DE GRUYTER

Energy Harvesting and Systems 2014; 1(3-4): 121-145

Special Issue Article

Nikhil Jain and Mantu K. Hudait*

llI-V Multijunction Solar Cell Integration with
Silicon: Present Status, Challenges and Future

Outlook

Abstract: Achieving high-efficiency solar cells and at the
same time driving down the cell cost has been among the
key objectives for photovoltaic researchers to attain a
lower levelized cost of energy (LCOE). While the per-
formance of silicon (Si) based solar cells have almost
saturated at an efficiency of ~25%, III-V compound semi-
conductor based solar cells have steadily shown perfor-
mance improvement at ~1% (absolute) increase per year,
with a recent record efficiency of 44.7%. Integration of
such high-efficiency III-V multijunction solar cells on
significantly cheaper and large area Si substrate has
recently attracted immense interest to address the future
LCOE roadmaps by unifying the high-efficiency merits of
III-V materials with low-cost and abundance of Si. This
review article will discuss the current progress in the
development of III-V multijunction solar cell integration
onto Si substrate. The current state-of-the-art for III-V-
on-Si solar cells along with their theoretical performance
projections is presented. Next, the key design criteria and
the technical challenges associated with the integration
of III-V multijunction solar cells on Si are reviewed.
Different technological routes for integrating III-V solar
cells on Si substrate through heteroepitaxial integration
and via mechanical stacking approach are presented. The
key merits and technical challenges for all of the till-date
available technologies are summarized. Finally, the pro-
spects, opportunities and future outlook toward further
advancing the performance of III-V-on-Si multijunction
solar cells are discussed. With the plummeting price of Si
solar cells accompanied with the tremendous headroom
available for improving the III-V solar cell efficiencies,
the future prospects for successful integration of III-V
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solar cell technology onto Si substrate look very promis-
ing to unlock an era of next generation of high-efficiency
and low-cost photovoltaics.
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Introduction and motivation

[II-V compound semiconductor based multijunction
solar cells have been the most successful technology for
delivering the highest photovoltaic conversion efficiency
for space power applications. In spite of achieving the
highest conversion efficiency among all the competing
photovoltaic technologies, their expensive cost has been
the biggest impediment in their large-scale deployment
for terrestrial applications. The performance of single-
junction (1) Si solar cells has almost saturated at ~25%,
with the most recent accomplishment of 25.6% efficiency
taking more than 15 years for an absolute 0.6% improve-
ment in efficiency (Green et al. 2014). Interestingly, III-V
solar cells have steadily shown performance improve-
ment at ~1% (absolute) increase in efficiency per year,
with the most recent world record efficiency of 44.7% at
297 suns for a four-junction III-V solar cell (Bett et al.
2013). However, the dominance of silicon solar cells and
their plummeting prices in the recent years have made it
challenging for high-efficiency III-V solar cells to make a
strong commercial impact.

One of the most significant cost contributors to the
bill of materials for III-V solar cells is the cost of the
starting substrate. Typically, GaAs or Ge substrates are
used for III-V multijunction solar cell growth, which are
not only smaller in diameter but are also significantly
more expensive than the Si substrate. Successful integra-
tion of III-V solar cells on Si substrate can offer a great
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promise for lowering the future levelized cost of energy
(LCOE) by unifying the high-efficiency merits of the III-V
materials with the low-cost and abundance of the Si
substrate. In addition to the substantial cost benefits
associated with the larger area, and low-cost of Si sub-
strate, Si also offers higher thermal conductivity and
superior mechanical strength in comparison to GaAs or
Ge substrates. III-V multijunction solar cell integration
on Si substrate could potentially use the starting Si sub-
strate as an active bottom subcell or perhaps just as an
inactive starting template. With a bandgap of 1.12 eV, Si
substrate is a better bottom cell candidate in comparison
to Ge substrate (bandgap — 0.67 eV) for integration with
standard dual-junction (2J) InGaP/GaAs based multijunc-
tion solar cells in regard to current-matching (Derendorf
et al. 2013). Such triple-junction (3]) InGaP/GaAs//Si solar
cells (monolithically or mechanically stacked) are likely
to be the quickest path for high-efficiency II-V-on-Si
solar cells (Green 2014) with theoretically efficiency in
excess of 40% at AM1.5g and AM1.5d (Derendorf et al.
2013; Yang et al. 2014). A recent study has revealed that
transitioning from a 4” Ge substrate to a 8” Si substrate
would correlate to about 60% reduction in cost for
multijunction solar cells (D’Souza et al. 2011). When uti-
lizing Si as an inactive starting template, III-V-on-Si
technology could leverage commercially available sub-
strate re-use techniques such as spalling (Shahrjerdi
et al. 2012) and epitaxial lift-off (Tatavarti et al. 2010) to
explore additional cost savings schemes. The research on
integrating III-V compound semiconductor materials on
Si substrate for photovoltaic application was initiated in
1980s. However, the complexity associated with the
material growth, reliability and reproducibility led to
decline in the research for III-V-on-Si solar cells in the
late 1990s. In the last 5-6 years, III-V-on-Si solar cell
research has re-gained attention pertaining to the
research on new metamorphic buffer approaches, wafer
bonding and mechanical stacking techniques. With the
declining cost of Si combined with the impressive head-
room available for improving the performance of III-V
solar cells, future prospects for successful integration of
III-V solar cell technology onto Si substrate look very
promising.

This review article will first discuss the current state-
of-the-art for III-V-on-Si solar cells and the theoretical
performance projections for III-V-on-Si solar cell technol-
ogy. Next, the key design criteria and the technical chal-
lenges associated with integrating III-V multijunction
solar cells on Si are summarized. Thereafter, in-depth
discussion on various technological routes for integrating
III-V solar cells on Si substrate through heteroepitaxial
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integration and through mechanical stacking is pre-
sented. Next, the key merits and technical challenges
for all of the till-date available technologies are reviewed.
Finally, the prospects, opportunities and future outlook
toward further advancing the performance of III-V-on-Si
multijunction solar cells are presented.

Design criteria and challenges

There are two key approaches for integrating III-V multi-
junction solar cells on Si substrate: (i) heteroepitaxial
growth (or monolithic) and (ii) mechanical stacking
(and wafer bonding). The terms mechanical stacking
and wafer bonding will be used interchangeably in this
article. The following section reviews the key design cri-
teria and technical challenges associated with both of
these integration approaches.

Heteroepitaxial approach for IlI-V-on-Si
integration

Heteroepitaxial integration approach is believed to be a
very promising path to integrate high-efficiency III-V
solar cells onto Si substrate owing to the utilization of
single substrate and single epitaxial process. Lattice-
matched 2] InGaP/GaAs solar cells have been the key
building block for today’s most efficient 3] and quadruple
junction (4]) III-V solar cells, with GaAs being predomi-
nantly used as the starting substrate. Hence, integration
of GaAs-on-Si substrate was the initial and the natural
choice for realizing a “GaAs-on-Si” virtual platform for
the subsequent multijunction solar cell growth (Vernon et
al. 1986; Yamaguchi et al. 1988; Soga et al. 1995). More
recently, approaches involving metamorphic graded buf-
fers such as GaAsP and SiGe have gained a lot of atten-
tion for III-V/Si tandem solar cells (Grassman, Carlin,
and Ringel 2010; Andre et al. 2005; Dimroth et al. 2014;
Diaz et al. 2014; Yaung, Lang, and Lee 2014). Additional
heteroepitaxial integration approaches, which in compar-
ison to the previously mentioned techniques have been
less extensively explored, include — (i) lattice-matched
dilute nitride (GaAsPN) solar cells on Si substrate (Geisz
et al. 2005; Almosni et al. 2013; Yamane et al. 2014) and
(ii) lattice-mismatched InGaN based solar cells (Ager et
al. 2008; Brown et al. 2010; Tran et al. 2012) on Si sub-
strate. The most critical challenges associated with het-
eroepitaxial integration of III-V materials on Si substrate
are highlighted as follows:
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(i) Growth of lattice-mismatched III-V materials
on Si substrate

The 4% lattice-mismatch between GaAs and Si makes the
direct epitaxy of GaAs on Si extremely challenging, result-
ing in the formation of defects and dislocations such as
threading dislocations and misfit dislocations. Such defects
and dislocations have a detrimental impact on the minority
carrier lifetime and hence the solar cell performance. The
most noteworthy techniques which have been employed for
direct GaAs epitaxy on Si to reduce the threading disloca-
tion density (TDD) include (i) the thermal-cycle annealing
(TCA) (Yamaguchi, Nishioka, and Sugo 1989; Yamaguchi
1991) and (ii) the low temperature and low growth rate
process during the initial GaAs nucleation on Si (Vernon
et al. 1986; Tran et al. 2012; Yamaguchi, Nishioka, and Sugo
1989; Yamaguchi 1991; Bolkhovityanov and Pchelyakov
2008). Growing thicker GaAs buffers has also been shown
to facilitate dislocation reduction (Vernon et al. 1986) but
adds to the overall cost and time of the epitaxial process.
Additionally, thin strained layers (SLs) and superlattices
introduced into the bulk GaAs buffer have been shown to
facilitate the annihilation of TDs and minimize the disloca-
tion propagation into the active layers of interest. Such an
approach led to one of the highest efficiencies for hetero-
epitaxial 1J GaAs-on-Si solar cells (Ohmachi et al. 1988;
Yamaguchi 2014). More recent approaches involve the
growth of metamorphic graded buffers (e.g. SiGe, GaAsP)
to bridge the lattice constant between the Si and GaAs (or
GaAsP) (Grassman, Carlin, and Ringel 2010; Andre et al.
2005; Dimroth et al. 2014; Diaz et al. 2014; Yaung, Lang, and
Lee 2014). One of the most successful approaches in regard
to dislocation reduction has been the utilization of graded
SiGe buffers; however, such buffers are very thick, and their
low bandgap precludes the use of the Si substrate as an
active bottom cell. The larger bandgap of GaAsP buffers
could circumvent the problem of utilizing the Si substrate
as an active subcell. Among the various heteroepitaxial
approaches employed for III-V-on-Si epitaxy, the SiGe
graded buffer (Andre et al. 2005) and the direct GaAs on
Si epitaxial approach involving SL superlattices (SLSs)
(Yamaguchi, Nishioka, and Sugo 1989) have reported
the lowest TDD ~1x10° cm™2 Further dislocation
reduction to ~1x 10° cm ™2 would enable the GaAs-on-Si
solar cells to compete with lattice-matched GaAs-on-GaAs
solar cells.

