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1. Introduction

Photovoltaic power generation must be increased toward a sus-
tainable society. However, in some countries or regions, the flat
grounds for installing solar panels have already saturated.
Furthermore, most of the terrestrial photovoltaics are Si single-
junction solar cells with limit efficiencies of �30%. Therefore,

the use of multijunction solar cells with a
high conversion efficiency needs to be
accelerated.[1–3] For III–V solar cells, multi-
junction technologies, such as tunnel-junc-
tion, graded buffers, and semiconductor
bonding methods, have been developed
to achieve high conversion efficiencies
exceeding 30%.[4–9] Nevertheless, they can-
not be widely used for terrestrial applica-
tions due to their high production
cost. In the conventional growth method,
i.e., metal–organic vapor-phase epitaxy
(MOVPE), expensive organic metals and
a high V/III ratio result in high production
costs. Therefore, we focused on hydride
vapor-phase epitaxy (HVPE) to reduce the
epitaxial growth cost of III–V compound
materials used in multijunction solar
cells.[10–16] In HVPE, inexpensive metal
chlorides can be used as group-III precur-
sors via in situ reactions involving pure
metals and the HCl gas. Furthermore,
high-quality single crystals can be grown

at a low V/III ratio, reducing the cost of production.[17–20]

With the evolution of HVPE technology, the performance of
HVPE-grown solar cells has been improved. In particular, the
successful development of Al-containing passivation layers has
remarkably enhanced the conversion efficiency,[21,22] achieving
28.3% in GaInP/GaAs dual-junction cells.[23]

The GaAs substrate used for epitaxial growth is another factor
that increases the production cost. To reduce the substrate costs,
some researchers have attempted direct epitaxial growth of III–V
materials on Si substrates.[24–29] However, high-quality III–V
materials are difficult to achieve using this method because crys-
tal defects are caused by mismatches of the lattices and thermal
expansion coefficients and by antiphase boundaries between
III–V and Si. Although these technical challenges have not been
completely solved, progress in growth technology has boosted the
conversion efficiency of direct-grown GaInP/GaAs/Si triple-
junction solar cells to 25.9%.[30] Reuse of GaAs substrates using
epitaxial lift-off (ELO) technology has alternatively been proposed
for reducing the substrate cost.[31–37] ELO technology separates
the solar cells from the substrates. Recently, high-quality
Al(Ga)As release layers required for the ELO process have been
grown using HVPE, and the ELO of III–V devices fabricated
using HVPE has also been demonstrated.[38,39] The ELO technol-
ogy offers advantages in fabricating multijunction structures.
Solar cells peeled from the substrate using ELO technology
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Multijunction solar cells combining III–V and Si materials can provide high
photoelectric conversion efficiency. Two-terminal III–V//Si triple-junction solar
cells with an efficiency of 35.9% have already been developed using metal–
organic vapor-phase epitaxy and the direct wafer bonding technique. This study,
however, proposes the low-cost fabrication of III–V solar cells using hydride
vapor-phase epitaxy (HVPE). GaInAsP solar cells are fabricated using HVPE to
apply to middle cells in III–V//Si triple-junction structures. By controlling the
partial pressure of the precursors, the optimal bandgap energy of 1.5 eV is
obtained for the HVPE-grown GaInAsP quaternary alloys. The 1.5 eV GaInAsP
single-junction solar cells show higher open-circuit voltage than the HVPE-grown
GaAs solar cells. The open-circuit voltage of the GaInAsP solar cells fabricated
with a GaInAsP growth rate of 77.6 μmh�1 reaches 1.1 V upon the formation of
the rear-heterojunction structure. In addition, the external quantum efficiency
spectra of the HVPE-grown GaInP/GaInAsP dual-junction solar cells show that
the 1.5 eV GaInAsP solar cells are superior to the GaAs solar cells in terms of
current matching for subcells in the III–V//Si triple-junction structures.
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can be bonded to other solar cells using metal nanoparticles. This
bonding technology is called smart stack,[40] which enables the
bonding of semiconductors of dissimilar materials, such as
GaAs//Si[41,42] and GaAs//CIGS.[43,44] Using the smart stack
technology, we demonstrated 30.8% efficient GaInP/AlGaAs//
Si triple-junction solar cells.[45] When Si is used for the bottom
cell of a two-terminal triple-junction structure, the optimum
bandgap energy of the middle cell is 1.5 eV. AlGaAs and
GaInAsP can possess this bandgap energy and can be lattice-
matched to the GaAs substrate. Schygulla et al. reported that
GaInAsP is more suitable as an absorber for the middle cell
and achieved a conversion efficiency of 35.9% for GaInP/
GaInAsP//Si triple-junction cells using the direct wafer bonding
technique.[46] The III–V semiconductors in their devices were
grown using MOVPE. We propose a low-cost fabrication method
of GaInP/GaInAsP//Si triple-junction solar cells. The procedure
is shown in Figure 1. HVPE is used to replace MOVPE for the
low-cost fabrication of the GaInP/GaInAsP dual-junction struc-
ture. An Al(Ga)As release layer is introduced between the GaAs
substrate and cell structure. After growing the III–V cell struc-
ture, ELO is performed to separate the solar cell from the sub-
strate. The peeled III–V cells are attached to temporary substrates
for handling. The substrate is reusable after separation, which
dramatically reduces the production cost. For Si cells, Pd nano-
particles are decorated on the surface to obtain conductivity
at the bonding interface with III–V solar cells. After that,
GaInP/GaInAsP dual-junction cells and Si single-junction cells
are bonded at room temperature. The primary difficulty in this
process is to fabricate high-performance GaInAsP solar cells
using HVPE. Jain et al. reported 1.7 eV GaInAsP solar cells
grown via HVPE.[47] They intended to develop top cells for
four-terminal III–V//Si solar cells. Although four-terminal tan-
dem cells do not require current matching between subcells,
optical losses such as parasitic absorption and reflectance at

