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SUMMARY

Heterojunctions can increase the efficiency of solar cell devices rela-
tive to homojunctions, but there is a large parameter space with sig-
nificant tradeoffs that must be considered. Here, we present an
experimental and computational study of lll-V heterojunction solar
cells and show how the emitter doping, emitter band gap, and het-
eroband offsets impact device efficiency. Efficiency is maximized by
pushing the junction depletion region into the wider band gap ma-
terial while minimizing the effects of heteroband offsets through
optimized choice of emitter band gap, emitter electron affinity,
and/or emitter doping density. We use these results to guide
optimization of devices grown by halide vapor phase epitaxy,
achieving 27% efficiency in a GaAs/GalnPAs heterojunction device.
We also show that heterojunctions yield proportionally larger effi-
ciency improvements in lower-quality materials. Although the
modeling was developed and validated using IlI-V materials, the re-
sults are theoretically applicable to materials systems outside IlI-Vs.

INTRODUCTION

Heterojunctions offer the potential for enhanced efficiency in solar cell devices.'™
Device modeling and experiment suggest that shifting a portion of the depletion re-
gion formed at a p-n junction into a wider band gap material reduces the Shockley-
Read-Hall (SRH) recombination rate. This is clear when considering Sah’s derivation

of the SRH recombination rate, U, at the boundary of a p-n junction®:
v
n;eZkT

U(V) - 27'0

(Equation 1)

where n; is the intrinsic carrier concentration, g is the elementary charge, Vis the bias
voltage, kis Boltzmann'’s constant, T is the device temperature, and 7g is the electron
or hole lifetime. n; is an inverse exponential function of band gap, so the recombina-
tion rate and non-radiative SRH dark current density (Jo,) decrease exponentially
with increasing band gap. In turn, a reduction in recombination current increases
the open-circuit voltage (Voc) as the device becomes radiative current density
(Jo1) limited and the photovoltaic conversion efficiency of the device increases.”®
A rear heterojunction with a low-band gap material on top of a higher-gap material
benefits from reduced radiative recombination in the larger band gap material
without sacrificing photon absorption. The benefits of heterojunctions are known,
although experimental demonstrations of llI-V heterojunctions are limited to a hand- INational Renewable Energy Laboratory, Golden,
ful of combinations with a single emitter doping level, such as GaAs (1.42 eV)/ CO 80401, USA

Gag 51lng.49P (1.85 eV),” GaAs/Gag 7Al 3As (1.80 eV),”® or Gags1lngaoP (1.85 eV)/  ZLead contact

Alg.25Gag.oslng.sP (2.22 eV)." 11I-V compositions and band gaps are highly tunable, *Correspondence: kevin.schulte@nrel.gov
so there exist other combinations that potentially offer higher efficiency. https://doi.org/10.1016/j.xcrp.2023.101541
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The heterojunction comprises two layers that we define as the base layer, which is
the lower band gap layer responsible for the majority of light absorption and carrier
generation, and the emitter, which completes the junction and participates in carrier
extraction. Heterojunctions require careful design because the discontinuity of the
energy bands at the heterointerface may create barriers that hinder current extrac-
tion.>” These heterobarriers can be managed by using a high doping density in
the emitter to increase the field in the depletion region and/or enable tunneling,
as well as by proper choice of materials combinations targeting those with favorable
band offsets.'® Higher emitter doping requires a tradeoff, however, because non-
radiative recombination will increase as the depletion region shifts from the wide
band gap emitter into the lower band gap base. Device modeling is an efficient
way to study these tradeoffs over a wide parameter space.

Here, we present a computational and experimental study of GaAs rear heterojunc-
tion (RHJ) solar cells that use Ga,Inq_PyAs;_, or Al,Ga;_,As emitters. We use the open
access solver AFORS-HET,"" which solves the 1D drift-diffusion equations and Pois-
son’s equation using a finite element method, enabling the computation of current
density-voltage (J-V) curves under a wide range of conditions. We elucidate the re-
lationships between device performance and emitter doping, emitter band gap, and
heterojunction band offset (electron affinity). We show that there is an optimum
emitter doping density and band gap to maximize efficiency, and that the size of
this optimum varies with the heteroband offsets as defined by the material choice.
We use these results to guide optimization of GaAs RHJ solar cells grown by halide
vapor phase epitaxy (HVPE), a promising route to lowering the cost of Ill-V device
epitaxy,’®"? achieving an NREL-certified AM1.5G efficiency of 27% with a GaAs
(1.42 eV)/Gag 68ln0.32P0.66AS0.34 (1.70 eV) combination. We also show that relatively
higher efficiency improvements are possible in lower-quality material. These results
are theoretically applicable to materials systems outside of Ill-Vs that employ heter-
ojunctions, such as Si,"* CdTe," or perovskites,16 in the limit that non-radiative SRH
recombination limits their efficiency.