(ii) Heteroepitaxy of polar III-V materials on
non-polar Si substrate

Growth of compound semiconductors (e.g. GaAs) on monoa-

tomic semiconductors (e.g. Si, Ge) results in the formation of

antiphase domains (APDs) which are structural defects
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generated due to heteroepitaxy of polar material (GaAs) on
non-polar materials (Ge or Si). The (001) surface of Si sub-
strate consists of monoatomic steps in which Si atoms are
arranged in form of dimers oriented in perpendicular direc-
tions across two adjacent steps. During the initial stage of
GaAs-on-Si growth, the arsenic dimers follow the dimer
orientations of the underlying Si layer and orient themselves
in perpendicular directions across the adjacent steps leading
to the formation of As—As or subsequent Ga—Ga bonds,
which initiates the formation of antiphase boundaries.
Significant research has been devoted to minimize the for-
mation of APDs. Utilization of offcut Si substrates (4°-6°)
with double-layer step formation with the adjacent Si-Si
dimers in identical orientation facilitates similar trend for
the subsequent GaAs, thus minimizing the formation of
APDs (Bolkhovityanov and Pchelyakov 2008).

Thermal mismatch between III-V materials and
Si substrate

The inherent difference in the thermal expansion coeffi-
cient (5.73 x 107° °C! for GaAs and 2.6 x 107 °C™* for Si)
and the difference in the lattice-mismatch between GaAs
and Si lead to residual strain in the films and the forma-
tion of defects and dislocations through lattice strain
relaxation which could result in poor crystalline quality.
The defects and dislocations are primarily categorized into
APDs, misfit and threading dislocations, twinning and
stacking faults. One of the major concerns regarding the
thermal mismatch is the generation of microcracks in the
GaAs epitaxial layer which could pose serious problems
related to solar cell reliability besides limiting the device
area and performance. Faster sample cooling rate pro-
motes microcrack formation, hence it is extremely impor-
tant to control the cooling rate to minimize the microcrack
density. Continued investigations to better understand the
correlation between thermal mismatch and solar cell char-
acteristics would be essential to validate the reliability and
long-term robustness for GaAs-on-Si solar cells.

(iii)

(iv) Buffer design - thickness, optical transparency,
electrical conductivity and surface passivation.
An appropriate buffer selection is extremely critical for the
success of III-V-on-Si solar cells. Optically transparent and
thin buffer layers are desirable in order to utilize the starting
Si substrate as an active cell, while the electrical conductiv-
ity of the buffer becomes more important for concentrated
photovoltaic (CPV) to minimize series resistance. Most of the
metamorphic graded buffer approaches utilize a thick buffer
layer to bridge the lattice constant between the III-Vs and Si.
The lattice-matched dilute nitride buffers (GaAsPN) on Si
and direct GaAs-on-Si buffers with SLS are among the
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choices which could offer comparatively thinner heteroepi-
taxial buffers. In terms of optical transparency for active
bottom Si substrate cell, wide bandgap GaAsP graded
buffer would be a better choice than low-bandgap SiGe
buffers. Interestingly, the SiGe buffers could serve as active
bottom subcell offering bandgap and lattice constant tun-
ability to allow integration with top GaAsP subcell for tan-
dem cell designs (Diaz et al. 2014). An additional important
buffer selection criteria is to utilize a layer which would
provide a good surface passivation for the bottom Si subcell
and serve as a window layer. Thus, there are important
design trade-offs between the respective buffer selections
in relation to minimizing the dislocation density while
enabling thin and optically transparent buffers for utilizing
Si substrate as an active solar cell.

Mechanical stacking approach for IlI-V-on-Si
integration

The approach of mechanical stacking for III-V-on-Si inte-
gration can accommodate large amount of lattice-mismatch
and enable the integration of materials with ideal bandgap
combination which are free from lattice-mismatch con-
straints unlike in heteroepitaxial growth approach. The
most critical challenges associated with the mechanical
stacking approach for integrating III-V materials and solar
cell structures on Si substrate are highlighted as follows:

(i) Post-growth bonding approaches are favorable,
otherwise the bond interface would go through
the high temperature epitaxial growth process
and could potentially suffer from thermal mis-
match between the III-V materials and Si leading
to wafer bowing or cracking.

(ii) The bonding temperature must be compatible with
the III-V materials and the Si substrate.

(iii) The bonding layer should be thin and optically
transparent to allow the utilization of bottom Si
substrate as an active subcell.

(iv) For two-terminal solar cell operation under concen-

trated sunlight, it is of critical importance to realize
electrically conductive bond layers to avoid adding
series resistance.
(v) The bonding interfaces should have low surface
roughness and must be free from native oxides.
Viable III-V substrate removal and re-utilization
process with high yield and high throughput.

(vi)

In addition to the integration challenges associated with
either the heterogeneous or the mechanical stacking
approaches, the respective challenges for III-V and Si
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solar cell design are also very critical for successful
III-V-on-Si integration.

llI-V and Si solar cell design and
challenges

Si being an indirect bandgap semiconductor typically
limits the overall current when integrated in tandem
with conventional 2J InGaP/GaAs solar cells in 3] two-
terminal configuration (Derendorf et al. 2013; Yang et al.
2014; Jain et al. 2014; Garcia-Tabares et al. 2011). Hence,
the design of bottom Si subcell is extremely important for
current-matching in tandem cell design. An additional
important role of the initial III-V layer on Si is to serve
as effective window layer, allowing sufficient optical
transmission, surface passivation, majority carrier con-
duction and minority carrier reflection. Emitter formation
in the Si substrate can be challenging, and different
approaches are being explored, such as in-situ epitaxial
phosphorus diffusion (Garcia-Tabares et al. 2011), in-situ
epitaxial growth of Si emitter (Ringel et al. 2013) and
ex-situ conventional diffusion. The in-situ phosphorus
diffusion from the gas phase was found to be less intense
for optimal junction formation in Si (Ringel et al. 2013),
translating to epitaxially grown or ex-situ diffused junc-
tions being more efficient. Although, III-V/Si interface
passivation is essential for subsequent III-V epitaxial
growth, the influence of front surface recombination is
not critical for multijunction designs, since the top III-V
subcells would absorb most of the photons in the wave-
length range which is affected by the III-V/Si interface,
and only the high-wavelength photons would reach the
bottom Si subcell, hence a less severe impact on the
short-circuit current density (Js.) of Si solar cell. Thinner
Si emitters are preferred to maximize both the open cir-
cuit voltage (Vo) and Js. when the interface recombina-
tion velocity (IRV) is low, however there is a strong trade-
off between optimizing the V,. and J;. when the IRV is
high (Grassman et al. 2014). For selecting the optimal
doping in the emitter, lightly doped Si emitter maximizes
the V,. when the IRV is low, while heavily doped emitter
designs translate to higher V,. when the IRV is high (Al
Mansouri et al. 2013). The most important design criterion
for utilizing Si as an active subcell with III-V subcells in
a multijunction configuration would be to engineer the
backside of the Si substrate to enhance back surface
reflection and achieve good surface passivation because
Si subcell typically limits the current in III-V/Si tandem
cell designs (Derendorf et al. 2013; Jain et al. 2014).
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Numerical simulations reveal that a silicon nitride passi-
vation layer along with aluminum back reflector would
provide substantial boost in quantum efficiency (QE) for
higher wavelength regime of the spectrum and enable Jq.
>14 mA/cm? in the bottom Si subcell for successful inte-
gration with III-V multijunction solar cells (Martin,
Garcia-Tabares, and Rey-Stolle 2013).

In terms of the III-V solar cell designs on Si, most
crucial challenges are the reduction of TDDs and
realization of high-quality solar cell materials with band-
gap-voltage offset (W,.) close to the radiative limit of
0.3-0.4 eV. The TDs act as recombination centers for
minority carriers, thus degrading the minority carrier life-
times. Higher dislocation density more adversely affects
the V. than the J. in a solar cell. The major effect of TDs
generated due to lattice-mismatch on the V,. and fill-
factor (FF) is attributed to the increased n = 2 reverse
saturation current associated with bulk space-charge
recombination due to the reduced minority carrier life-
time (Vernon et al. 1990; Jain and Hudait 2013).
Minimizing the lattice-mismatch induced defects and dis-
locations is expected to improve the minority carrier
diffusion length and hence the overall solar cell perfor-
mance. Realization of high-quality tunnel junction is also
a major challenge for connecting new metamorphic solar
cell materials such as SiGe, GaAsP, InGaP, GaAsPN, GaPN
and InGaN for realizing tandem III-V/Si solar cells. An
additional extremely important design aspect is the reali-
zation of the current-matching condition taking into
account the impact of TDs in metamorphic multijunction
solar cells. Careful consideration of all these design chal-
lenges would be very critical for the success of III-V
multijunction solar cells on Si.
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State-of-the-art results and
efficiency projections for 11I-V-on-Si
solar cells

With the recent advancements in both heteroepitaxial
and mechanical stacking integration approaches for I1I—-
V-on-Si solar cells, 3] GalnP/GaAs//Si solar cells have
now achieved two-terminal efficiencies in excess of 27%
(AM1.5d spectrum) under concentrated sunlight (Bett et
al. 2013), with substantial headroom for further improve-
ment. The best experimental results for III-V-on-Si solar
cells are summarized in Table 1 along with the respec-
tive data for the solar cell figure-of-merits (efficiency
(n), sun concentration, V., Jsc and FF. Only two-term-
inal efficiencies are included in Table 1. A four-terminal
GaAs-Si dual-junction solar cell with an efficiency of
31% under 347-sun AM1.5d was demonstrated in 1988
(Gee and Virshup 1988). More recently, a spectral beam-
splitting system utilizing independent 2] GaInP/GaAs, a
Si and a GaSb solar cell achieved an efficiency of 34.3%
under 1-sun AM1.5d (Mitchell et al. 2001).

