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ABSTRACT: As single-junction Si solar cells approach
their practical efficiency limits, a new pathway is necessary
to increase efficiency in order to realize more cost-effective
photovoltaics. Integrating III−V cells onto Si in a
multijunction architecture is a promising approach that
can achieve high efficiency while leveraging the infra-
structure already in place for Si and III−V technology. In
this Letter, we demonstrate a record 15.3%-efficient 1.7 eV
GaAsP top cell on GaP/Si, enabled by recent advances in
material quality in conjunction with an improved device
design and a high-performance antireflection coating. We
further present a separate Si bottom cell with a 1.7 eV GaAsP optical filter to absorb most of the visible light with an
efficiency of 6.3%, showing the feasibility of monolithic III−V/Si tandems with >20% efficiency. Through spectral efficiency
analysis, we compare our results to previously published GaAsP and Si devices, projecting tandem GaAsP/Si efficiencies of
up to 25.6% based on current state-of-the-art individual subcells. With the aid of modeling, we further illustrate a realistic
path toward 30% GaAsP/Si tandems for high-efficiency, monolithically integrated photovoltaics.

Silicon has been the primary commercial photovoltaic
(PV) technology for multiple decades. Consequently, it
is comparatively well understood and has a well-

developed infrastructure. However, in order to enhance the
widespread adoption of PV as a major energy source, the cost
of PV needs to be reduced; current average utility-scale PV
costs of ∼$0.04−0.10/kWh require significant improvement to
reach the SunShot 2030 target of $0.03/kWh.1 While
improving the efficiency (η) of Si PV has been one of the
primary methods of reducing balance-of-systems costs
commercially, this effort may soon come to a head; current
monocrystalline silicon cell efficiencies (26.7%)2 are quickly
approaching the theoretical (29.4%)3 efficiency limit for single-
junction (1J) Si cells. Si-based tandems can enable efficiencies
beyond 1J Si cells while simultaneously benefiting from the low
cost of Si and its extensive infrastructure. In particular,
perovskites have been of great interest as a potential top cell
material, demonstrating marked advancements in achieving
high-efficiency solar cells with bandgaps appropriate for tandem
architectures.4−12 However, Si, CdTe, CIGS, and III−Vs are
the only technologies that have demonstrated the 25+ year

lifespans necessary for commercial deployment;13−18 note that
III−Vs grown on III−V substrates have not yet been proven to
be cost-effective for terrestrial applications. The recent
resurgence of research on III−V/Si tandems19−28 offers the
promise of both long-term device stability and high efficiency,
leveraging the vast PV knowledge base of both Si and III−V
multijunction technologies. A III−V multijunction approach
enables bandgap (Eg) tuning of each junction to more
effectively utilize the entire solar spectrum. With a 1.6−1.8
eV top cell, III−V/Si tandems can achieve a theoretical
efficiency of 37−44% under AM1.5G illumination, surpassing
that of 1J Si devices by ∼10% absolute;29,30 the range in
theoretical efficiency stems from the difference in modeling
assumptions used.
Direct, monolithic growth of III−Vs on Si allows for the use

of large-area, low-cost Si substrates and a simplified integration

Received: June 23, 2017
Accepted: July 26, 2017
Published: July 26, 2017

Letter
http://pubs.acs.org/journal/aelccp

© XXXX American Chemical Society 1911 DOI: 10.1021/acsenergylett.7b00538
ACS Energy Lett. 2017, 2, 1911−1918

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher. 

http://pubs.acs.org/journal/aelccp
http://dx.doi.org/10.1021/acsenergylett.7b00538
http://pubs.acs.org/action/showImage?doi=10.1021/acsenergylett.7b00538&iName=master.img-000.jpg&w=239&h=103


process and scale-up for modules, all of which can contribute
toward reduced cost compared to wafer bonding and four-
terminal designs.31 As 1.6−1.8 eV III−V materials are all lattice-
mismatched to Si, monolithic growth requires a metamorphic
graded buffer to control the formation of mismatch-induced,
performance-hindering dislocations; due to the ease of bandgap
tuning with a metamorphic approach, even higher efficiency 3+
junction devices are also possible. GaAsyP1−y is an ideal material
for the top cell given its direct and tunable Eg in the range
suitable for III−V/Si tandems. GaAsyP1−y additionally benefits
from the minimal lattice-mismatch between GaP and Si and the