RESULTS AND DISCUSSION

Effect of emitter doping

We first tested the model using the commonly employed n-GaAs (1.42 eV)/
p-Gao s1Ing.49P (1.85 eV) RHJ structure. We studied a series of RHJ solar cells grown
by organometallic vapor phase epitaxy (OMVPE) with variable doping in the p-type
Gag 51Ing.49P emitter and compared the experimentally measured device character-
istics to model predictions. Figure 1A shows the device structure. The GaAs/
Gag.51Ino.49P junction has a ~370 mV heterobarrier in the valence band'”"'® that
was shown to decrease current collection at homo-doped interfaces if the GalnP
doping is not sufficiently high.'®"” Similarly, this barrier greatly impacts current
collection in a p-n heterojunction, as well. Figure 1B shows light J-V curves for five
devices with Gag s1lng.49P emitter doping (p) between 9 X 10" em~3 and 8.0 x
10" cm~3. The fill factor (FF) of the experimentally measured curves, listed in the
figure, and short-circuit current density (Jsc) decrease strongly with decreasing p un-
til there is minimal photo-generated current collection in the device with the lowest
emitter doping. Figure 1C presents energy band calculations of the devices with p =
1.3 x 10" cm™ and p = 8.0 x 107 cm 3 under conditions of 0.95 V forward bias
(indicated by the vertical broken line in Figure 1B) and AM1.5G illumination. The
non-radiative recombination rate of carriers predicted by the model is plotted as
broken curves on the mirror y axis of this graph. Looking at the energy band plots,
the reduced doping density lowers the field strength near the junction, seen in the
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Figure 1. Modeling of GaAs/GalnP rear heterojunction devices

(A) Schematic of the simulated and experimentally realized GaAs/GalnP rear heterojunction devices. The doping density of the GalnP emitter was

varied with all other parameters remaining constant.

(B) Measured and simulated light J-V curves under the AM1.5G spectrum for devices with varying emitter doping density.

(C) Calculated energy band diagram focused on the GaAs/GalnP heterointerface. The SRH recombination rate is plotted as a function of position on the

right axis as the broken lines.

(D) Measured and simulated dark J-V curves for the devices. The dotted lines indicate the idealized J-V slope of a device limited by Jo; or Jo, dark

current.

(E) Jo1 and Jop derived from fitting the experimental dark J-Vs shown in (D) plotted as a function of the GalnP emitter doping density.