The state-of-the-art results for III-V-on-Si solar cells
are shown in Fig. 1 along with the projected iso-
efficiencies for series-connected 2] and 3] solar cells
under respective incident solar spectrums. The projected
efficiencies for 2] (yellow-dashes) and 3] (green-dashes)
cells assume bandgaps of 1.7/1.1 eV and 1.8/1.4/1.1 eV,
respectively (Geisz and Friedman 2002). Iso-efficiencies in
Fig. 1 were calculated assuming that the thickness of the
top junction was optimized for each bandgap combina-
tion (Kurtz et al. 1990). The efficiency numbers in red

Table 1 1lI-V on Si solar cells - state-of-the-art experimental results
Group/institution n[%] Suns V,c [Vl Jsc [mA/cm?] FF[%] Spectrum Remarks
3) Fraunhofer ISE (Bett et al. 2013; 27.9 48 3.33 614 82.9 AM1.5d  Wafer-bonding (CPV)
Derendorf et al. 2013) 20.5 1 278 8.56 86.3 AM1.5d Wafer-bonding
McMaster University (Yang et al. 2014) 25.5 1 274 11.80 79.0 AM1.5g  Direct metal interconnect
2} Fraunhofer ISE (Dimroth et al. 2014) 26.0 1 2.385 12.70 85.9 AM1.5g  Wafer-bonding
University of Tokyo (Tanabe, Watanabe, 25.2 1 1.55 27.9 58.0 Wafer-bonding
and Arakawa 2012)
Nagoya Institute (Soga et al. 1997) 21.2 1 1.57 23.6 77.2 AMO GaAs/AlGaAs buffer
Multiple (Diaz et al. 2014) 18.9 1 145 18.1 72.0 AM1.5g  SiGe buffer
Ohio State University (Lueck et al. 2006) 16.8 1 218 10.48 73.3 AM1.5g  SiGe buffer
Fraunhofer ISE (Dimroth et al. 2014) 16.4 1 194 11.20 75.3 AM1.5g  GaAsP buffer
1) Spire/NREL (Vernon et al. 1991) 21.3 200 - - - AM1.5d GaAs buffer (CPV)
NTT Japan (Ohmachi et al. 1988) 20.0 1 AM1.5g  Strained-layer superlattice & GaAs/
18.3 1 094 33.2mA  79.1 AMO AlGaAs buffer
Ohio State University (Andre et al. 2005)  18.1 1 0.973 23.8 78.1 AM1.5g 10 pm SiGe buffer
Spire/NREL (Vernon et al. 1988) 17.6 1 0.891 25.5 77.7 AM1.5 7 um GaAs buffer
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State-of-the-Art III-V-on-Si Solar Cell Efficiencies
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Figure 1 Present state-of-the-art llI-V-on-Si experimental solar ce
efficiencies for 2) and 3J solar cells under the respective spectr

Il results for AMO, AM1.5g and AM1.5d spectrums. The projected iso-
ums are shown in yellow and green, respectively. Results for both

heteroepitaxial and mechanically stacked integration approaches are shown in blue and red, respectively

represent results for III-V-on-Si mechanically stacked
solar cells, while the numbers in blue represent the
results for III-V-on-Si solar cells realized using heteroe-
pitaxial integration. Although iso-efficiency results pre-
dict efficiencies in excess of 40% for 3] III-V on Si
tandem solar cells (Derendorf et al. 2013), such analysis
typically does not take into account the indirect bandgap
of Si, the dislocation-dependent current-matching, dislo-
cation-dependent minority carrier lifetimes, surface
recombination velocities and the tunnel-junction design.
Several groups have been investigating III-V-on-Si solar
cell designs which provide more realistic performance
projections taking into account the impact of dislocations
and surface recombination velocities. Using finite ele-
ment analysis, Jain et al. showed that a 2J InGaP/GaAs
solar cell on Si could achieve efficiency in excess of 29%
(AM1.5g — 1,000 W/m?, 1 sun) (Jain and Hudait 2013) and
33% (AM1.5d — 900 W/m?, 600 suns) (Jain and Hudait
2014) at a realistic TDD of 10° cm™2. Using a similar
finite element analysis modeling approach, Brown et
al. showed that a 2] InGaN/Si tandem cell could
achieve an efficiency of 28.9% under AM1.5 illumina-
tion (Brown et al. 2010). Triple-junction InGaP/GaAs//
Si solar cells have also been numerically investigated
as a function of TDD under 1 sun (Yang et al. 2014;
Wilkins et al. 2013; Jain et al. 2014) and concentrated
sunlight (Jain et al. 2014). Efficiencies exceeding 33%
seems feasible at a realistic TDD of 10° cm™2 under
200-sun AM1.5d (1,000 W/m?) spectrum (Jain et al.
2014). Using areal current-matching (ACM), a 2J

GalnP/GaAs connected onto an enlarged bottom Si
subcell is predicted to have 3] efficiencies exceeding
43% under 1-sun AM1.5g spectrum (Yang et al. 2014).
Novel solar cell designs may be feasible by employing
Si as an intermediate subcell instead of the bottom-
most subcell; however, it is extremely challenging to
experimentally realize such cell structures. Connolly et
al. have modeled 3] GaAs/Si/Ing;,Gag.sAs and 3]
GaAsg 77Po.23/Si/Ing 74,Gag 26As solar cells with efficien-
cies of 32.9% and 36.5%, respectively, under 1-sun
AM1.5g spectrum (Connolly et al. 2013). 4] AlGaAs/
GaAs/Si/InGaAs tandem solar cells utilizing Si as an
intermediate subcell could achieve efficiencies exceed-
ing of 45% (Mathews et al. 2012). Although achieving
such milestones will be experimentally very challen-
ging, these modeling results showcase a promising
potential for III-V-on-Si solar cells.

Integration approaches for
llI-V-on-Si solar cells

Heteroepitaxial integration of 1ll-V materials
on Si substrate

Direct GaAs-on-Si epitaxy

Among various approaches being investigated for I1I-V-
on-Si integration for solar cell applications, the direct
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Figure 2 Cross-sectional TEM image of heteroepitaxial GaAs grown on Si using (a) only TCA (and Soga et al. 1996), (b) TCA along with
Ing.07Gag.o3As SL (Takano et al. 1998), reprinted with permission from Takano et al. (1998) and Soga et al. (1996). References Takano et al.
(1998) Copyright 1998, AIP Publishing LLC; Soga et al. (1996) Copyright 1996, AIP Publishing LLC

GaAs-on-Si epitaxial approach was among the very first
ones. For realizing high-quality GaAs epitaxial layers on
Si substrate, the use of TCA has been proven to be a very
important step for dislocation reduction. The transmis-
sion electron microscopy (TEM) micrographs for GaAs
directly grown on Si along with their respective TDDs
using TCA only and TCA along with InGaAs SL are
shown in Figure 2(a) and (b), respectively (Takano et al.
1998; Soga et al. 1996). The insertion of an SL during the
GaAs on Si growth relieves the need for high-temperature
TCA and multiple TCA iterations.

Spire Corporation utilized direct GaAs-on-Si epitaxy
involving thick GaAs buffer layer to realize 1] GaAs solar
cell on Si substrate for 1-sun and CPV application using
thermal-cycle growth (TCG) by metal organic chemical
vapor deposition (MOCVD) technique (Vernon et al.
1986, 1988, 1990, 1991). A low temperature GaAs nuclea-
tion layer was grown at 400°C followed by the standard
GaAs growth at 700°C. Ellipsometry studies showed that
the presence of arsine during the Si bakeout was one of
the major sources of oxide formation (Vernon et al. 1986).
For a 1] GaAs cell structure, a 7-um thick n + GaAs buffer
was employed between the cell structure and the Si sub-
strate. An efficiency of 17.6% (Jc = 25.5 mA/cm?, Voo =
0.891 V and FF = 77.7%) was reported for 1] GaAs solar
cell on Si under AM1.5 at a TDD of ~8 x 10° cm™ (Vernon
et al. 1988). Utilizing a similar growth process with 2-um
GaAs buffer, 1] GaAs concentrator solar cell on Si with an
efficiency of 21.3% under 200 suns (AM1.5d) were also
reported (Vernon et al. 1991).

Soga et al. (1996) utilized AlGaAs as an active solar cell
material for integration with active Si substrate.

Alg 5,Gag 7gAs with a bandgap of ~1.7 eV is one of the ideal
candidates for 2J III-V/Si tandem solar cell. However, the
growth of AlGaAs active solar cell material on Si becomes
more complex and challenging with increased aluminum
(Al) content as it incorporates more oxygen and forms deep
level defects which can act as recombination centers for
minority carriers and in turn degrade the minority carrier
lifetime (Umeno et al. 1996). A 2.5-pum thick AlGaAs buffer
was grown on (100) Si substrate with 2° offcut toward [110]
using MOCVD utilizing five TCA iterations performed at
950°C to realize a tandem p/n 2J Aly15Gag g5As/Si solar cell
(Soga et al. 1997). Al 15Gag gsAs (1.61 eV) solar cell material
exhibited better QE than Aly »,Gag 75As (1.7 eV) cell and was
therefore better suited as the top cell for current-matching
with the bottom Si cell (Umeno et al. 1996). A two-terminal
2] Aly15Gag gsAs/Si solar cell efficiency of 21.2% was
achieved under AMO (J. = 23.6 mA/cm’, Voo = 1.57 V
and FF = 77.2%) (Soga et al. 1997), which is the highest
efficiency reported for heteroepitaxial 2J III-V/Si tandem
solar cell. The corresponding solar cell structure, I-V and
QE plots are shown in Figure 3(a)—(c), respectively. Further
improvement in the 2] AlGaAs/Si efficiency would require a
superior quality and higher bandgap (Al-rich) top cell
(~1.7-1.8 eV), making it necessary to focus efforts on
improving the minority carrier lifetime in Al-rich AlGaAs
solar cell material (Soga et al. 1997), besides minimizing the
TDs generated due to the lattice-mismatch with Si substrate.