transparent compositional grading pathway from GaP to 1.7 eV
GaAsyP1−y, enabling the use of GaP/Si as a growth template.
While direct growth of polar GaP on nonpolar Si is

challenging, defect-free GaP on Si has been demonstrated in
recent years.32−36 This has enabled research into both 1J 1.7 eV
GaAsyP1−y top cells grown on GaP/Si templates as well as
tandem devices utilizing an active Si bottom cell. Current state-
of-the-art top cells lie between 6.9 and 12.0%37−41 efficiency,
whereas monolithic GaAsyP1-y/Si tandems are only slightly
higher at 8.7−13.1%.27,40 approximately 1/3 of the necessary
efficiency for cost-competitive III−V/Si tandems.31 The

Figure 1. (a) Schematic of our 1J GaAsP solar cell on an inactive GaP/Si template. (b) LIV, (c) EQE (solid) and IQE (dot−dash), and (d)
reflectance results for the 1J GaAsP/Si solar cell before (black) and after (green) ARC deposition. In (d), measured reflectance values (solid)
are compared to modeled values (dashed) based on known optical constants for ARC materials and measured optical constants for nominally
similar GaAsP and InAlP compositions. (e) Simulated (red) compared to measured (black) IQE of the record cell. The AR-coated LIV in (b)
and EQE in (c) were certified by the National Renewable Energy Laboratory, and all other measurements were conducted in-house.
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GaAsyP1−y top cell has impeded tandem performance and
requires significant improvement to achieve the goal of low-
cost, high-efficiency PV. In particular, these devices had short-
circuit current densities (JSC) less than ∼13 mA/cm2 and large
bandgap−voltage offsets (WOC = Eg/q − VOC, where VOC is the
open-circuit voltage) of 0.55−0.70 V; realistic target values for
JSC andWOC are 19−20 mA/cm2 and 0.45−0.50 V, respectively,
for 1J 1.7 eV GaAsP on Si solar cells.
In this work, we achieve a new, certified efficiency record for

1.7 eV 1J GaAs0.76P0.24 solar cells grown on GaP/Si templates
(hereafter GaAsP/Si) of 15.3%, surpassing all previous work by
a >25% relative margin.37,41 We built upon our recent work on
controlling nucleation and glide of threading dislocations
throughout the GaAsyP1−y graded buffer,41 achieving a low
threading dislocation density (TDD) of 5.3 × 106 cm−2. Here,
we developed an optimized antireflection coating (ARC) for 1J
GaAsP/Si solar cells that reduced AM1.5G-weighted average
reflectance from 28.7 down to 3.2%; this reduction in
reflectance enhanced JSC from 13.0 to 17.0 mA/cm2 through
an ∼18% absolute improvement in external quantum efficiency
(EQE) across all absorbed wavelengths. We discuss our results
in the context of the field by comparing projected efficiencies of
our cell in conjunction with state-of-the-art Si devices using the
novel concept of spectral efficiency.42 We show for the first
time that GaAsP cells achieve sufficiently high performance to
increase the power conversion efficiency when cascaded with
state-of-the-art Si solar cells. To further illustrate the feasibility
of achieving high tandem efficiency, we demonstrate a Si
bottom cell with a GaAsP optical filter grown on top that
attains an efficiency of 6.3%. Numerical simulations of our
device results reveal realistic pathways toward enhancing the
performance of future devices to achieve 20%-efficient top cells
and 30% III−V/Si tandems,31 a crucial step toward the
commercialization of low-cost, high-efficiency PV.
Solar Cell Results. We grew the solar cell materials using

molecular beam epitaxy (MBE) with a structure schematically
represented in Figure 1a. In lattice-mismatched materials, such
as those used in this work, threading dislocations are a primary
contributor to nonradiative recombination. If not properly
controlled, TDD can grow to values > 107 cm−2, which can
detrimentally affect VOC.