more moderate slope in the band energies, which limits the ability of holes gener-
ated in the GaAs base to flow across the heterojunction into the emitter due to
the large valence band offset. The buildup of holes at the interface leads to an
elevated non-radiative recombination rate of carriers in the base of the lower doped
device relative to the higher doped device. This effect reduces the useful current
generated by the device, causing the severe drop in FF with doping observed in
the light J-V curves. Figure 1B also compares the model-calculated light J-V curves
to the experimental data. The close agreement over a wide range of doping sug-
gests that the device model captures the relevant physics controlling the perfor-
mance of these rear heterojunction devices. Figure 1D shows the measured and
calculated dark J-V curves, along with guides to the eye for the slope of diodes
limited by Jo1 (n = 1) or Joz (n = 2) recombination current. Figure 1E plots Jo; and
Joz derived from fitting the experimental dark J-V curves to a two-diode model?®
as a function of emitter doping. The dark J-V curves do not change much with p
from p=8.0 x 10" cm™>to p = 2.6 x 10" cm™3, but there is a marked reduction
in the Jop dark current as the doping density decreases below that of the GaAs
base (n ~ 2.5 x 10" cm~3), and the majority of the depletion width moves into
the wide band gap Gag s1Ing.49P emitter (see Figure S1 for estimates of the depletion
in each layer as a function of doping and band gap). We attribute the decrease in Jo,
to reduced non-radiative recombination at traps in the depletion region. Jy; also
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decreases somewhat at that doping level. Jp; and Jo, both drop strongly with further
decreases in emitter doping. We attribute the reduction in Jo; with doping to
reduced hole injection across the junction because of the presence of the barrier,
which reduces the diffusive Jp; recombination current in the GaAs base. Normally,
these significant reductions in dark current might be expected to lead to increased
Vo, based on the principle of superposition of light and dark J-Vs,?" but the Vocs
obtained in the light in Figure 1B are relatively constant with emitter doping. The
Vocs are similar because recombination rates in these RHJ devices are dominated
by the hole population in the n-GaAs base. While this varies with emitter doping
in the dark due to reduced injection across the barrier at low doping, the base’s
hole concentration in the light is dominated by photo-generation, which is constant
in this sample set because they have the same structure and layer thicknesses. Thus,
superposition of the light and dark J-Vs breaks down at low emitter doping, and the
potential efficiency gain is limited to the reduction in Joz, which was already low in
these devices due to a low trap density (see experimental procedures). Overall,
the agreement between the model and the experiment is quite good, although
we note some small differences that may be related to assumptions of the model,
which ignored effects of surface and interface recombination.

Effect of band offset

Gag.51Ing.49P provides reasonably good performance as an emitter; however, its use
requires doping of p ~ 1 x 10"® cm~ or greater to mitigate the effects of the het-
erobarrier described above. This doping level precludes any potential benefit
from moving the depletion into this wider band gap layer. The ability to tune the
band offset is desirable, but the offset is a fixed property of a given base/emitter ma-
terials combination. We can modify the GalnP composition by adding arsenic
to form the quaternary alloy Ga,lniP,As;., that provides a tunable set of com-
positions with band gaps between GaAs (1.42 eV) and GalnP (1.9 eV). The GaAs/
GaylnyPyAsy., valence band offset is a linear function of the band gap for compo-

sitions lattice-matched to GaAs,'®??

meaning that we can tune the band offset by
varying the composition. To study the effect of varying the valence band offset in
this way, we modeled GaAs/Ga,ln_PyAs;., devices with varying emitter doping
and composition, with the constraint of lattice-matching of the Ga,Inq.Py/As, to
the GaAs lattice constant, and we tested the model using HVPE-grown RHJ devices.
We assumed a trap concentration Ny = 1.3 x 10"* cm 3 of the “EL2" or As anti-site
defect (see experimental procedures for more details of the defect model) in both
the GaAs layer and Ga,In;_.P,As;_, emitter, representing the demonstrated quality
of our HVPE-grown material.”® Figures 2A-2D show contour maps of the simulated
Voc, Jsc, FF, and photovoltaic conversion efficiency as a function of emitter band
gap and doping density under a one-sun AM1.5G illumination condition. Note
that surface reflectance and series resistance are both assumed to be zero in these
calculations. Looking at Ve, we see that that there is an optimum at a band gap
of ~1.8eVand p~5 x 10" cm~3. Compared to a hypothetical baseline standard
structure indicated by the green dot (1.85 eV Gag s1Ing.49P emitter, p = 1 x 10"°
em~3), Ve increases initially with decreasing emitter doping due to the depletion
region being pushed further into the wide band gap emitter (see Figure S1), which
minimizes the contribution of the Jp, current to the total dark current. As an aside,
we note that there is no optimum Voc for perfect materials because that parameter
continually increases with emitter band gap and doping (see Figure S2). Past the
maximum, Voc decreases with further decrease in emitter doping because the total
depletion width expands rapidly, while the amount in the GaAs base stays relatively
constant, increasing Jop, although this effect is quite small. The maximum in Voc
does not coincide with the optimum in efficiency, however. The Jsc is relatively
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Figure 2. Simulated solar cell parameters for GaAs/Ga,In,_,PyAs,, rear heterojunction solar cells as a function of emitter band gap and doping
density

Voc (A), Jsc (B), FF (C), and efficiency (D). A deep level trap density of Nt = 1.3 X 10"* was assumed in the emitter and base. The stars indicate the
predicted metrics for the HVPE-grown devices shown in Figure 3. Note that the model assumes no reflectance at the front surface or resistance in the
electrical contacts.

