriers, tunneling transport is expected to reduce escape
lifetime (Fig. 1) and have an impact on voltage, which has been
observed previously.52 Here, the thinnest barriers are 2 nm thick,
composed of GaP, and are highly strained (3.7%) to the GaAs sub-
strate. Despite the high strain in the barriers, these devices have the
highest FF and Voc of both experiments, with 83.5% and 1.035 V,
respectively. No change in the series resistance is observed, and a
reduced J02 component is observed in the dark JV in cells with
GaP barriers. The Woc is 0.31 V, implying an excellent material
quality and no negative impact of the GaP barriers.

As shown in Fig. 1, tunneling begins to play a beneficial role
in carrier transport in SLS devices with GaAsP barrier thickness < 5
nm.14,17,21 Thus, the above routes toward increasing total GaInAs
thickness (increasing the number of repeats, or decreasing the
barrier thickness) in the i-region are not identical. The carrier col-
lection in devices with many wells depends on the nonradiative
lifetime in the quantum wells.33 We note that the quantum effi-
ciency for all samples is near unity above the GaAs bandgap and is
near unity below the GaAs bandgap for devices with many
quantum wells. Thus, the nonradiative lifetime in the wells is suffi-
ciently long for efficient collection in both routes toward increasing
GaInAs thickness. For devices with equivalent total GaInAs thick-
ness in the i-region, samples with very thin barriers should outper-
form samples with thick barriers if the material quality does not
degrade. In this study, the GaP barriers are nominally 2 nm thick
and these samples do outperform the devices with thicker barriers
and similar total GaInAs, implying a benefit from tunneling
without material degradation.

Several performance tradeoffs exist when designing a superlat-
tice solar cell. Because each individual GaInAs layer is thin, many
GaInAs/GaAsP superlattice repeats must be incorporated for signif-
icant current collection below the GaAs band edge. As the number
of repeats increases, the i-region increases and so depletion region
recombination increases and performance decreases. However, the
material quality may also degrade throughout the superlattice as
shown in Fig. 4, leading to performance losses with increasing

FIG. 7. Two-junction device characterization. (a) EQE and reflectance, and inte-
grated subcell photocurrents under the AM0 and AM1.5 g spectra. (b) Subcell
dark JV curves calculated from electroluminescence, and subcell voltages at
15 mA/cm2. (c) Two-junction JV curve under the 1000 W/cm2 AM0 spectrum at
28 °C and device metrics.
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GaInAs/GaAsP repeats. For equivalent total GaInAs thickness,
using thin barriers can lead to improved performance. However, we
note that the step-bunching that leads to degradation is dependent
on the strain.43 Therefore, the change in the material quality with
increasing GaInAs/GaAsP repeats should depend on the strain in
the barrier. In this study, we developed superlattice solar cells using
GaAs0.65P0.35 barriers that would be optically thick without the use
of a rear reflector, and solar cells using GaP barriers that are opti-
cally thick with the use of a rear reflector. Due to the dependence
of the material quality on the barrier strain, it is not known
whether optically thick superlattice solar cells can be created using
GaP barriers without relying on a rear reflector.

The efficiency of these single solar cells, shown in Fig. 6, has a
complex relationship with GaInAs thickness due to the scatter in
Jsc as well as the performance tradeoffs described above. For single
junction devices, the benefit of sub-GaAs current collection to effi-
ciency is only moderate because the GaAs bandgap is close to
optimal. The major benefit for sub-GaAs current collection is to
multijunction devices such as GaInP/GaAs two-junction devices
where the GaAs bandgap is far from optimal.53,54

TWO-JUNCTION STRAIN-BALANCED SUPERLATTICE
DEVICES

The GaInAs/GaP SLS solar cell is incorporated into a two-
junction device designed for the AM0 space spectrum. The SLS cell
is the bottom cell and has a near-identical structure to the sample
in Fig. 5(a) with GaP barriers, with 184 GaInAs/GaP repeats and a
total GaInAs thickness of 1.56 μm. The top cell is a front-junction,
1-μm-thick, disordered GaInP subcell.55 Device results are shown
in Fig. 7.