Yamaguchi, Nishioka, and Sugo (1989) utilized
Ing 1GagoAs/GaAs SLSs in combination with TCA to signifi-
cantly minimize the TDD to ~1-2 x 10° cm™ for GaAs layers
grown on (100) Si substrate by MOCVD. For the growth of
1] GaAs solar cell on Si, (100) Si substrates with 2° offcut
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Figure 3 (a) Cross-sectional schematic of 2) AlGaAs/Si solar cell structure, and the corresponding (b) -V characteristic (AM0) and (c) QE
plots, reprinted with permission from Soga et al. (1997). Copyright 1997, Elsevier

toward [110] were utilized (Ohmachi et al. 1988). An initial
10- to 15-nm thick low temperature GaAs was grown at
400°C, followed by the subsequent growth of ~2-pm thick
GaAs at 700°C. Five iterations of TCA were performed at
900°C, followed by the growth of five periods of
Ing 1Gag oAs/GaAs (10 nm/10 nm) SLS and five periods of
Al ¢Gag 4As/GaAs (20 nm/100 nm) SL, prior to the growth
of 1J p/n GaAs solar cell structure (Ohmachi et al. 1988;
Yamaguchi 2014). The 1] GaAs-on-Si solar cells realized
using the combination of TCA, SLS and SL buffer demon-
strated an efficiency of 20% under AM1.5g and 18.3% under
AMO conditions (at a TDD of ~4.5 x 10® cm™), both of
which are the highest efficiencies reported for heteroe-
pitaxial 1J GaAs-on-Si solar cells (Ohmachi et al. 1988;
Yamaguchi 2014). The corresponding solar cell structure
and the I-V curve are shown in Figure 4(a) and (b),

respectively. Further reduction in TDD < 1x10° cm™,
improvement in minority carrier transport properties and
thermal mismatch related issues would be essential to
enable direct GaAs-on-Si solar cell performance to compete
with lattice-matched GaAs-on-GaAs solar cells.

Si,Ge;_, graded buffers

GaAs or Ge substrates are currently the conventional
choice for commercial multijunction III-V solar cells.
One of the inherent benefits of using step-graded
Si,Ge,_x buffer is the ability to realize high-quality, low
TDD and relaxed Ge layers on Si substrate providing a
“virtual” Ge platform for subsequent GaAs growth (Currie
et al. 1998).

p*t-AlG aAs
n+_A |G aAs 40 T T 7 T T
/nt-G aAs AMO .
SL =30 ami5 .
nt-InG aAs <E[
/n+G aAs : 20l- 2009 |
SLS =
w
T 10} .
=
O 1x1 cm?
0 | 1 1 L 1
0O 02 04 06 08 1.0

VOLTAGE (V)

Figure 4 (a) Cross-sectional schematic of 1) GaAs-on-Si solar cell using AlGaAs/GaAs SLs and InGaAs/GaAs SLS (Yamaguch 2014), and
(b) the corresponding I-V curve for a 1 cm? solar cell (Ohmachi et al. 1988) , reprinted with permission from Yamaguchi (2014) and Ohmachi
et al. (1988). Reference Yamaguchi (2014) Copyright 2014, IEEE; Ohmachi et al. (1988). Copyright 1988, Cambridge University Press.
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Figure 5 (a) Cross-sectional schematic of 1) GaAs solar cell structure grown on Ge/SiGe/Si substrate, and (b) the corresponding cross-
section TEM image showing most of the dislocations confined within the buffer layer, reprinted with permission from Andre et al. (2005).
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Most of the research on SiGe buffers for III-V solar cell
integration on Si substrate has been carried out through
collaborative research between Ohio State University
(OSU) and Massachusetts Institute of Technology (MIT)
using combination of growth techniques including ultra-
high vacuum chemical vapor deposition (UHV-CVD),
molecular beam epitaxy (MBE) and MOCVD. Typically,
the compositionally step-graded 12-pm thick SiGe buffers
are grown by UHC-CVD on (100) Si with 6° offcut toward
<110> plane with final composition ending in 100% Ge
(Andre et al. 2005; Lueck et al. 2006). A TDD of ~2.1 x 10°
cm 2 was reported for fully relaxed Ge layers grown on
SiGe/Si substrate (Andre et al. 2005; Lueck et al. 2006).
For the III-V solar cell growth, an initial epitaxial Ge
layer was grown by MBE followed by the growth of
GaAs on Ge at an initial low growth temperature using
migration-enhanced epitaxy, details of which can be
found in Refs (Andre et al. 2005; Sieg et al. 1998). This
process has been shown to suppress the formation of
APDs due to the controlled nucleation at the GaAs/Ge
interface, and etch-pit density of 5 x 10°-2 x 10° cm ™ was
reported for the GaAs layers grown on virtual Ge sub-
strate (Sieg et al. 1998).

Detailed investigation on the impact of TDs on the
minority carrier lifetimes revealed superior dislocation tol-
erance for holes in n-type GaAs (1,~10 ns) in comparison
to electrons in p-type GaAs (1,~1.5 ns) material for a
similar dislocation density and doping concentration
(Carlin et al. 2000; Andre et al. 2004). The reduced elec-
tron lifetime was attributed to their higher mobility which
translated to increased sensitivity toward the dislocations
in GaAs layers grown on metamorphic SiGe buffers (Andre
et al. 2004). Such sensitivity of minority carrier lifetime in
the metamorphic GaAs material on Ge/SiGe/Si substrates
led to superior performance for p*/n diodes over their

n*/p counterparts, and hence the p/n solar cell showed
higher V,. compared to n/p solar cell (0.98 V vs 0.88 V) at
a TDD ~1x10° cm™, indicating device polarity depen-
dence for metamorphic GaAs solar cells grown on SiGe
substrates (Andre et al. 2005; Ringel et al. 2003). Utilizing
step-graded Si,Ge,_, buffer, OSU and MIT teams demon-
strated a 1] p/n GaAs solar cell (see Figure 5(a) and (b) for
the cell structure and the corresponding cross-sectional
TEM image) with an efficiency of 18.1% and 15.5% under
AM1.5g and AMO conditions, respectively (see Figure 6 for
the J-V characteristics) (Andre et al. 2005). Such 1] GaAs
solar cells on SiGe substrate were demonstrated to exhibit
similar performance virtually independent of the cell area,
thereby addressing the concern of thermal mismatch
related issues between the GaAs epilayers and the Si sub-
strate (Andre et al. 2005). Additionally, Lueck et al. (2006)
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reported a 2] GaInP/GaAs solar cell on similar Ge/SiGe/Si
substrate with an efficiency of 16.8% under AM1.5. The
overall performance of the 2J cell was limited by poor
antireflection coating, large grid coverage area, significant
absorption in the GaAs tunnel junction and due to a lower
V. contribution from the top GalnP subcell (primarily due
to a lower top cell bandgap) (Lueck et al. 2006).

Utilizing a low-bandgap SiGe metamorphic buffer
eliminates the possibility of utilizing the bottom Si as a
subcell since the SiGe buffer does not provide the optical
transparency needed for the bottom Si subcell.
Interestingly, Diaz et al. (2014) have utilized an active
Si, Ge;_x cell on the graded SiGe buffer to realize III-V/
SiGe tandem solar cell. Both GaAsP and SiGe materials
can be compositionally tuned to span a broad range of
bandgaps opening possibility for multijunction cells with
internal lattice-matching between GaAsP and SiGe. While
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the unconstrained two-terminal 2] ideal efficiency is
41.7% under AM1.5g for a bandgap combination of 1.73/
1.13 eV, the predicted efficiency for 2] GaAsP/SiGe cell is
39.4% (AM1.5g) under lattice-matched conditions (with
bandgaps of 1.54/0.84 eV) (Schmieder et al. 2012). Diaz
et al. (2014) reported an efficiency of 18.9% under AM
1.5g¢ (Jsc = 18.1 mA/cm?, Voo = 1.45 V and FF = 72%) for
2] GaAsg g4Po 16/Sio.18Geo 52 (1.67/0.86 €V) tandem solar
cell grown on (100)/6° offcut Si substrate by a combina-
tion of reduced pressure chemical vapor deposition for
SiGe buffer and MOCVD for III-V growth. The solar cell
structure and the corresponding cross-sectional SEM
micrograph are shown in Figure 7(a) and (b), respec-
tively. The corresponding J-V and QE plots for the 2]
GaAsP/SiGe tandem solar cell are shown in Figure 8(a)
and (b), respectively. The bottom SiGe subcell was found
to be current-limiting with significant room for QE

Figure 7 (a) Cross-sectional schematic of 2) GaAs, g4Po.16/Sio.18G€0.82 Solar cell structure grown on Si substrate, and (b) the corresponding
cross-section SEM image, reprinted with permission from Diaz et al. (2014). Copyright 2014, |EEE
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improvement in the higher wavelength regime. Further
improvements from series resistance minimization, better
current-matching and dislocation reduction in the top
GaAsP subcell are expected to improve efficiency to
~25% (Diaz et al. 2014). Research efforts at 4Power LLC
have led to GaAsP/SiGe tandem solar cells with an effi-
ciency of ~20% (AM 1.5) at a TDD as low as 8 x 10° cm™
indicating a promising future for GaAsP/SiGe based tan-
dem solar cells on Si substrate (Pitera et al. 2011).

GaAs,P,_, graded buffers

A tandem 2J solar cell with a top subcell having a bandgap
of 1.7-1.8 eV (GaAs, ;P 5 being one of the potential candi-
dates) integrated onto a bottom 1.12 eV Si subcell is pre-
dicted to have efficiency exceeding of 40% under AM1.5g
(Grassman et al. 2012). Furthermore, 3] InGaP/GaAsP//Si
(2.0/1.5/1.1 eV) solar cells are expected to achieve >45%
efficiency under AM1.5g (Grassman et al. 2012). The large
bandgap of GaAs,P;_, buffer provides light transmission to
the bottom Si subcell unlike the graded SiGe buffer
approach. Geisz et al. (2012) utilized a thin GaP nucleation
layer, followed by the growth of lattice-matched
GaNg o0,Poos buffer layer which was compositionally
graded using GaAs.P; x buffer to demonstrate a meta-
morphic GaAs,;Pg 3 (1.71 eV) solar cell on Si substrate for
the first time. 1] GaAsg;Po3 solar cell grown on Si sub-
strate by MOCVD was reported with an efficiency of 9.8%
(AM1.5g) without antireflection coating. The performance
of the solar cell was limited by the high TDD of
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9.4 x 10’ cm ™2, which translated to a relatively high band-
gap-voltage offset, W,. of 0.73 eV (Geisz et al. 2012).