constant for an emitter band gap below 1.65 eV and/or p > 6 x 10" cm~3, but the
FF and efficiency show a steep contour with a peak at 1.65 eV and p = 1.3 x 10"/
cm™3. The optimum in FF occurs because Jo, decreases with doping, which increases
FF, but FF decreases when the doping becomes too low and the heterobarrier limits
photocurrent collection (as observed experimentally in Figure 1B). Reducing the
emitter band gap, and by extension, the heterobarrier height, at constant doping
mitigates this problem. However, there is also an optimum with emitter band gap
because Jy, increases as the band gap is reduced (see Equation 1) minimizing the
benefit of placing the depletion region there. Comparing the positions of the optima
in the FF and efficiency graphs shows that maximizing the FFis key to high efficiency.

These results show that the baseline RHJ design (Gag 51Ing.49P emitter, p =1 x 10'®
cm™3), with a predicted efficiency of 27.4%, is not the most efficient design.
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Figure 3. Model-guided optimization of HVPE-grown GaAs/Ga,In,.,PyAs,_, devices

(A-D) Voc (A), Jsc (B), FF(C), and efficiency (D) for HVPE-grown RHJ solar cells with varied emitter band gap and doping density. These devices employ
anti-reflection coatings. The error bars are the standard deviation of six devices.

(E) Measured light J-V curves for select devices.

(F) Measured and simulated dark J-V curves for select devices.

(G) Jo1 and Jop derived from fitting the experimental dark J-Vs shown in (F).

Efficiency increases with lower values of emitter band gap and doping density,
reaching 29.4% with an emitter band gap of 1.65 eV and p = 1.3 x 10" cm™.
This is a 2% absolute and 7% relative efficiency increase obtained simply by chang-
ing the device design to minimize Jo, while managing the impact of the heterobar-
rier and making no improvements to material quality. We note that this efficiency is
not a global maximum, as the choice of an emitter from a materials system with even
better heteroband alignment could allow higher efficiency (as we will show later).

Next, we used the model results to guide the optimization of our HVPE-grown GaAs
rear heterojunction solar cells and verify the model predictions. We grew a baseline
HVPE structure using a Gag s1Ing.49P emitter with a band gap of 1.87 eV and an
emitter doping of 3 x 108 cm~3, signified by the red star in Figures 2A-2D. This
structure is the same as in Figure 1A with a GalnP window instead of AlInP and the
addition of a ZnS/MgF, anti-reflection coating. Figures 3A-3D (red points) show
the Voc, Jsc, FF, and conversion efficiency averaged over six of these 0.25 cm? de-
vices, Figures 3E and 3F show select light and dark J-V curves, respectively, for one
of these devices in red, and Figure 3G shows the Jo; and Jp, reverse saturation cur-
rents extracted from fitting of the dark J-Vs. Figure 3F also shows the model-calcu-
lated dark J-V. The device parameters and light and dark J-V curves agree nicely
with the model predictions. We note that the real FFis somewhat lower than the pre-
diction due to series resistance, likely from the front contacts, which was neglected in
the model calculation, and that the Jsc is slightly lower than predicted because this
device used a GalnP window layer instead of the modeled AllnP.?* Starting with this
baseline, we reduced the doping in this cell structure to p = 1.3 x 10" cm™ (blue
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stars in Figure 2 and blue points and curves in Figure 3), which led to an average in-
crease of 8 mV in the Vo over six devices. The V¢ increased because of a reduction
in Joz dark current as shown in Figure 3G and observed in the blue experimental and
model dark J-V curves of Figure 3F. The overall efficiency of this device structure
decreased, however, due to a drop in average FF from 83.8% down to 76.8% (see
Figure 3C), as predicted by the model and as shown in Figure 2C. We then grew
an RHJ with a ~1.70 eV Gag ¢slno 32Po 66AS0.34°~ emitter that had a doping density
of 2.5 x 10" em™2 (black stars in Figure 2) to recover the FF by decreasing the
valence band heterobarrier height. We note that difficulties during processing led
to only one device surviving. This more optimal device structure increased the FF
to 85.1%, thanks to the reduced heterobarrier offset, and efficiency to 27.0% (black
points and curves in Figure 3) as certified by NREL's Cell and Module Performance
Team (see Figure S3). The Voc is roughly equal to that of the sample with the GalnP
emitter and p = 1.3 x 10" cm~3 (blue points and curves), despite the significantly
lower dark current observed in that sample in Figure 3F. We observed a similar
effect in the sample set of Figure 1, whereby Jo; and Jo, decreased steadily with
emitter doping, but Voc remained roughly fixed. We note that the GaAs/
Gap ¢8N0.32P0.66As0.34 device has an AllnP window, which explains the slightincrease
in the Jsc to over 29.0 mA/cm?. This Jsc value is equal to our previously reported
HVPE-grown GaAs/Gag s1lng.4oP RHJ with an AlInP window,?* but the increased
Voc from the emitter optimization results in a 1% absolute efficiency increase rela-
tive to that device. We note that the performance variations in these HVPE cells
are consistent with the predictions from the device model, providing further valida-
tion for the model.