the interface must be minimized to obtain high conversion
efficiency. Furthermore, as four-terminal devices require more
wirings, the fabrication process of the modules becomes compli-
cated and may itself increase the cost. The fabrication of
GaInAsP cells with a bandgap of 1.5 eV via HVPE for application
in two-terminal triple-junction structures has never been
reported. In this work, we first examined growth conditions
for the fabrication of GaInAsP solar cells. Then, we presented
the performance of 1.5 eV HVPE-grown GaInAsP single-junc-
tion solar cells for the realization of low-cost triple-junction
devices.

2. Results and Discussion

2.1. Growth of GaInAsP Layers

First, we investigated the growth conditions to obtain a bandgap
energy of 1.5 eV for GaInAsP layers. Figure 2 shows the peak
energy of the photoluminescence (PL) spectrum of GaInAsP
layers as a function of the partial pressures of HCl over Ga,
HCl (Ga) (Figure 2a), HCl over In, HCl (In) (Figure 2b), and
PH3 (Figure 2c). The PL measurements were conducted at
295 K. The partial pressures of other precursors involved in
the growth of GaInAsP layers were kept constant. The PL peak
energy of GaInAsP varied with the partial pressure of each pre-
cursor, suggesting that the composition of GaInAsP quaternary
alloys can be easily controlled by changing the partial pressures
of the precursors in case of HVPE. Figure 2d shows the PL spec-
trum of the GaInAsP grown with partial pressures of HCl(Ga),
HCl(In), AsH3, and PH3 set to 1.5� 10�3, 0.3� 10�3, 9.8� 10�3,
and 4.9� 10�3 atm, respectively. The peak energy of the PL spec-
trum was 1.5 eV. An asymmetric spectrum with a high-energy tail
specific to band-to-band transition was observed.[48,49] The

Figure 1. Fabrication procedure for low-cost III–V//Si tandem solar cells.
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spectrum shape reflects the density of states in the electronic struc-
ture and the Boltzmann distribution of carriers in GaInAsP
alloys.[48,49] Hence, this result indicates that GaInAsP with a
1.5 eV bandgap energy was obtained using HVPE.