Ringel et al. (2013) and Grassman et al. (2009) have
focused efforts on improving the quality of GaP/Si inter-
face to minimize the heterovalent nucleation-related
defects, including APDs, stacking faults and microtwins
for structures grown by both MBE and MOCVD.
Phosphorus diffusion during GaP-on-Si epitaxy was
found to be inefficient in forming a diffused emitter to
realize an active bottom Si subcell. Hence, n-doped epi-
taxial silicon emitter was proposed as a more promising
alternative. GaP was shown to act as an effective window
layer for bottom Si subcell and provided good front sur-
face passivation and minority carrier reflection. Figure 9
shows the 2J GaAsP/Si solar cell structure along with the
corresponding cross-sectional TEM image of the MOCVD
grown GaAsg,Py3; on GaAsP/GaP/Si substrate. A proto-
type 2J GaAsg 75Po.5/Si solar cell exhibited an efficiency
of ~10.65% under AM1.5g spectrum (Jo = 11.2 mA/cm?,
Voe = 156 V and FF = 61%) without any antireflection
coating (Grassman et al. 2013). The corresponding J-V
and QE characteristics are shown in Figure 10(a) and
(b), respectively. The overall efficiency was limited by a
low FF associated with the GaAsg75Pg»5 tunnel diode,
which was inefficient in providing a lossless interconnec-
tion between the subcells (Grassman et al. 2013).

More recently, Yaung, Lang, and Lee (2014) have
focused efforts on further optimizing the metamorphic
GaAsP growth on GaP/Si templates by using MBE. To
promote strain relaxation in order to minimize TDD,
GaAsP growth temperature was varied from 600 to

Figure 9 (a) Cross-sectional schematic of 2) GaAsg g4Po.16/Sio.18G€0 82 Solar cell structure grown on Si substrate, and (b) the corresponding
cross-section SEM image, reprinted with permission from Grassman et al. (2013). Copyright 2013, IEEE



132 — N. Jain and M. K. Hudait: lll-V Multijunction Solar Cell Integration with Silicon DE GRUYTER
24 1.0
22 —1] GaAsP (on Si) 0.9 —Top Cell (GaAsy <Py 2¢)
20 g e = Bottom Cell (Si)
< —117J Si (epi, w/GaP ]
- ep RE) 08 = Reflectance
= 18 ; s
E —2J GaAsP/Si 077
2 16 g
E 14 ] § 0.6 1
2 g
2 12 S 05
g - " &
Q -
= 10 g o4
s =
@ 8
t 03
=
o 61
0.2
4
2 0.1
AM1.5G
0 - - ‘ : — ‘ . 0.0 ————— e ettt .
00 02 04 06 08 10 12 14 16 350 450 550 650 750 850 950 1050

Voltage (V)

Wavelength (nm)

Figure 10 (a) J-V characteristic (AM1.5g) and (b) QE plot of 2J GaAsy.g4Po.16/Si0.18G€0.82 Solar cell structure grown on Si substrate, reprinted

with permission from Grassman et al. (2013). Copyright 2013, IEEE

700°C. Authors reported best optimization of rms rough-
ness and TDD at a growth temperature of 600-640°C.
Consequently, improvement in the TDD translated to a
low bandgap-voltage offset, W,.~0.55 for GaAsg /7P
(1.66 eV) on GaP/Si templates (TDD ~7.8 x 10° cm™2)
compared to a W,.~0.53 on the GaP substrate. Such
GaAsP material with W,. approaching the 0.3-0.4 eV
radiative limit represent good material quality for meta-
morphic 1] GaAsP grown on GaP/Si template. Figure 11(a)
shows the cross-sectional schematic of 1] GaAsg /7P
solar cell structure grown on GaP/Si substrate, and the
corresponding J-V characteristic (AM1.5g) and the QE
plot are shown in Figure 11(b) and (c), respectively. In
addition, identical W, values were reported for bothn*/
p and p*/n polarities for 1] GaAsP solar cells on GaP/Si
template (unlike for the 1J GaAs solar cells on SiGe sub-
strates), suggesting future work should focus efforts on
n*t/p solar cell designs to take the advantage of GaP as
an effective window layer for the bottom Si subcell (Lang
et al. 2013). With improvement in the tunnel-junction
designs, addition of optimal antireflection coating and
further reduction in TDD in the metamorphic GaAsP
cells, the future for graded GaAsP buffer approach for
integrating III-V/Si tandem solar cell looks very
promising.

Dimroth et al. (2014) have utilized metamorphic
GaAs,P,_y buffer layer to bridge the lattice constant
from Si to GaAs in order to realize conventional 2J
GalnP/GaAs solar cells integrated onto inactive Si sub-
strate. A homoepitaxial silicon layer was first grown on
(100) Si substrate with 6° offcut toward <1-1 1>, followed

by the growth of thin GaP nucleation layer. Next, the
graded GaAs,P;_, buffer with seven steps was grown at
a growth temperature of 640°C using MOCVD, details of
which can found in Ref. Dimroth et al. (2014). A TDD
exceeding 10® cm™ was observed; suggesting future
research efforts should focus on utilizing slower grading
and growth rates in addition to optimizing the growth
temperature for metamorphic GaAsP buffer. An efficiency
of 16.4% (Js. = 11.20 mA/cm?, Vo = 1.94 V and FF =
75.3%) was measured under AM1.5g for the 2J GalnP/
GaAs solar cell grown on Si substrate, while the control
2] GaInP/GaAs solar cell grown on GaAs substrate exhib-
ited an efficiency of 27.1%, suggesting that the high TDD
was the performance limiting factor for the “on Si” solar
cells. An additional important finding was that there was
no indication of cracking due to differences in thermal
expansion coefficient between Si and GaAs. The QE curve
for the 16.4% efficient 2] GaInP/GaAs solar cells realized
on GaAsP/GaP/Si substrate is shown in Figure 12. The
GaAs subcell was found to be current-limiting due to the
reduced minority carrier lifetime associated with high
TDD, resulting in inefficient carrier collection in the
thick (1.9 pum) GaAs absorbers. Interestingly, the GalnP
subcell was less impacted by dislocations due to two
possible reasons: (i) additional thermal budget beyond
the GaAs subcell growth helped in minimizing the propa-
gation of the dislocations to the top GalnP subcell and
(ii) lower thickness (0.79 pm) of the GaInP absorbers did
not sufficiently impact the minority carrier collection in
spite of a high TDD. Such finding is consistent with
dislocation-dependent modeling results for 2] InGaP/
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Figure 11 (a) Cross-sectional schematic of 1) GaAs, ;7Po.3 solar cell structure grown on GaP/Si substrate, and (b) the corresponding J-V
characteristic (AM1.5g) and (c) the QE plot for the 1) GaAsq 77P.3 solar cell structure grown on GaP vs GaP/Si substrate, reprinted with

permission from Yaung, Lang, and Lee (2014). Copyright 2014, IEEE
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GaAs solar cells on Si, wherein the authors reported that
lowering the GalnP subcell thickness, allowed increase in
the photon flux penetration to the bottom current-limit-
ing GaAs subcell for current-matching (Jain and Hudait
2013). Such tandem 2] InGaP/GaAs solar cells on Si with
efficiencies comparable to 2J InGaP/GaAs solar cells on
GaAs substrate are possible if TDD lower than10® cm™
can be achieved (Jain and Hudait 2013). With this
approach, 1-sun efficiency in excess of 30% would be
realistic for 3] GaInP/GaAs//Si solar cells on Si substrate,
offering one of the most promising short-term paths for
III-V-on-Si solar cell integration.

Lattice-matched I1I-V-N materials on Si

The biggest advantage of dilute nitride based III-V-N
alloys is the ability to grow almost lattice-matched M-V
materials on Si substrate for promising III-V/Si tandem
solar cells. The quaternary compounds of GaAs,P;_x_yNy
and InyGa; \PyN;_, are attractive options for lattice-
matched top subcells in 2J III-V/Si tandem architecture
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(Almosni et al. 2013). For lattice-matched 3] considera-
tion, the ideal material selection is GaPyogNg o> (2 €V)/
GaAsg0Po.73No.o7 (1.5 eV)//Si (1.1 eV) (Almosni et al.
2013). GaAsp.0oPo.s7No.0s4 alloy (bandgap of 1.81 eV) lat-
tice-matched to Si substrate is an attractive top cell
choice for 2J III-V/Si tandem solar cell (Almosni et al.
2013). Furthermore, from growth perspective, GaAsPN
alloys are easier to grown in comparison to InGaPN due
to the difficulties associated with InN and GaN solid-
phase miscibility (Korpijarvi et al. 2012; Hsu and
Walukiewicz 2008; Ho and Stringfellow 1996).