43,44 As device TDD depends heavily
on dislocation nucleation and glide kinetics, we recently
investigated MBE growth conditions for the initial relaxed
GaP buffer layer and GaAsyP1−y graded buffer.41 As a result of
those studies, we discovered an optimal growth window that
enables TDD values as low as 4.0 × 106 cm−2. As can be seen in
the device results in Figure 1b−d and Table 1, the as-grown,
non-AR-coated solar cell achieved an efficiency of 11.77%,
comparable to results that we published recently.41

Among JSC, VOC, and the fill factor (FF), JSC offers the
greatest potential for further improvements in efficiency, given
that the JSC of ∼13.2 mA/cm2 is over 40% less than the
semiempirical limit of 22.5 mA/cm2. To this end, we
implemented an optimized ARC onto our device, which had

not been done for previously published GaAsP/Si
cells.19,27,37−41,45 As the metamorphic materials used in this
work are uncommon, we first characterized the refractive
indices and extinction coefficients of individual layers of GaAsP
and InAlP (Figure S1) using spectroscopic ellipsometry. We
then designed an optimal dual-layer ARC of 29.4 nm ZnS/81.4
nm MgF2 that reduced AM1.5G-weighted average reflectance
from the bare cell from 28.7 down to just 3.2% in the relevant
wavelength range of 350−750 nm (Figure 1d) for the top cell.
Slight differences in the compositions of GaAsP and InAlP
measured for optical constants from those in the device
structure account for the minor differences in modeled versus
measured reflectances in Figure 1d. Table 1 and Figure 1b
illustrate the 1.3× improvement in JSC due to the incorporation
of this optimal ARC, along with a WOC value of 0.525 V. The
success of this ARC yielded improved EQE across wavelengths
greater than 400 nm (Figure 1c), boosting efficiency to 15.33%;
the shift in band edge seen in the EQE measured before and
after ARC is believed to arise from a difference in wavelength
calibration between the two different EQE systems with which
these measurements were taken (in-house and certified at
NREL). The lighted current−voltage (LIV) and EQE of our
device with an ARC presented in Figure 1b,c and Table 1 was
certified by the National Renewable Energy Laboratory.
We performed simulations using Silvaco TCAD Atlas to gain

new insight into the relationship between TDD and device
performance of GaAsP/Si solar cells. Emitter (Lp) and base
(Ln) minority carrier diffusion lengths (lifetimes, τ) were found
to be 52 nm (15 ps) and 1370 nm (400 ps), respectively
(Figures 1e and S2 and Table 2). For comparison, the IQE data

of devices published in 201338 and 201439 were also simulated
(Figure S3). The base Ln in this work greatly surpasses that of
previous studies38,39 by 2−3× due to the significant reduction
in TDD. As is evident in Table 2, we have demonstrated
significant progress in improving material quality, a fundamen-
tal challenge that has greatly hindered device performance in
recent years.
To complement our top cell results, we developed a Si

subcell that has undergone high-temperature III−V growth,
utilizes GaP as a front-side electron contact, and is optically
filtered by GaAsP, as would be the case in a realistic tandem
architecture. The device was measured with a nonoptimized
110 nm SiNx ARC (Figure 2) and attained an uncertified
efficiency of 6.25% (∼4−8% relative error), with JSC = 19.5

Table 1. Device Parameters of the Hero 1J GaAsP/Si Solar Cell before and after ARC Deposition

Voc (V) Jsc (mA/cm2) FF (%) η (%)

without ARC (in-house)a 1.15 13.15 77.80 11.77
with ARC (in-house)b 1.16 18.03 78.49 16.42
with ARC (certified)c 1.1569 ± 0.2% 17.018 ± 2.2% 77.85 ± 0.4% 15.33 ± 2.2%

aMeasured 3 weeks after initial growth. bMeasured 17 months after initial growth. cMeasured 5 months after initial growth. Uncertainties are relative
and were reported by third-party certification.

Table 2. Simulated Base Minority Carrier Diffusion Lengths
and Lifetimes (Ln, τn) and Measured TDD of Solar Cells
Published in 2013,38 2014,39 and in This Work

year Ln (nm) τn (ps) TDD (cm−2)

2013 552 65 9.20 × l06

2014 631 85 7.78 × l06

this work 1370 400 5.25 × l06
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mA/cm2, VOC = 0.503 V, and FF = 63.7%. The VOC value is
comparable to that in prior work on III−V-filtered Si bottom
cells27,40,46−48 and is indicative of degraded lifetimes from III−
V growth;49,50 while no wafer backside protection was
employed in this work, protecting the backside of the Si prior
to III−V growth could help mitigate lifetime degradation, as has
been previously shown to enable VOC values of up to 0.632 V.