Next, we characterized the free carrier concentration of GaInAsP
layers to fabricate device structures. Figure 3a shows the carrier
concentration of S-doped GaInAsP as a function of H2S dopant
partial pressure. The GaInAsP layers were adjusted to obtain a
bandgap of approximately 1.5 eV and lattice match with the
GaAs substrate. The free carrier concentrations were determined
via electrochemical capacitance–voltage measurements (ECV). In
this study, all S-doped GaInAsP layers showed n-type conductivity,
and their carrier concentrations were linearly proportional to the

partial pressure of H2S. The slope obtained for GaInAsP layers
grown with a V/III ratio of 3.7 is well matched with that of
GaAs layers grown with a V/III ratio of 4. As S atoms substitute
for the group-V sites, the incorporated S amount increases as the
V/III ratio decreases. Then, we characterized the relation between
the surface morphology and the V/III ratio of GaInAsP layers.

Figure 3b shows the surface morphologies of GaInAsP
observed by employing atomic force microscopy (AFM). 3D
growth with large unevenness was observed for samples grown
with a low V/III ratio (≤4.8). We considered that 2D growth did
not occur due to the shortage of group-V supply. In contrast, sam-
ples grown at a V/III ratio ≥8.2 exhibited good surface flatness
with atomic steps due to the usage of vicinal substrates. The
root-mean-square (RMS) roughness values of the surfaces were
found to be in the range of 0.33�1.01 nm. These values are con-
sistent with those of GaAs andGaInP layers grown viaHVPE.[16,50]

The RMS roughness increased slightly as the V/III ratio increased
(>8.2). We believe that this is because the migration length of Ga
and In adatoms decreases slightly as the V/III ratio increases.
From the viewpoint of surface flatness and carrier concentration,
we fabricated GaInAsP cell structures with a V/III ratio of 8.2 in
this study. Although the V/III ratio of 8.2 is relatively high for the
growth of III–V materials using HVPE, it is substantially smaller
than that obtained using MOVPE.[17]

Figure 2. PL peak energy of GaInAsP layers as a function of the partial
pressures of a) HCl (Ga), b) HCl (In), and c) PH3. d) PL spectrum of the
GaInAsP grown using HCl (Ga), HCl (In), AsH3, and PH3 partial pressures
of 1.5� 10�3, 0.3� 10�3, 9.8� 10�3, and 4.9� 10�3 atm, respectively.

Figure 3. a) Free carrier concentration of S-doped GaInAsP as a function
of H2S partial pressure. b) Surface morphology of HVPE-grown GaInAsP
obtained using AFM.
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2.2. Characterization of GaInAsP Solar Cells

Figure 4a shows the test structures used to investigate the photo-
absorption characteristics of the GaInAsP front-homojunction
(FJ) solar cells. The external quantum efficiency (EQE) spectra
of the GaInAsP FJ solar cells grown via HVPE are shown in
Figure 4b. For comparison, the EQE spectrum of the GaAs FJ
cells grown via HVPE is also shown (dashed line). Here, the
thickness of the GaAs absorber was 2650 nm for GaAs solar cells.
The antireflective coating (ARC) was not applied to GaInAsP and
GaAs FJ solar cells, confirming that the light absorption edge of
the GaInAsP solar cells had a shorter wavelength than that of the
GaAs solar cells. Both samples exhibited almost the same maxi-
mum EQE, indicating that the quality of GaInAsP quaternary
alloys is comparable to that of GaAs grown via HVPE. The dif-
ference in EQE in the long-wavelength region around absorption
edges originates from the different absorber thickness. Figure 5a,b
shows the cross-sectional high-angle annular dark-field scanning
transmission electron microscopy (HAADF STEM) images of the
GaInP/GaInAsP and GaInAsP/GaInP heterointerfaces, respec-
tively. The former switched to GaInP growth after the growth
of the GaInAsP layer, and the latter switched to GaInAsP growth
after the growth of the GaInP layer. Although both GaInP and
GaInAsP layers were deposited in the same growth chamber,
the heterointerfaces exhibited abrupt changes, suggesting good
interface quality.