Geisz et al. (2005) reported the first 2] GaAsgo
Po.ssNo.os (1.80 eV)/Si tandems solar cell with an effi-
ciency of 5.2% under AM1.5g (without an antireflective
coating) utilizing an initial GaP nucleation layer, fol-
lowed by the MOCVD growth of lattice-matched
GaNg o,Po.os layer. The solar cell structure along with
the corresponding I-V and QE characteristic for this tan-
dem solar cell are shown in Figure 13 (a)-(c), respec-
tively. The GaNP layer had a TDD <10° cm™ with most
of the misfit dislocations being confined at the GaP/Si
interface. The phosphorus diffusion during the initial GaP
growth formed the n-emitter for the p-Si substrate.
Intuitively, one would expect the defects at the GaP/Si
interface to influence the Si cell response near the front
emitter region, however most of the blue light is captured
by the top cell and therefore imperfect front passivation
did not strongly degrade the Jq. of the Si bottom cell. The
top GaAsPN subcell was found to be limiting the two-
terminal current (5.7 mA/cm? for GaAsPN subcell vs 14.5
mA/cm? for the bottom Si subcell). Furthermore, the
unintentional carbon and hydrogen impurities had a
strong influence on the minority carrier lifetimes in
GaAsPN, resulting in low structural quality of the top

70 nm n* GaAs:Se
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nitride subcell which translated to a low tandem cell
efficiency. Improving the diffusion lengths in the dilute
nitride solar cell material would be pivotal to improve the
QE response and hence the overall tandem cell perfor-
mance. Another important area of attention for the lat-
tice-matched III-V solar cells on Si would be the
development of tunnel junction with abrupt interfaces
and doping profiles and low series resistance, especially
for CPV operation. Recent advancements in dilute nitride
materials, GaAsPN/GaPN multiple quantum-well (MQW)
structures, extensive research on GaP-on-Si epitaxy and
the progress in lattice-matched GaNAsP based lasers on
Si (Liebich et al. 2011) present an exciting opportunity to
further advance the research on III-V-N based lattice-
matched materials on Si for solar cell integration.

Lattice-mismatched InGaN-on-Si

With its tunable and direct bandgap spanning the entire
useful range of the solar spectrum (0.65 eV — 3.4 eV),
InGaN material is one of the most well suited materials
for multijunction solar cells. InGaN solar cell with a
bandgap of ~1.8 eV would be an ideal candidate for 2]
integration with an active 1.1 eV Si bottom subcell. An
additional advantage of using InGaN top subcell with Si
bottom subcell is the band-alignment of the n-InGaN
conduction band with the p-Si valence band which exhi-
bits same energy relative to vacuum, opening a promis-
ing option for tunnel junction between the two subcells
(Ager et al. 2008). Using simple analytical simulations
taking into account realistic diffusion lengths, an effi-
ciency of ~30% (1 sun) is expected for 2J InGaN/Si p/n
solar cell, while 3] InGaN (1.9 eV)/InGaN (1.5 eV)/Si solar

0.1 jtm n-type GaNg ;Po o4:S¢

n-i-p
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0.5 pm GaN,, Py o:Se buffer layer
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Figure 13 (a) Cross-sectional schematic of lattice-matched 2) GaNPAs/Si solar cell structure grown on Si substrate, (b) J-V characteristic
(AM1.5g) and (c) the QE plot of 2) GaNg.04Po.86AS0.1/Si solar cell grown on Si substrate, clearly indicating GaNPAs is the current-limiting
subcell, reprinted with permission from Geisz et al. (2005). Copyright 2005, IEEE
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cell are predicted to be exhibited efficiency of ~35%
(1 sun) (Hsu and Walukiewicz 2008). The grading of the
InGaN absorber layer close to the top heterointerface (p-
GaN/n-InGaN) in a p/n InGaN/Si tandem solar cell is
expected to boost the performance as it removes the
barrier for hole transport (Brown et al. 2010).

The first experimental evidence of a tandem GaN/Si
solar cell was demonstrated using GaN/AIN-buffer/Si 2J
p/n solar cell (Lothar et al. 2009). More recently, Tran et
al. (2012) demonstrated good quality Ing,GaggN films
grown on GaN/AIN/Si(111) substrate with negligible
phase separation using high-low-high-temperature AIN-
buffer layers by MOCVD. Utilizing a similar growth
approach, 1J n-Ing_,Gag ¢N/p-Si heterostructure solar cell
with enhanced J,. was demonstrated, attributed to the
use of indium tin oxide as the top n-type contact (Tran
et al. 2012). A conversion efficiency of 7.12% under
AM1.5g (Tran et al. 2012) was achieved, indicating a
promising start for InGaN solar cells on Si substrate.

Poor structural quality of nitride materials (especially
for InGaN material with >30% indium content) and the
associated challenges for p-type doping have been the
major impediments in the realization of high-efficiency
InGaN solar cells. Large lattice-mismatch between InN
and GaN causes a solid-phase miscibility gap due to the
low solubility between these two materials (Hsu and
Walukiewicz 2008; Ho and Stringfellow 1996). The diffi-
culty in doping InN material with p-type dopant is pre-
sumably due to the compensation by native defects.
Utilizing p-GaN/n-In,Ga;_yN heterojunction is one of the
ways to avoid the use of p-doped In,Ga; ,N material,
wherein the GaN layer also serves as a window layer
and reduces the surface recombination (Brown et al.
2010). However, theoretical efficiency of such GaN/
InGaN heterojunction is limited to 11% for 1] devices
due to the polarization effects, which impede the carrier
collection (Fabien et al. 2014). Hence, homojunction
devices would be essential to achieve higher efficiencies
because employing p-i-n structures could eliminate the
polarization effects. Homojunction Inge¢oGag4N p-n
junctions with optimal device designs are predicted to
be 21.5% efficiency under AM1.5g conditions (Feng et al.
2013). InGaN based p-i-n solar cells with InGaN as the
intrinsic layer between GaN and with graded indium
composition up to 50% could lead to theoretical effi-
ciency of 18.53% under AM1.5 (Mahala et al. 2013).
InGaN homojunctions with indium-rich, highly p-doped
and thick bulk layers with no phase separation would be
essential for the success of InGaN solar cells (Fabien et al.
2014). Utilizing metal modulated epitaxy (MME), wherein
the metal shutters are modulated with a fixed duty cycle
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under constant nitrogen flux, is a promising approach.
This technique allows for control of the kinetics of Mg
incorporation, while using low substrate temperature for
growth, thus offering great potential to overcome both p-
type doping and phase-separation limitations in In-rich
InGaN. InGaN material with up to 66% In content, good
crystallinity and rms roughness of 0.76 nm was demon-
strated using this MME growth approach (Fabien et al.
2014). Further development of high-quality In-rich InGaN
material would be crucial for realizing InGaN/Si tandem
solar cells in the future.

Table 2 summarizes the key merits and technological
challenges for the respective heteroepitaxial integration
approaches for III-V-on-Si solar cells.

Mechanical stacking approach for
integrating IllI-V materials on Si substrate

lon-implantation induced layer transfer for Ge/Si
templates

In the hydrogen-induced layer transfer technique, Ge
wafers were implanted with H* ions and then bonded to
Si substrate through a SiO, bond layer. The wafer bonding
was done before starting the epitaxial cell growth. The
bonded pair was then annealed to 250-350°C under > 1
MPa pressure to enable hydrogen-induced layer splitting
which initiates the propagation of microcracks parallel to
the Ge surface upon annealing (Zahler et al. 2002).
Archer et al. (2008) utilized such bonded templates
fabricated with wafer bonding and ion-implantation
induced layer transfer technique to realize 2] GaInP/GaAs
solar cells (grown by MOVPE) on Ge/Si template with com-
parable performance to those grown on epi-ready Ge sub-
strate. For the device grown on Ge/Si template, the J,. was
comparable to the control samples on bulk Ge substrate,
however the V. was slightly lower (1.97-2.08 V vs 2.16 V).
The drop in V, translated to 2] GaInP/GaAs efficiency of
15.5-15.7% (AM1.5d) on Ge/Si template compared to 17.2—
19.9% on bulk Ge substrate. The authors attributed the
decrease in GalnP bandgap (for the samples grown on Ge/
Si template) as one of the main reasons for lower V.. The
decrease in GaInP bandgap was believed to be due to the
difference in the Ge substrate miscut used to make the Ge/Si
template (Archer et al. 2008). It is not trivial to decouple the
contributions from the substrate miscut, the GaInP ordering
effect and due to the growth conditions on Ge vs Ge/Si
substrates and warrants further investigation. Nonetheless,
a key advantage of this technique is its metal-free bonding
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approach enabling the possibility of subsequent upright
epitaxial growths. Metal involved for bonding process
could otherwise shadow light penetration in case an active
subcell below the bond layer is desired. However the ther-
mal mismatch between Si, Ge, III-V materials and the bond
layer could pose potential cracking issues in thin solar cell
layers (Dimroth et al. 2014) during the subsequent post-
bonding epitaxial growth process. Furthermore, rms rough-
ness of films produced by this approach is ~25 nm, and the
ion-implantation induced damage extends to ~200 nm into
the film, requiring additional steps for damage recovery and
polishing to reduce the surface roughness.

Direct fusion bonding

Tanabe, Watanabe, and Arakawa (2012) demonstrated
highly transparent and electrically conductive GaAs/Si het-
erojunctions using direct fusion bonding technique.
Heavily doped (degenerate) layers at both the GaAs and
the Si bond interface were found to be critical for realizing
ohmic behavior. The p*-GaAs/p*-Si and p*-GaAs/n™-Si
combination exhibited ohmic behavior for bonding tem-
peratures as low as 300°C in ambient air. However, when
non-degenerate p-GaAs was used, non-ohmic behavior was
observed even for samples bonded at 500°C. Utilizing the
direct fusion bonding process, 2J Aly1Gag oAs/Si solar cells
were fabricated, wherein the Aly;GagoAs subcell was
grown on GaAs substrate by MBE and layer-transferred
onto a Si subcell by means of p " -GaAs/n " -Si direct-bond-
ing at 300°C. The p*-GaAs/n*-Si bond layer also served
as the tunnel junction between the two n-on-p subcells.
The bonding was followed by the subsequent removal of
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the GaAs substrate. Figure 14(a) shows the cross-sectional
TEM image of a similar direct-bonded p " -GaAs/p " -Si het-
erointerface. The 2J solar cell demonstrated the highest
efficiency for bonded 2J III-V/Si tandem solar cell with
an active Si subcell. The performance parameters were n,
= 252%, Js. = 27.9 mA/cm?, Vo = 1.55 Vand FF = 58%
under a 600-nm peaked halogen white light source of 1-
sun intensity (100 mW/cm?). The corresponding J-V curve
is shown in Figure 14(b). One of the major challenges for
this approach is the selection of interfacial layers
with appropriate polarity and doping concentration which
might restrict the design of solar cell polarity (n/p vs p/n).