26

The limited infrared response results from the nonoptimized
wafer thickness (775 μm in this work compared to typical 180
μm-thick Si solar cells51) and lack of rear surface
passivation52,53 and could be improved upon in future work.
The nonoptimized wafer thickness in conjunction with the low
p-doping level in the Si substrate and concomitant high
substrate resistivity of 8−12 Ω−cm (compared to typical 1−2
Ω−cm in diffused Si solar cells51) likely contributes to the large
series resistance in our device; while it has not yet been
investigated, the GaP electron contact could potentially impact
device series resistance, as well. Given that the GaAsP optical
filter layer utilized on this cell is thinner than would be used in
a tandem architecture, the Si bottom cell EQE would be
reduced between 600 and 730 nm in a tandem due to
absorption in the top cell with concomitant reductions in JSC
and efficiency. The combination of this optically filtered Si
bottom cell with our best GaAsP top cell has the potential to
achieve a four-terminal tandem efficiency of 19.9−22.3%, where
higher values can be approached with an excellent broad-band
ARC, as calculated using spectral efficiency (see the calculation
description in the Supporting Information).42

Perspective on State-of-the-Art III−V/Si Tandems. The current
best monolithic tandem GaAsP/Si device has an efficiency of
13.1%,27 while our top cell alone is 2% absolute higher. In order
to realistically project the potential impact of our GaAsP cell in
a Si-based tandem, we employ the recently proposed empirical

construct of spectral efficiency.42 Spectral efficiency is defined
as the power conversion efficiency of a solar cell resolved by
wavelength. This spectrum is calculated using a solar cell’s VOC,
FF, and JSC(λ), the latter of which is a function of the EQE(λ)
or internal quantum efficiency [IQE(λ)] and spectral
irradiance;42 EQE- and IQE-based spectral efficiencies shall
hereafter be referred to as external and internal spectral
efficiency (ESE and ISE). A proposed tandem device’s
maximum power conversion efficiency for any combination of
subcells can be computed by summing the integrated subcells’
spectral efficiencies, weighted by the fraction of light at each
wavelength that reaches each subcell (see the Supporting
Information).42 In order for a Si-based tandem to achieve
higher efficiency than a Si cell alone, the spectral efficiency of
the top cell must exceed that of Si for photons with energy >
Eg,top cell. The strength of the spectral efficiency concept is that it
allows one to unambiguously determine if integrating a given
top cell with Si is worthwhile. In addition, for a given top cell,
the potential tandem efficiency can be estimated for a range of
Si bottom cell technologies.
In Figure 3, we plot the ISE and ESE of our record GaAsP

top cell, our recently published uncoated GaAsP cell,41 Geisz’s
past 9.8% record GaAsP cell,37 and the current best Si cell that
has undergone III−V growth.26 As ISE eliminates the effects of
reflection and thus allows for comparisons between devices
with and without ARCs, the significant improvement in
material quality and device performance in our cell becomes
quite evident when comparing Geisz’s and our cell’s ISEs.
Another key attribute of this figure is that our GaAsP cell’s ISE
lies far above that of Feifel’s Si cell for wavelengths lower than
our top cell bandgap. This additionally holds true when
comparing our GaAsP ESE with that of one of the best
monocrystalline Si cells54 (not shown); our device’s ESE

Figure 2. (a) Schematic of the 1J Si subcell grown on the same GaP/Si template as that used as a substrate for the certified GaAsP solar cell.
This Si solar cell is optically filtered through an n-GaAsyP1−y graded buffer meant to simulate the optical and growth conditions that would be
experienced by a Si cell in a tandem architecture. (b) LIV and (c) IQE (red, solid), EQE (black, solid), and reflectance (black, dotted) results
for the SiNx-coated 1J Si solar cell.
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exceeds that of previous record 1J Si cells by ≳7% absolute in
the range of 400−700 nm. From this, we can conclude that our
GaAsP cell is capable of providing a substantial efficiency
contribution beyond that of 1J Si devices.
This point is further illustrated in Table 3. On the basis of