Effect of material quality

Heterojunctions yield even stronger improvement to devices made from lower-qual-
ity material due to the higher non-radiative recombination current. To show this, we
modeled GaAs/Gaylny 4Py As;., RHJs with an EL2 defect density of Ny = 1.3 X 10"°
cm~3in the base and emitter, a 10x increase in defect density relative to the previ-
ous section. Figures 4A-4D plots contour maps of the V¢, Jsc, FF, and efficiency as
a function of emitter band gap and doping density for these devices. All four solar
cell device metrics are degraded relative to those shown in Figure 2, but the trends
with emitter band gap and doping density are the same. The baseline RHJ (GalnP
emitter, p = 1 X 10" em—3 doping) has an efficiency of 20.1%, which increases to
22.9% for a Gaylnq«P,As;_, emitter with a band gap of 1.65 eV and p = 1.3 x 10"
cm ™. This is a 2.8% absolute and 13.9% relative increase in efficiency obtained in
this lower-quality material by simply changing the device design. The relative in-
crease in efficiency is nearly two times larger than for the higher-quality material,
demonstrating that the heterojunction design is particularly effective at maximizing
efficiency in devices using lower-quality material. This result stems from the fact that
the recombination rate is still relatively low in the wider band gap material, even if
the emitter has an equal number of defects as the base (as assumed here).

Varying the materials choice of the emitter

The results in the previous sections highlight the effect of the heteroband offsets on
RHJ efficiency. Those results considered the Ga,Inq.4P/Ass, alloy system for the
emitter, but Al,Gaq_,As is another -V alloy system that is used as an emitter material
in high-efficiency GaAs solar cells.””® Al,Ga;.,As has more favorable valence band
offsets compared to Ga,In_.PyAs;_,, although its use is sometimes avoided because
itis prone to oxygen contamination.?® The valence band offset is only ~210 meV?7-?%
for a band gap of 1.9 eV (Alg 33Gag.¢2As), compared to ~370 meV for Gag 51Ing 49P.
The reduced offset means that it should be easier for hole current to flow across the
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Figure 4. Simulated solar cell parameters for GaAs/Ga,In,_,PyAs,, rear heterojunctions with reduced material quality
Voc (A), Jsc (B), FF(C), and efficiency (D) for GaAs/Ga,lnq.4P,As;_, devices with a trap density of Nt = 1.3 x 10"% in the emitter and base, a 10X increase

from the devices simulated in Figure 2.

heterointerface, which will manifest as increased FF relative to a device with a Gayln;.
«PyAs;_, emitter with the same band gap and doping density. Figures 5A-5D plots
contour maps of the Vo, Jsc, FF, and efficiency as a function of emitter band gap
and doping for GaAs/Al,Gaq_,As RHJs. The trap density is again set at the higher
value of Nt = 1.3 x 10" cm™2 in the base and emitter, making these calculations
directly comparable to those in Figure 4.