Surface activated direct wafer bonding

Dimroth et al. (2014) and Derendorf et al. (2013) from
Fraunhofer ISE demonstrated the use of semiconductor
wafer bonding to realize 2] GaInP/GaAs solar cells wafer
bonded onto an inactive n-Si wafer as well as 3] GaInP/
GaAs//Si solar cells bonded on an active Si solar cell,
respectively. This approach is similar to the direct fusion
bonding technique. One of the key advantages of this
approach is the post-growth wafer bonding which to an
extent circumvents the thermal stress caused by differ-
ence in thermal expansion coefficient between GaAs and
Si, unlike the hydrogen-induced layer transfer technique
to realize Ge on Si template (Archer et al. 2008).

The fast beam activated direct wafer bonding process
was carried out in an Ayumi SAB-100 system. For the 2J
GalnP/GaAs solar cells bonded onto Si substrate (Dimroth
et al. 2014), the III-V solar cells were first grown inverted
on a GaAs substrate. Thereafter, the GaAs substrate was

Jsc = 27.9 mAlc
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Figure 14 (a) Cross-sectional TEM image of direct-bonded p *-GaAs/p " -Si heterointerface solar cell structure grown on Si substrate, and
(b) J-V characteristic of the 2) Aly,Gag.0As/Si solar cell realized using direct-bonding, reprinted with permission from Tanabe, Watanabe,

and Arakawa (2012). Copyright 2012, Macmillan Publishers
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removed by wet chemical etching, and the bonding was
performed at 120°C. The Si substrate served as an inac-
tive mechanical support and an electrical conductor.
The bonded structure was then annealed for 1 minute
at 400°C and processed into 4 cm? solar cells. This 2J
GalnP/GaAs solar cell bonded onto inactive Si substrate
demonstrated a conversion efficiency of 26.0% under
AM1.5g spectrum with a Voo = 239V, J,c = 12.7 mA/

cm® and FF = 85.9% (see Figure 15 for the J-V
15 T T T T v T T T T T
~
E
o
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Figure 15 -V characteristic (AM1.5g) of 2) GalnP/GaAs solar cells

wafer bonded onto an inactive Si substrate, reprinted with permis-
sion from Dimroth et al. (2014). Copyright 2014, IEEE
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characteristics). The top GalnP subcell was reported to
be current-limiting (Js. = 12.9 mA/cm? for GalnP sub-
cell vs 14.4 mA/cm? for the GaAs subcell). With
improved current-matched designs, such an approach
should be able to achieve greater than 30% efficiency in
the future.

The 3] GalnP/GaAs//Si solar cells employing an active
n—p junction Si solar cell were also realized by the same
direct wafer bonding technique at room temperature under
a vacuum pressure of 107® Pa. The III-V solar cells were
grown upright on a GaAs substrate with a degenerately
doped n-GaAs bonding layer. Thereafter, the epitaxial
structure was stabilized on a sapphire wafer, the GaAs
substrate was removed by selective etching, and the cell
stack was bonded to the n-doped emitter for the Si subcell.
The bonding was initiated by applying a force of 5 kN for a
minute. A 4- to 5-nm thin amorphous interface layer was
formed by the argon fast atom beam treatment; nonethe-
less the photovoltaic activity of the Si subcell proved a
high transparency of the bond interface. Figure 16(a) and
(b) shows the cross-sectional schematic of the solar cell
structure and cross-section TEM micrograph of the GaAs—
Si bond-layer interface showing the thin amorphous layer.
The 3] GalnP/GaAs//Si solar cell was characterized
under 1-sun AM1.5d spectrum and demonstrated an
efficiency of 20.5% (Joc = 8.56 mA/cm? Voo = 278 V

Figure 16 (a) Cross-sectional schematic of 3) GalnP/GaAs//Si solar cell structure grown on Si substrate, and (b) the corresponding cross-
section TEM image of the bonded GaAs/Si heterointerface, reprinted with permission from Derendorf et al. (2013). Copyright 2013, IEEE
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Figure 17 (a) J-V characteristic (AM1.5d) of 3] GalnP/GaAs//Si solar cell under 1 sun and concentrated sunlight, and (b) the corresponding
QE plot for the 3) GalnP/GaAs//Si solar cell realized using direct wafer bonding of 1lI-V solar cells onto an active Si subcell, reprinted with

permission from Derendorf et al. (2013). Copyright 2013, IEEE

and FF = 86.3%). The performance of the 3] cell was
limited by the low current in the Si subcell due to the
low absorption in the indirect bandgap Si substrate.
Surface texturing at the back side of the Si substrate and
reduction of the III-V layer thicknesses is expected to
improve the current-response of the bottom Si subcell.
The I-V and QE characteristics of this 3] solar cell are
shown in Figure 17(a) and (b), respectively. Under concen-
trated sunlight, this 3] design demonstrated an efficiency
of 23.6% under 71 suns (Bett et al. 2013). At higher con-
centration, the significant influence of series resistance led
to reduction of the FF. The bond interface was attributed
as the main contributor to the series resistance which led
to the reduced FF under concentrated sunlight. Further
optimization of the 3] GalnP/GaAs//Si solar cell has
recently led to an efficiency of 27.9% (AM1.5d, 48 suns)
(Bett et al. 2013) with headroom for further performance
improvement, indicating efficiencies exceeding 30% could
be attainable in the near future by employing such a wafer
bonding technique for III-V-on-Si solar cell integration.

Direct metal interconnect

The direct metal interconnect (DMI) technique is a novel
approach where the subcells are fabricated in separate
processes and joined mechanically and optically by a
transparent epoxy, while the metal-to-metal interconnect
provides the electrical contact (Yang et al. 2014). In simple
sense, the metal interconnection can be considered to
perform the same function as tunnel junctions in conven-
tional multijunction solar cells. DMI technique is capable
of providing high tolerance to disparate materials
with difference in lattice constants and thermal expansion

coefficients, allowing for greater freedom in choosing the
subcell materials with optimal bandgap combinations.
Yang et al. (2014) demonstrated a 3] GalnP/GaAs/Si
solar cell using the DMI approach. The 2] GaIlnP/GaAs cells
were first grown on lattice-matched Ge substrate, thereafter
the substrate was removed using epitaxial lift-off techni-
que, and the metallized front side of the 2J cell was
attached to a transparent quartz wafer for support. The
bottom side of the 2J solar cell was also metallized to
form grid fingers. This structure was then connected to
a larger area bottom Si subcell using the DMI technique
such that the front grid fingers of the Si solar cell
crossed over the bottom grid fingers of the 2J cell, forming
a natural cross grid interconnections as shown in Figure 18.
An epoxy (Epo-Tek 301-2) covered the non-metallized area
and a pressure of ~50 kPa was applied, followed by a
subsequent cure at 80°C for 3 hours. The area of the bottom
Si subcell was enlarged to allow sufficient light to reach the
bottom Si subcell which typically limits the current in such
3] GalnP/GaAs//Si solar cells. Additionally, in the DMI
technique, due to the grid crossover interconnection

Optional Middle Contact Pad
Y

Top 2J cell

Si bottom cell

Figure 18 Top-view of 2) GalnP/GaAs solar cell connected to the
bottom Si subcell through direct metal interconnection, forming a
natural cross grid interconnection, reprinted with permission from
Yang et al. (2014). Copyright 2014, IEEE
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Figure 19 (a) I-V characteristic of 3] GalnP/GaAs/Si solar cell realized using the ACM technique, and (b) AM1.5g theoretical maximum
efficiency for of 3) GalnP/GaAs/Si solar cell as function of the areal ratio of the bottom Si subcell with respect to the top two I1I-V subcells,
reprinted with permission from Yang et al. (2014). Copyright 2014, |EEE

scheme, the bottom Si subcell experiences significant shad-
ing and hence enlarged bottom Si subcell allows for realiz-
ing current-matching. Yang et al. referred to this method of
using large area for bottom Si substrate compared to the
top III-V cells as areal current-matching (ACM). A 3]
GalnP/GaAs/Si solar cell with a two-terminal 1-sun effi-
ciency of 25.5% was reported under AM1.5g (Jsc = 11.8
mA/cm?, Voo = 2.74 V and FF = 79%) by employing the
ACM technique for an areal Si-to-III-V ratio of 1.16.
Figure 19(a) shows the I-V curve of this 3] GaInP/GaAs/Si
solar cell. Utilizing the ACM technique, efficiencies exceed-
ing 40% are feasible for 3] GalnP/GaAs/Si solar cells as
shown in Figure 19(b). An additional advantage of such
tandem cells employing ACM technique is their reduced
sensitivity to temporal variations and light non-uniformity.
Further improvement in such 3] cells would require antire-
flection coating at the back side of the III-V cells and
alignment of the metal interconnection between the III-V
and Si cells to allow maximum light penetration to the
bottom Si subcell.

Table 3 summarizes the key merits and technological
challenges for the respective mechanically stacked inte-
gration approaches for III-V-on-Si solar cells.

Future outlook

One of the most promising near-term routes for integra-
tion of III-V solar cells on Si substrate would be to create
virtual “GaAs-on-Si” substrate for the subsequent growth
of state-of-the-art 3] InGaP/GaAs/InGaAsNSb solar cells
(which are 44% efficient under 947 suns when grown on
GaAs substrate (Sabnis, Yuen, and Wiemer 2012)) which

are lattice-matched to GaAs as shown in Figure 20(a).
Although this approach would utilize the Si substrate as
a passive template, such an approach could leverage
commercially available GaAs substrate re-use techniques
for additional cost reduction (Shahrjerdi et al. 2012;
Tatavarti et al. 2010). However, very high-quality GaAs-
on-Si template would be essential which would not only
require a low TDD but also be negligibly impacted by
thermal mismatch. Successful realization of such virtual
GaAs-on-Si template can be very challenging and would
require novel buffer architectures which might leverage a
combination of existing buffer approaches, but not lim-
ited to: (i) direct GaAs growth on Si involving TCA and
SLSs, (ii) direct Ge epitaxy on Si, (iii) graded GaAsP buffer
and (iv) graded SiGe buffer. Triple-junction solar cells
with GalnP/GaAsP/SiGe subcells on an inactive Si sub-
strate utilizing SiGe graded buffer could also be an inter-
esting future path to explore.