the current state-of-the-art, if we were to form a four-terminal
tandem out of our record GaAsP cell reported here and one of
the best reported monocrystalline Si devices,54 this tandem
would achieve a maximum of ∼27% efficiency. While it is
encouraging that we would be just 3% (absolute) below the
target tandem efficiency of 30%, this result is overly optimistic;
given the monolithic approach, the underlying Si would utilize
different front-surface passivation than this record cell, would
face the challenge of III−V epitaxy-induced lifetime degrada-
tion,49,50 and would furthermore need to employ back surface
passivation fabrication techniques compatible with the upper
III−V layers.53 To this end, we calculated the projected tandem
efficiency for our GaAsP cell with Feifel’s result,26 which is the
best-in-class Si cell that underwent III−V growth and utilized
GaP for front-surface passivation,46,50,55−58 as would occur in a
monolithic GaAsP/Si tandem. Such a tandem would achieve a
more realistic maximum efficiency of 22.2−25.6%, where the
higher values can be approached with an excellent ARC (Table
3).
Toward a 30% III−V/Si Tandem. Leveraging the results

presented here, we performed additional simulations to better
understand the underlying limitations in these solar cells and to
determine a realistic pathway toward the target 20% top cell
and 30% III−V/Si tandem. For the current material lifetimes,
simulations showed our device design to be close to optimal in
terms of layer thicknesses (Figures S4−S6). The front metal
grid coverage was identified as one of the primary contributors
to current and efficiency losses. By reducing grid coverage from
8 to 1% and adjusting the grid geometry to be similar to that of

record devices,59,60 we can enhance JSC, VOC, and FF to 18.3
mA/cm2, 1.16 V, and 79.7%, respectively. This would improve
top cell efficiency to 16.93% in the near-term (Figure 4)
without requiring any significant improvements in material
quality.

In order to improve top cell efficiency toward 20%, the active
region material quality must be improved, as we previously
accomplished last year with a ∼2× reduction in TDD.41 We
could realistically improve the GaAsP base lifetime τn by 4× to
∼1.6 ns through a combination of reducing TDD61 down to ∼1
× 106 cm−2 and postgrowth annealing;62,63 note that in earlier
work,61 τn = 1.54 ns was attained for p-GaAs on SiGe/Si for
samples with TDD ≈ 1 × 106 cm−2. With an increased τn in
conjunction with a 4× improvement in emitter lifetime τp and
an optimal emitter (base) thickness of 30 nm (2.3 μm), we
simulate a JSC, VOC, and FF of 20.3 mA/cm2, 1.23 V, and 82.2%,
respectively. This simulated efficiency improvement up to
20.51% achieves the top cell target efficiency (Figures 4 and
S7). With the implementation of a high-performance broad-
band ARC (Figure S8), we anticipate that a ∼10% bottom cell
contribution can be realistically achieved, based on the 9.9%
contribution of Feifel’s Si subcell in the ISE-based tandem
efficiency calculation (Table 3). Given this 10% bottom cell
efficiency, along with the proposed enhancements to our
GaAsP top cell to reach 20% efficiency, we believe that this
Letter paves the way for a monolithic 30% GaAsP/Si tandem.
In parallel to the above improvements, future research should
also focus on demonstrating high-efficiency cells with larger
areas.
Through the implementation of an optimized ARC in

conjunction with our recent developments in material quality
and device design, we have achieved a certified 15.3%-efficient
1J GaAsP/Si solar cell. Our work greatly surpasses all previous
records, demonstrating significant progress toward a high-

Figure 3. Internal (dashed) and external (solid) spectral efficiency
(ISE and ESE, respectively) of this work (black) compared to our
past work41 (gray), Geisz’s cell37 (red), and the best Si cell that has
undergone III−V growth26 (blue).

Table 3. Projected Tandem Efficiencies of Various GaAsP Top Cells with Feifel’s Si Subcell and Their Respective Efficiency
Contributions Based on Internal and External Spectral Efficiency

projected tandem
efficiency with Feifel’s Si

(%)
ESE subcell efficiency
contribution (%)

ISE subcell efficiency
contribution (%)

GaAsP top cell fraction of detailed balance efficiency (%) ESE ISE GaAsP Si GaAsP Si

Geisz et al.37 34.1 17.01 21.60 9.78 7.23 11.97 9.63
our recent work in 201641 40.2 18.95 25.58 11.51 7.44 15.68 9.90
this work 52.3 22.24 25.58 15.01 7.23 15.68 9.90