The peak Voc and Jsc shown in Figure 5 are roughly the same magnitude as in Fig-
ure 4, because the material quality is the same, but there are some notable differ-
ences in other parameters compared to the Gayln_.PyAsy., emitter case. First, the
maxima in FF and efficiency for heterojunctions with Al,Gaq_As are shifted up in
band gap to 1.75 eV vs. 1.65 eV because the reduced heteroband offset decreases
the penalty paid in reduced FF for using a wider band gap emitter. The FF and
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used in Figure 4.
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(E) Line cut of simulated efficiency vs. emitter doping for GaAs/GaylIny_«PyAsq., and GaAs/Al,Gaq.,As devices. Each line cut passes through the maximum

in efficiency of the contour plots in Figures 4D and 5D.

efficiency peak occur at a slightly lower doping of p = 1.0 X 10" cm 3 for this reason
as well. The ability to use a wider band gap emitter than in the Ga,Ini_P,As;_, case
results in an increased peak efficiency compared to that case, 23.4% vs. 22.9%.
Comparing again to a baseline design (1.8 eV Aly 3Gag 7As emitter, p = 1.0 x 10"®
cm~3 doping density), using the optimum emitter band gap and doping yields a
3.3% absolute and 16.4% relative increase in efficiency. This increase is significantly
larger than possible in the Ga,ln_«P,As;_, emitter devices, enabled by choosing an
emitter material with a more favorable heteroband offset. Another point to note is
that the drop-off in FF (and by extension, efficiency) with decreasing doping density
for a given band gap is much less steep compared to the Ga,In;.4Py,Ass_, emitter case
because of the reduced heteroband offset. This is highlighted in Figure 5E, which
plots a line cut of efficiency as a function of doping density for both emitter materials
that passes through the maximum efficiency for each case. It is apparent that the ef-
ficiency drop-off at lower doping values is less steep when using Al,Gaq,As. Thus,
the efficiency of the GaAs/Al,Gaq,As RHJ is less susceptible to fluctuations in
doping and emitter band gap compared to the GaAs/Galn_PyAs1., case. In other
words, GaAs/Al,Gaq_,As has a more forgiving design window for achieving high ef-
ficiency, thanks to the more favorable heteroband offsets.

In summary, we used a combination of device modeling and experiment to demon-
strate the benefits of using heterojunctions in -V solar cells and to explore the
tradeoffs that must be considered in their design. The key factor is to push most
of the depletion width into the wide band gap material, minimizing the Jo, dark cur-
rent, thereby increasing Voc and FF, and by extension, efficiency. The modeling
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highlighted that particular attention must be paid to managing the heterobarriers
to current flow at the junction interface. We used the predictions of the modeling
to optimize HVPE-grown GaAs/Ga,ln,.P /As;,, rear heterojunction solar cells,
achieving an efficiency of 27% under a one-sun AM1.5G spectrum in a device with
a 1.7 eV Gaggslng 32P0.66AS0 34 emitter. We showed that heterobarriers can be miti-
gated by reducing the emitter band gap in a given alloy system or choosing entirely
different alloys with more favorable offsets, as in the case of GaAs/Al,Ga1_,As vs.
GaAs/Gaylni_PyAs;,. We showed that a heterojunction device design can be
even more impactful in materials that have a high level of defects due to their ability
to strongly reduce Jo,. We note that, while we used Ill-V materials in the modeling
and in experimental device validation, these results are agnostic to material type
as long as SRH recombination is the dominant recombination mechanism.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Kevin Schulte (kevin.schulte@nrel.gov).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The optical parameters used in the simulation are provided in Data S2. Other data
generated from this study are available from the authors upon reasonable request.
This paper does not report original code.

Device modeling

Device modeling was conducted using the open access software package AFORS-
HET,"" which solves the 1D drift-diffusion device equations and Poisson’s equation
using a finite element method. The modeled device structure consisted of four
layers: 20 nm Alg s3lng 47P window, 2.0 um GaAs emitter, 300 nm Ga,InqP,Asq.,
or Al,Ga_,As emitter, and 300 nm Alg 35Gag ¢5As back contact. The device was dis-
cretized in 1D into a 368-point grid, with grids concentrated especially at the inter-
faces between layers. The material parameters used in the model are listed in
Table 1. ¢ is the low-frequency dielectric constant, x is the electron affinity, Eg is
the band gap, Nc is the conduction band density of states, Ny is the valence band
density of states, u, is the electron mobility, u, is the hole mobility, Na is the
acceptor doping density in the emitter, Np is the donor doping density in the
base, v, is the electron velocity, v, is the hole velocity, and Bis the radiative recom-
bination coefficient. We assumed a constant doping density within a given layer,
abrupt heterointerfaces with no intermixing, and neglected any possible interface
recombination. The device temperature was set as 298 K. The effects of series resis-
tance from contacts or sheet resistance were not considered in the modeling. An
AM1.5G spectrum was used for simulated light J-V calculations. Absorption was
determined using a Beer-Lambert model that accounted for a second pass of light
from reflectance off the back surface. The reflectance at the back surface was set
at 93%.” n and k data for representative AllnP, GaAs, AlGaAs, and GalnP layers
were measured using spectroscopic ellipsometry and are available in Data S2.