Next, we investigated the effects of cell structure on the per-
formance of 1.5 eV GaInAsP single-junction cells. Two types of
samples with different junction structures were prepared: the FJ
structure and the rear-heterojunction (RHJ) structure, as shown
in Figure 6a. The n-GaInAsP and p-GaInAsP layers were grown
at growth rates of 77.6 and 81.5 μmh�1, respectively, for both
solar cells. Figure 6b shows the light current–voltage ( J–V )
curves of both GaInAsP solar cells measured under air mass
1.5 global (AM1.5G) solar spectrum illumination. The perform-
ances of the samples without an ARC were compared for an

Figure 4. a) Schematic of the test structure used to investigate the photo-
absorption characteristics of GaInAsP FJ solar cells. b) EQE spectra of
GaInAsP and GaAs single-junction solar cells without an ARC. The solid
red and dashed black lines represent the data obtained from GaInAsP and
GaAs single-junction solar cells, respectively.

Figure 5. Cross-sectional HAADF STEM images of a) GaInP/GaInAsP and
b) GaInAsP/GaInP heterointerfaces.

Figure 6. a) Schematic of GaInAsP solar cells with different junction struc-
tures. b) Light J–V curves of GaInAsP single-junction solar cells with differ-
ent structures. The blue and red lines represent the data obtained from FJ
and RHJ structures, respectively. An ARC is not employed for these devices.
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impartial evaluation to avoid fluctuations due to the influence of
the ARC quality. Table 1 presents the short-circuit current den-
sity (JSC), open-circuit voltage (VOC), fill factor (FF), and conver-
sion efficiency (η) for each solar cell determined from the J–V
curves. The VOC of the GaInAsP FJ solar cells was found to be
1.039 V. In our previous work, the VOC of the GaAs FJ solar cells
grown via HVPE with a similar growth rate was �0.95 V.[50] An
increase of approximately 90mV in VOC was observed for the
GaInAsP cells compared to the GaAs cells owing to the increased
bandgap of the absorber layers. Moreover, VOC was improved by
adopting the RHJ structure due to the reduced Shockley–Read–
Hall recombination in the depletion region by the formation
of the RHJ structure.[51,52] In addition, VOC was improved owing
to the higher built-in potential obtained by the higher bandgap of
the AlGaInP emitter compared to GaInAsP.[53] Consequently, a high
VOC of 1.100 V was obtained for the 1.5 eV GaInAsP RHJ cells.

For FJ devices, most of the photogenerated minority carriers
can be collected via the built-in electric field drift process for p–n
junctions. In RHJ structures, most of the photogenerated minor-
ity carriers in the GaInAsP layer must diffuse over a long dis-
tance toward the p–n junction. A thick GaInAsP absorption
layer is required to obtain a sufficient amount of photocurrent.
Therefore, we examined the dependence of the GaInAsP
absorber thickness on the EQE spectra of the RHJ solar cells.
Figure 7 shows the EQE spectra of the GaInAsP RHJ solar cells
without an ARC. The EQE in the wavelength region longer than
the GaInP absorption edge (�1.88 eV) is important when utiliz-
ing GaInAsP cells in III–V//Si triple-junction structures. The
EQE around the GaInAsP absorption edge was enhanced by
increasing GaInAsP thickness. For devices with a GaInAsP

absorption layer having a thickness of ≥2000 nm, the shape of
the EQE spectra near the absorption edge becomes close to a rect-
angle, suggesting that photogenerated minority carriers in the
GaInAsP absorption layer are sufficiently collected by diffusion
even in case of the RHJ structures.