Figure 4. Realistic pathway toward a target 20%-efficient top cell for
a 30% III−V/Si tandem.
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efficiency, cost-competitive III−V/Si tandem. As expected, our
devices are stable, having been certified after 5 months of
storage in ambient conditions following device growth and
remeasured with comparable performance ∼1.5 years after
growth (Table 1). In addition, we demonstrated an
unoptimized Si bottom cell that we expect to deliver at least
4.6% additional efficiency in a tandem configuration. Using the
novel construct of spectral efficiency, we project that our device
in tandem with the best Si subcell that has undergone III−V
growth could achieve 25.6% efficiency, nearly double that of
current GaAsP/Si tandems. Using the cell reported here as a
starting point, simulations outline a realistic pathway toward
20% top cell efficiency. Through optimization of the top metal
grid, followed by feasible enhancements to GaAsP material
quality in conjunction with a 10% bottom Si cell, a monolithic
30% GaAsP/Si tandem can be achieved.
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Figure S1. Measured n and k optical coefficients for InAlP and GaAsP. Optical coefficients for 

slightly different compositions of InAlP and GaAsP were reported by Conrad, et al.
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Spectral Efficiency Calculations. In calculating tandem efficiencies from spectral efficiency, 

one must assume a particular spectral fidelity for each cell, which is defined as the fraction of 

incident light that reaches a given subcell as a function of wavelength. For simplicity of 

calculation, in this work, we do not apply the constraint of tandem current limiting, but instead 

assume that a beam splitter couples both cells in a four-terminal configuration, as described 

elsewhere.
2
 In the calculation of projected tandem efficiencies in Table 3, EQEs of both top and 

bottom subcells were used for the “ESE” column, and IQEs of both subcells were used for the 

“ISE” column. EQE and IQE data of all previously published devices for spectral efficiency 

calculations were digitized from their respective references.  
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Figure S2. Simulation (red) compared to measured (black crosses) LIV of our record cell.  
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Figure S3. Simulation (red) compared to measured (black crosses) IQE for previously published 

1J GaAsP cells from 2013
3
 (left) and 2014

4
 (right). Differences between simulations and 

measurements are due to inaccuracies in optical constants for InGaP window layer compositions 

used in these solar cells.  
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Figure S4. Simulation of our 1J GaAsP solar cell efficiency as a function of GaAsP base 

thickness, given a τn of 0.4 ns, and additionally assuming a grid coverage of 1%. 
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Figure S5. Simulation of our 1J GaAsP solar cell efficiency as a function of GaAsP emitter 

thickness, given a τp of 15 ps, and additionally assuming a grid coverage of 1%. 
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Figure S6. Simulation of our 1J GaAsP solar cell efficiency as a function of InAlP window layer 

thickness, given a window layer τp of 0.01 ps, and additionally assuming a grid coverage of 1%. 
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Figure S7. Simulation of our 1J GaAsP solar cell EQE with each successive improvement 

discussed in Figure 4 in main text: measured (black crosses), reduced grid coverage from 8% to 

1% (red), improved GaAsP emitter thickness from 50 nm to 30 nm and τp from 15 ps to 60 ps 

(blue), and improved GaAsP base thickness from 1.5 µm to 2.3 µm and τn from 0.4 ns to 1.6 ns 

(green). 

 

Future ARC Considerations for GaAsP/Si Tandems. A re-designed ARC will be necessary to 

realize a high-efficiency tandem in a commercial manufacturing environment. Our ARC is 

optimized for energies greater than Eg, GaAsP using ZnS and MgF2. MgF2 is not often used 

commercially due to the potential variability in its optical constants
5
; our ARC, however, showed 

no noticeable change in performance in the two months stored in ambient conditions between 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted 
manuscript. The published version of the article is available from the relevant publisher. 



6 

 

deposition and device certification. To circumvent this potential challenge, a similarly high-

performing ARC could be developed for a monolithic GaAsP/Si tandem optimized for energies 

greater than Eg, Si = 1.12 eV with more commercially utilized materials, such as TiO2 and Al2O3 

(Figure S8). Our preliminary optimization of a 4-layer TiO2/Al2O3 ARC predicts an AM1.5G-

weighted average reflectance of 2.3% in the relevant wavelength range of 350-1110 nm; while 

the AM1.5G-weighted average reflectance of this 4-layer ARC is slightly less than that of our 

deposited 2-layer ARC, the latter was optimized for our cell’s specific EQE, while this 

preliminary 4-layer TiO2/Al2O3 ARC was coarsely refined to minimize average reflectance as a 

proof of concept. 
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Figure S8. Measured reflectance of the 2-layer ZnS/MgF2 ARC optimized for our record 1J 