The effects of photon recycling were not treated explicitly but were instead treated

as a reduction of the radiative recombination coefficient. Analogously, photon
recycling led to an apparent decrease in this parameter in time-resolved
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Table 1. Parameters used in the device model

n-AllnP window n-GaAs base p-Gaylni,As Py, emitter p-AlGaAs emitter p-AlGaAs contact
Thickness (nm) 20 2,000 300 300 300
€ 1.9 12.9 11.8 12.8-11.8 11.8
x (eV) 3.78 4.07 4.052-3.960 4.053-3.802 3.802
Eg (eV) 2.248 1.42 1.45-1.9 1.45-1.9 1.9
Nc (cm™3) 1.0 x 108 4.7 x 10" 6.5 x 10" 4.9 x 10'7-8.7 x 10" 8.7 x 10"
Ny (em~3) 1.5 % 10" 9.0 x 108 43 x 10'® 8.9 x 10'®-6.7 x 10'® 6.7 x 108
tn (em? V=" s 200 4,000 700 600 900
pp (em? V=1 s7Y) 30 200 30 70 70
Na (cm™) = = 1.0 x 10"-5.0 x 10"® 1.0 x 10"°-5.0 x 10'® 1.0 x 10"
Np (em~3) 1.0 x 10'® 2.5 x 10" - - -
Ve (cms™) 1.0 x 107 4.4 x 107 4.4 x 107 3.4 x 107 3.4 x 107
vp (ems™) 1.0 x 107 1.8 x 107 1.8 x 107 1.6 x 107 1.6 x 107
B(cm®s™) 1.0 x 10°1° 3.9%x 10 " or1.9 x 10°1° 1.0 x 10710 24 x10°° 24 x10°°
Sources:/,w/,18,22,2/,28,29732

photoluminescence measurements of high-quality AlGaAs/GaAs/AlGaAs hetero-
structures.’® We estimate B in a device with a gold reflector, Ba,, by assuming
B ~ 1 — nintPaps, Where njn; is the internal radiative efficiency of the GaAs absorber,
and Pap, is the averaged absorption probability for a given photon.** For a device

left on wafer, Paps was calculated previously to be 0.71, whereas for as a cell with
an Au back reflector, Pa,, was determined to be ~0.97,” and nj.: was 0.965.%* B
was measured to be 1.9 x 107'° cm3 s~ for an on-wafer sample, and so

1 — 0.965%0.97

_ —10 Sg M- T
Ba, = 1.9% 10 cm=s (1 — 0.965%0.71

) =3.9%10 "em3s™’

This is a good estimate for B, because the Vocs of the cells shown in Figure 1, which
are predominantly limited by radiative recombination, are accurately predicted by
the model. This reduced value for B was applied to the modeling of the low
defect cells in Figures 1, 2, and 3. We assumed the effect of photon recycling is min-
imal in high defect cells, and we applied the reduced on-wafer value of B=1.9 x 10°

1% cm3 s to the modeling of those cells in Figures 4 and 5.