The EQE [Fig. 7(a)] of the SLS subcell is near-unity until
920 nm, and the modeled bandgap is 1.34 eV.49 The top cell
bandgap is 1.9 eV. The integrated subcell photocurrents are shown
in Fig. 7(a) under the AM0 space spectrum and AM1.5 global spec-
trum, both using 1000W/m2 irradiance. The photocurrents are
fairly matched under the AM0 spectrum: 14.0 and 14.5 mA/cm2

for the top and bottom subcells, respectively, at an irradiance of
1000W/m2, and 19.1 and 19.8 mA/cm2 for the top and bottom
cells, respectively, at an irradiance of 1366W/m2.

The top and bottom subcell voltages, calculated from the elec-
troluminescence [Fig. 7(b)], are 1.50 and 0.98 V at 15 mA/cm2,
respectively, making the Wocs 0.4 and 0.36 V, respectively. The
superlattice Woc is higher in a two-junction device than the single
junction device presented in Fig. 6, which is partially due to the
lower subcell photocurrent when filtered by the GaInP top cell.

The two-junction device has excellent performance under
the AM0 spectrum, as shown by the NREL-certified IV curve in
Fig. 7(c). The Voc is 2.486 V, in agreement with the sum of the
subcell voltages calculated from electroluminescence. The Jsc from
the JV curve, 13.8 mA/cm2, agrees well with the integrated EQE
and is limited by the top cell. The FF is 84.7% and takes advantage
of slightly overdriven bottom cell. The overall device efficiency is
(29.2 ± 0.4)% under the AM0 spectrum at 1000W/m2 and at 28 °C.
This beginning-of-life efficiency is significantly higher than the pre-
vious two-junction AM0 efficiency of 26.9%, using GaInP and
GaAs subcells.56 Note that devices are often measured under the

AM0 spectrum at a higher irradiance of 1366W/m2, which would
likely increase the efficiency of this new device further. This device,
although designed for the AM0 spectrum, has an efficiency of
(32.9 ± 0.5)% under the AM1.5 global spectrum, equivalent to a
recent record device designed for the global spectrum8 that used
optically thin quantum wells in the bottom cell. The high efficien-
cies demonstrated in this new device are a result of the more
optimal two-junction bandgap combination enabled by the super-
lattice bottom subcell with very high subcell material quality.

CONCLUSIONS

We have shown the development of optically thick GaInAs/
GaAsP strain-balanced superlattice solar cells and demonstrated
single junction devices with excellent performance. Thickness and
composition variation can develop throughout the GaInAs/GaAsP
superlattice and can lead to phase separation and major defects if
not controlled. Increasing the arsine partial pressure during the
growth of the GaInAs is one successful tactic to limit the material
degradation and enable optically thick devices.

Single junction devices with over 2500 nm of GaInAs are dem-
onstrated by incorporating 300 GaInAs/GaAsP repeats, and devices
with ∼80% fractional GaInAs content in the depletion region are
demonstrated by stress-balancing GaInAs with thin layers of GaP.
Single junction devices incorporating 2 nm GaP barriers perform
better than devices with similar total GaInAs but using thicker bar-
riers, potentially due to the beneficial impact of tunneling on
carrier transport in devices with very thin barriers. Near-unity EQE
is shown below the GaAs band edge to 920 nm, and superlattice
devices with Wocs as low as 0.31 V are demonstrated.

A GaInAs/GaP superlattice subcell was incorporated into a
two-junction device along with a 1-μm-thick GaInP top cell,
designed to be close to current-matched under the AM0 space
spectrum. The two-junction device achieves (29.2 ± 0.4)% efficiency
under the AM0 spectrum at 1000W/m2 and 28 °C, and
(32.9 ± 0.5)% efficiency under the AM1.5 global spectrum at
1000W/m2 and 25 °C, despite unbalanced photocurrents under the
global spectrum. Subcell Wocs, calculated from electroluminescence
and EQE, are 0.4 and 0.36 V for the top subcell and bottom
subcell, respectively, highlighting the high material quality in both
subcells. The high two-junction efficiency is due to the bandgap
combination that is enabled by the high performance superlattice
subcell.
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