GaAsP device (green crosses) compared to the simulated 4-layer TiO2/Al2O3 ARC (blue) 

preliminarily optimized to minimize average reflectance for energies greater than Eg, Si for a 

GaAsP/Si tandem. 
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Experimental Methods 

Growth. Our solar cell materials were grown in a Veeco Mod GEN II solid source 

molecular beam epitaxy system which was equipped with Al [United Mineral & Chemical Corp 

(UMC), 99.99995% (6N5) pure, ALR610I1335], Ga (UMC, 7N pure, GA725), In (UMC, 7N 

pure, IN710A), As (UMC, 7N5 pure, A8EP385), and P (UMC, 7N pure, YC2014-0022) sources 

and Si (Atomergic Chemetals Corp., 6N pure, SI-0456) and Be (Materion, 4N pure, 356990 

000010) dopants, as described elsewhere.
3, 6

 Valved As and P sources were thermally cracked 

into dimer beam fluxes. Auxiliary ionization gauges were used for real-time monitoring of the 

anion flux ratio during growth. Our devices were co-grown on cleaved pieces of bulk GaP 

(ITME, Warsaw, Poland) and GaP/Si templates (NAsPIII-V GmbH, Marburg, Germany). These 

templates, described elsewhere
6, 7

, consist of a built-in epitaxial silicon p-n junction, followed by 

a pseudomorphically strained 40 nm n-GaP layer (Figures 1a and 2a) grown on a 300 mm 

Czochralski p-Si substrate. The exact (001) Si substrate was 775 µm thick and lightly boron-

doped (~2×10
15

 cm
-3

, 8-12 Ω-cm). The epitaxial 200 nm phosphorus-doped n-Si emitter and 40 

nm n-GaP window layer of the GaP/Si templates had doping levels of 3×10
18

 cm
-3

 and 3×10
19

 

cm
-3

, respectively (Figure 2a). These GaP/Si templates were cleaved into smaller pieces prior to 

III-V MBE growth. Before loading into the MBE, the GaP/Si templates were pre-cleaned for 5-7 

seconds in 1:2:2 HNO3:HCl:H2O. Prior to growth, substrates underwent a 7 hr 200°C bake to 

remove water from the surface, followed by a shorter ~2 hr 300°C bake to remove hydrocarbons 

and any remaining water. Lastly, substrates were baked for 20 min at 640°C under a P2 

overpressure to remove surface oxides prior to epitaxial growth. 

 The pseudomorphically strained GaP was relaxed through the growth of a 500 nm GaP 

buffer layer using optimized growth conditions.
6
 To grade to the required composition, a 
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GaAsyP1-y graded buffer (Figures 1a and 2a) was grown with 130 nm-thick steps at 1 μm/hr, 0.80 

% misfit/μm, 600°C, and with V/III ratios ranging from 10 to 30. The GaAs0.76P0.24 solar cell was 

grown at 1 μm/hr, V/III≈20, and 575°C. In0.34Al0.66P window and In0.36Ga0.64P back surface field 

(BSF) layers were used to clad the active region of device for surface & interface passivation; 

these layers were grown at 0.4 μm/hr and 460°C with a V/III ratio of 18. The MBE-grown n-GaP 

buffer and n-GaAsP graded buffer on the Si device (Figure 2a) both utilized a 5×10
18

 cm
-3

 

doping level. 

Fabrication. Solar cells were fabricated in a cleanroom using common photolithography, 

wet-etching, and e-beam evaporation techniques. Acetone (KMG, 99.5% pure, 200400) and 

isopropyl alcohol (KMG, 99.5% pure, 200440) were used to clean the semiconductors. 

Photolithography was performed with positive Shipley S1813 and image reversal AZ 5214 

resists and Shipley Microposit MF319 developer using a Laurel WS-400 6NPP spinner and EVG 

620 Contact/Proximity Mask Aligner. Device mesa area of the GaAsP top cell was defined by 

wet chemical etching past the InGaP back surface field layer using a 2:1:50 ammonium 

hydroxide (J. T. Baker, 28.6% NH4OH, JT-9721-06):hydrogen peroxide (J. T. Baker, 30-32% 

H2O2, JT-2204-01):deionized water solution for arsenide and mixed anion layers. Concentrated 

hydrochloric acid (Macron Fine Chemicals, 36.5-28.0% HCl, 2515-46) was used to etch 

phosphide layers. Device area of the 1J Si bottom cell was defined by an optical aperture and 

was diced for isolation from the as-fabricated sample.  