The software uses SRH statistics to compute non-radiative recombination rates in the
quasi-neutral and space charge regions. We assumed that the electron trap known
as "EL2" is the dominant defect in GaAs and was the only one included in the model.
EL2 is a mid-gap defect related to an As anti-site, 0.82 eV below the conduction
band, and commonly found in GaAs grown by OMVPE and HVPE.?**°>3¢ EL2 is
also a dominant trap in OMVPE-grown AlLGaq,As®’ % and was modeled as the
only defect in that material. In Al,GaqAs, the trap exhibits a constant position of
0.82 eV below the conduction band even as the Al fraction and band gap vary.*’
Deep traps are less well characterized in Gayln_.PyAs;_,, but we note a similar elec-
tron trap was correlated with group V overpressure in Gag s1Ing 4P grown by multi-
ple groups, suggesting a P anti-site defect that we applied to the model.*’™*" The
energy of this defect was also found to be ~0.82 eV below the conduction band.
Proper values for the GaAs electron and hole capture cross-sections (¢ , and o )
were more difficult to determine. The commonly reported values*” of ¢ , did not
cause enough recombination in the model to replicate the observed changes in
Voc. However, capture cross-sections can vary up to 1 X 107'2 cm? in the presence
of an electric field.**** Naturally, in a solar cell, a large majority of SRH recombina-
tion happens to occur in the depletion region of a p-n junction where the field is high,
so we used larger values for the capture cross-sections. We found that the values of
7,=1%x10"?cm?and o, =1 x 10" "® cm” reproduce the experimental behavior.
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These values were also applied to the Ga,lnqP,As;_, and Al,Ga;_.As layers. A trap
density of Ny = 2.0 x 10"3 cm™ was used for the modeling of OMVPE-grown devices
shown in Figure 1, Ny =1.3 x 10" cm ™2 in the modeling of HVPE devices in Figures 2
and 3, and Ny = 1.3 x 10"® cm 3 in Figures 4 and 5.

Solar cell growth and processing

Solar cells were grown by either HVPE or OMVPE as noted in the results section. See
Boyer et al.?* for HVPE growth details and Steiner et al.” for OMVPE growth details.
Devices were grown in an inverted fashion, with a GaAs buffer and Gag s1Ing.49P etch
stop layer grown first on a GaAs substrate. Devices utilized a GaAs:Se (HVPE) or
GalnNAs:Se (OMVPE) front contact grown next, followed by an Alg s3Ing 47P:Se (or
Gap 51Inp.49P:Se where noted) window, GaAs:Se base doped to 2-3 x 10" em?,
Gag.s51Ing.49P:Zn or Gag ¢slng 32Po.66AS0.34:Zn emitter, and AlGaAs:Zn (HVPE) or
AlGaAs:C (OMVPE) back contact. For processing, a reflective Au metal contact
was electroplated onto the AlGaAs contact layer, and then samples were inverted
onto an Si handle, and the substrate was etched away followed by the etch stop.
For the HVPE devices, Ni/Au grids with 2% area coverage were defined by photoli-
thography and electroplated onto the front surface. 0.25-cm? devices were isolated
using lithography and selective wet etching. Concentrator grid geometries were
used for the OMVPE-grown devices. The illuminated area was 0.100 cm?, which ex-
cludes the bus bar area, while the total device area was 0.116 cm?. Current density
measured in the light was calculated using the illuminated area, while current density
from measurements in the dark was calculated from the total area. The front GaAs or
GalnNAs contact was removed via selective wet etching with the metal grids serving
as a mask. A bilayer ZnS (45 nm)/MgF; (?5 nm) anti-reflection coating was applied to
the surface of the HVPE-grown devices via thermal evaporation. The post-process-
ing device structure is shown in Figure TA.

Solar cell characterization

External quantum efficiency was measured as a function of wavelength on a cali-
brated instrument using a white light source and a grating monochromator. J-V
curves were measured from the devices in the dark and in the light under a simulated
AM1.5G spectrum that used an XT-10 system with a variable height Xe-arc lamp. The
lamp height was set using a GaAs reference cell fabricated and calibrated at NREL
that was last calibrated and certified on 9/4/20. The spectral mismatch between
the test devices and the reference was 0.5% or lower. Cells were measured in the
open air at 25°C on a temperature-controlled vacuum hold-down stage. Cells
were measured from forward to reverse bias in voltage increments of 5 mV. Dwell
time was approximately 100 ms at each voltage. The J-V of the 27% efficiency
HVPE-grown device was certified by the NREL's Cell and Module Performance
(CMP) Team (see Figure S3). The CMP team’s GaAs reference was last calibrated
on 12/28/22. We present a comparison of the light J-V curve for this cell measured
on our setup vs. the data from the independent certification team as of validation of
the accuracy of our setup (Figure S4).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2023.101541.
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