When utilizing Si substrate as an active bottom sub-
cell for 3] designs, InGaP or AlGaAs would likely be the
preferred top cell material choice, while GaAsP or GaAs
would be the preferred middle cell material. The three
most promising near-term routes for 3] III-V-on-Si solar
cell with an active Si substrate include: (i) 1.9 eV InGaP/
1.4 eV GaAs 2] solar cells epitaxially grown on a virtual
GaAs-on-Si template with an active Si substrate (see
Figure 20(b)), (ii) more ideal bandgap combination
could be realized using 2 eV InGaP with 1.5 eV GaAsP
on Si using a metamorphic GaAsP buffer (see Figure
20(c)) and (iii) mechanically stacked or wafer bonded 2J
InGaP/GaAsP solar cells onto an active bottom Si sub-
strate (see Figure 20(d)). In order for such 3] III-V-on-Si
solar cell designs to exceed 40% efficiency (under



141

ilicon

th S

on wi

Solar Cell Integrat

on

1=V Multijunct

N. Jain and M. K. Huda

DE GRUYTER

(10T "1& 13 Suep)
(8BS TWY) %S°ST - IS//sven/dulen (g

(€T0T "1e 19 112g €10T "|e 19 Jopualag

102 1@ 38 ylodwiq) (Suns 8y ‘pS'TNY) %6°LT
(uns T ‘pS'TINY) %S 0T — IS//syeD/dulen (€

B (8STWY) %9T — Ssyen/dulen (¢

(¢10C emedely pue ‘aqeuelepy ‘aqeue])
(;Wd/MW 00T) %C'ST — IS//SVeoy [T

(800 "1e 18 Jaydly)

(PS'TWY) %Z°ST — 91ejdwal 1S/89 uo syen/dulen (g

Suipeys Suiziwiuiw Joj pasinbal
ss9d04d Suipuoq ay} Sunnp jusawusily e

1192 wo10q 104 Suipeys sy} sasealdul ussjed
PLIS 19A0 SSOID Ul UOI}IBUUODISIUI |BIDIN e

1ySnuns jo uoijesjuaduod ysiy Jspun
9duewload sywi) ddue)sisal Jahel-puog e

weaq

woje jsej uoSly 03 anp adeysjul Sujpuoq
9y} je udhe] snoydiowe ujyj Jo UOIJRWLIOS e

9deyi93ul Suipuoq
9y} e Jahe) snoydiowe uiy} jo uoljewIO]
sainjesadwsa)l Suipuoq 1aysiy AjoAieray e
sanuejod diy129ds yym adeyaiul puoq
9y} Je S10]ONPUOdIWIS 3}IBUISIP SAIINDIY o

SuiSua)eyd 1192qns
IS WO0110q JO 3SN 3y} djew p|nom Jake] a9 e
19Ae] pausjsuesy ayj Jo ssauysnos swi ySiH e
ymmois aunjesadwsal ysiy Suunp
ydlewsiw Jewiay) 0} anNp SaNSS| S$¥ILII0IIIW
asodw] Aew Suipuoq Jajem Yimois-aid e
saSewep uoijejuejdwi uj synsal
pue uonejuejdwi-uol uagolpAy sainbay e

9AI}INPUOD 3q
0} Axoda Suipuoq Joj Juswaiinbai sy} SansI9Y
uoljeulWwN)|l wWiojiun-uou
pue uoijeeA jeiodwsa)l 03 ANAIISUSS paroiduw| e
92UB]SISI UOIJIBUUOIIDIUI MOT o
ssasoid
UO1399UU0243}ul |B}aW—]elaW 3Injeladwal}-MmoT e
Surysjew-jusLInd IaISea 10j SMOJE WOV

9oeyI9]ul puoq judiedsuel] e
ss9204d Suipuoq ainjesadwal-moT e
SSalls |ewltay)
93 Saziwujw Sulpuoq Jajem Yimols-1s0d e

SS9.1S |euLay}
3y} sazjwiuiw Suipuoq J3jem Yimois-1sod
13Ae] puoq juairedsuesy Ajjeando

19Ae] puoq aA13dINpu0d A)1ed1193)]

91eJ1SQNS 99 10 Syen aAIsuadxa

J0 asn ay3 sapn)aaid YymoiS Suipuoq-1sod e
Suipuog-isod

YimoJS jeixeyds 10} SMO)|e Sulpuoq 9944-|e19N e

IwWa

Suipuoq

13JEM 1311p PaJeAI}Ie ddeyng

Sujpuoq uoisny 12a11q

19)suen)

13Ae) pasnpui uonejuejdwi-uoj

fuspiyye iseg

sasua)eyd

sjeW

yred

sayoeoidde uojjeiSajul 1S-uo-pA—||| payIels Ajjeatueydsw jo Alewwnsg € 9)qer



142 —— N. Jain and M. K. Hudait: IlI-V Multijunction Solar Cell Integration with Silicon

(a)

(b)

GaAs 1.4eV
OPTIONS: InGaAsNSb 1.0eV
Direct GaAs LM to GaAs LM to GaAs
Direct Ge
Graded GaAsP
Graded SiGe

Inactive Si-substrate

E——

Active Si-substrate
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(d)

InGaP 2.0eV InGaP 1.9-2.0eV

GaAsP or GaAsl1.4-1.5eV

Bond-layer

GaAsP 1.5eV

GaAsP Graded Buffer

Active Si-substrate Active Si-substrate

)

Efficiency > 40%

(concentrated sunlight)

(e)
InGaP 1.9-2.0eV

GaAsP or GaAs 1.4—-1.5eV

Buffer or Bond Layer

Sil.12eV

Buffer or Bond Layer

Ge or InGaAs 0.6—0.7 eV

Efficiency > 45%
(concentrated sunlight)

Utilizing Si an active
intermediate subcell

Figure 20 Routes toward high-efficiency Il1-V-on-Si concentrator solar cells utilizing heteroepitaxial integration approaches are shown in
(@)-(c) and by using a combination of heteroepitaxial and mechanical stacking approaches are shown in (d) and (e). Figure 23(a)-(d)
represent the most likely path toward >40% efficiency under AM1.5d concentrated sunlight for 3J lll-V-on-Si multijunction solar cells, while
Figure 20(e) represents the likely path for >45% efficiency utilizing 4) 111-V-on-Si multijunction solar cells

concentrated sunlight), careful attention needs to be
given to dislocation and thermal mismatch management
for metamorphic materials on Si, proper tunnel-junction
designs (especially for metamorphic GaAsP route) and
appropriate bonding layer with optical transparency and
good electrical conductivity. Additionally, the bottom Si
subcell is likely to be the current-limiting subcell in such
designs and would therefore require novel backside sub-
strate engineering to maximize the current density for
efficient multijunction designs.

Utilizing III-V-on-Si integration approach, tandem
solar cells with four junctions or more would be essential
to push the efficiency beyond 45% under concentrated
sunlight. If Si substrate were to be used as an active
subcell, it would likely require a bottom subcell beneath
the Si substrate with a bandgap of ~0.6-0.7 eV (likely to
be InGaAs or Ge) as shown in Figure 20(e). Such 4]

designs would likely involve a combination of meta-
morphic epitaxial growth and mechanical stacking.

Conclusions

In summary, [II-V multijunction solar cells are regaining
attention for integration with Si substrates as a potential
solution to address the future LCOE and to unify the high-
efficiency merits of III-V materials with the low-cost and
abundance of Si. The current state-of-the-art results for
III-V-on-Si solar cells are summarized along with the
theoretical performance projections for III-V-on-Si solar
cell technology. Several routes for integrating III-V mate-
rials with Si substrate are discussed. Important design
criteria, challenges and trade-offs between the respective
buffer schemes are reviewed in relation to minimizing the
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dislocation density while enabling thin and optically
transparent buffers for realizing Si as an active bottom
solar cell. Efficient utilization of the bottom Si substrate
as an active subcell would require backside Si substrate
engineering to enhance the Si subcell current density to
realize current-matching condition in III-V/Si tandem
solar cells.

Among the heteroepitaxial integration approaches,
the realization of virtual GaAs-on-Si templates is likely
to be the most promising path to realize near-term high
efficiencies; however it is also one of the most challen-
ging paths. Such direct GaAs-on-Si templates could lever-
age the current state-of-the-art 2] InGaP/GaAs (with active
Si subcell) or 3] InGaP/GaAs/InGaAsNSb lattice-matched
to GaAs. Although the graded SiGe buffer choice is more
effective in terms of dislocation reduction, such buffers
are typically very thick and their smaller bandgap would
preclude the use of an active bottom Si subcell. The
graded GaAsP buffer approach, on the other hand, offers
an optically transparent buffer for active bottom Si sub-
cell with optimal bandgap selection for the top and the
middle subcell to realize 3] InGaP/GaAsP/Si solar cells.
An interesting path combining the SiGe and the GaAsP
approach could utilize SiGe as an active subcell to realize
3] InGaP/GaAsP/SiGe solar cells. In the long-run,
research on dilute nitride based lattice-matched II-V-N
materials on Si and lattice-mismatched InGaN based III-
V alloys on Si could also be promising. Among the sev-
eral mechanical stacking integration approaches, surface
activated wafer bonding and DMI techniques are the most
promising for near-term success of III-V-on-Si mechani-
cally stacked solar cells. However, one of the key chal-
lenges yet to be successfully addressed for mechanically
stacked solar cells is the realization of bond layers which
are not only optically transparent for an active bottom Si
subcell but also electrically conductive to realize efficient
two-terminal CPV operation.

Careful consideration of all these design challenges
would be very critical for the success of future high-
efficiency and low-cost III-V multijunction solar cells
on Si substrate. Combination of these different heteroepi-
taxial and mechanically stacked integration approaches
has now opened a new range of possibilities for novel
[II-V multijunction solar cell architectures on Si sub-
strate. With the recent advancements in both the hetero-
epitaxial and the mechanically stacked integration
approaches, efficiencies exceeding 40% under concen-
trated sunlight seem achievable for III-V-on-Si multijunc-
tion solar cells, indicating a promising future for III-V-
on-Si solar cell technology.
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