 Metallization was performed via lift-off of e-beam evaporated metal stacks. On the 

GaAsP device, a Denton Infinity 22 E-Beam Thermal Evaporation System was used to deposit 

nominal metal stack thicknesses of 100 nm AuGe (88/12 wt%, Kurt J. Leskar, 4N pure, 

EVMAUGE40EXE) / 20 nm Ni (Kurt J. Leskar, 4N5 pure, EVMNI45EXEB) / 100 nm Au (Kurt 
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J. Lesker, 5N pure, EVMAUXX50G) for contacts to n-type layers and 10 nm Cr (Kurt J. Lesker, 

3N5 pure, EVMCR35D) / 200 nm Au for p-type layers. Two top contacts were placed at the 

planes of the n-GaAs and p-GaAsP layers that sandwich the solar cell clads; these two layers are 

highly doped (n0 = p0 = 1×10
19

 cm
-3

) to facilitate contact formation. On the Si bottom cell, 200 

nm of Al was deposited on the backside of the wafer (Temescal Six Pocket E-Beam Evaporation 

System) and was annealed at 700°C for 10 min under an N2 flow rate of 500 sccm to form a 

BSF; no back surface passivation was employed prior to MBE growth.
8
 The Si cell was not 

textured (Figure 2a). The bottom metal stack with nominal thicknesses of 20 nm Ni / 50 nm Au 

was deposited on the Al BSF using a CHA SEC-600 E-Beam Evaporator; an identical top metal 

contact as was used on the GaAsP top cell was deposited onto the top-most n-GaAsP contact 

layer of the Si bottom cell (Figure 2a). The GaAsP ARC was thermally evaporated (NRC Varian 

3115 Vacuum Deposition System) with measured thicknesses of 29.4 nm ZnS (Materion, 4N 

pure, Z-2028) / 81.4 nm MgF2 (Materion, 5N pure, M-2010); metal contacts on the GaAsP cell 

were protected from ARC deposition for device contacting via photolithography and lift-off. The 

bottom cell ARC of 110 nm SiNx was deposited via plasma-enhanced chemical vapor deposition 

(STS Mesc Multiplex PECVD). 

Characterization. The GaAsP solar cell prior to ARC deposition and the Si solar cell 

both before and after ARC deposition were measured as follows. LIV was taken under 

approximate AM1.5G illumination conditions (ABET Technologies 10500 solar simulator) and 

EQE measurements were performed in a PV Measurements QEX7 system; the specular 

reflectance measurements of the Si solar cell were taken on the QEX7 as well. The bandgap was 

determined from the cut-off wavelength of the EQE.
9
 TDD was determined via electron beam-

induced current (EBIC) mapping in a FEI XL 30 scanning electron microscope with accelerating 
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voltages of 10.5-12.5 kV. X-ray reciprocal space mapping (Rigaku SmartLab) confirmed 

material compositions and that our cells exhibited strain relaxation greater than 95% at 300 K. 

 Specular reflectance measurements of the GaAsP device were taken before and after 

ARC deposition on a custom-built tool under chopped, monochromatic light for the 

determination of IQE and an optimal ARC design. Optical constants for InAlP and GaAsP of 

nominally similar compositions to those used in our solar cell designs were determined by 

spectroscopic ellipsometry (J.A. Woollam, ESM-300). ARC modelling was conducted using 

TFCalc. Numerical 2D simulations of device results were computed using Silvaco TCAD Atlas. 

 The LIV and EQE of our record-efficiency AR-coated GaAsP on GaP/Si solar cell were 

third-party certified by the PV Performance Characterization Team at the National Renewable 

Energy Laboratory. LIV was measured using an ABET solar simulator with an intensity set 

using a spectroradiometer, primary reference cells, and spectral mismatch correction factors for 

the AM1.5G spectrum. EQE was measured on a grating monochromator system. Device area of 

our Si cell was nominally 0.1225 cm
2
 and that of our certified GaAsP top cell was measured as 

the mesa area, as viewed under a Nikon NEXIV VMR-3020-LU microscope, which was found to 

be 0.03915 cm
2
 ± 0.3%. 
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