Finally, we characterized the photocurrent of the GaInP/
GaInAsP dual-junction structures for bonding with Si cells.
Figure 8 shows the EQE spectra of the GaInP/GaInAsP dual-
junction cells. The purple and red curves indicate the EQE spec-
tra of the GaInP top cell and GaInAsP bottom cell, respectively.
The GaInAsP cell adopted the RHJ structure, and the thickness
of the GaInAsP absorber was set to 2000 nm in this study. For
comparison, the EQE spectrum of the GaAs bottom cell in the
GaInP/GaAs dual-junction structure is shown by the dashed
black line in Figure 8. As for the single-junction structure, the
light absorption edge of the GaInAsP bottom cell shifted to a
shorter wavelength compared to that of the GaAs cell. The inte-
gral values of the EQE spectrum under AM1.5G solar spectrum
illumination were 8.1 and 9.8mA cm�2 for the GaInAsP and
GaAs subcells, respectively, showing that the two-terminal
GaInP/GaInAsP//Si triple-junction structures can increase the
Si subcell photocurrent production by approximately 1.7mA cm�2

compared to the GaInP/GaAs//Si triple-junction structure. From
the viewpoint of the bandgaps of the constituent materials, in the
latter structure, the photocurrent production of the Si bottom
cell limits the total photocurrent of the devices.[54] Therefore, it
is effective to use 1.5 eV GaInAsP for middle cells in III–V//Si
triple-junction structures. We have previously demonstrated the
ELO and smart stack processes of HVPE-grown cells.[38,39,55]

Further research on smart-stacked HVPE-grown GaInP/GaInAsP
dual-junction cells and Si single-junction cells may realize low-cost
high-efficiency triple-junction solar cells.

3. Conclusion

We studied 1.5 eV GaInAsP single-junction solar cells grown via
HVPE. The bandgap energy of GaInAsP alloys can be controlled
by changing the partial pressures of the precursors. The cross-
sectional STEM images confirmed that abrupt interfaces can
be obtained even if GaInAsP and GaInP were grown in the same
growth chamber. The GaInAsP single-junction solar cells

Table 1. Parameters of light J–V curves of GaInAsP single-junction solar
cells with different junction structures. An ARC is not employed for these
devices.

Structure FJ RHJ

JSC [mA cm�2] 17.9 17.7

VOC [V] 1.039 1.100

FF [%] 75.2 83.2

η [%] 13.9 16.2

Figure 7. EQE spectra of GaInAsP single-junction cells with different
GaInAsP absorption layer thicknesses. The arrow indicates the absorption
edge of GaInP solar cells (1.88 eV).

Figure 8. EQE spectra of GaInP/GaInAsP dual-junction cells without an
ARC. The solid purple and red lines represent the EQE obtained from
the GaInP and GaInAsP subcells, respectively. The dashed black line is
the EQE of the GaAs subcell in GaInP/GaAs dual-junction cells.
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showed higher VOC than the HVPE-grown GaAs solar cells pre-
viously reported by our group. Furthermore, the formation of the
RHJ structure improved the cell performance. In particular, VOC

was greatly increased from 1.039 to 1.100 V. For the GaInAsP
RHJ cells, GaInAsP layers were grown at 77.6 μmh�1, which
is much higher than that of typical MOVPE. Compared to the
GaAs solar cells, the 1.5 eV GaInAsP solar cells are superior
in terms of current matching for subcells in fabricating triple-
junction solar cells with Si as the bottom cells. The photocurrent
density of the Si bottom cells can be increased by�2mA cm�2 in
two-terminal GaInP/GaInAsP//Si triple-junction structures
compared to that in two-terminal GaInP/GaAs//Si triple-junction
structures. Our work demonstrates that high-performance 1.5 eV
GaInAsP solar cells can be obtained using low-cost HVPE for the
first time. The results represent major progress toward realizing
low-cost III–V//Si triple-junction solar cells.

4. Experimental Section
Samples were grown on a GaAs (100) substrate that was miscut 4°

toward the (111)B direction. A triple-chamber HVPE system (Taiyo
Nippon Sanso, H260) that comprised two growth chambers and a prepa-
ration chamber was used for epitaxial growth.[15,21] One growth chamber
was used for the deposition of GaAs layers. The other growth chamber was
used for the deposition of GaInAsP, GaInP, and AlGaInP layers. Figure 9
shows a schematic of the latter. The source zone used for the preparation
of metal chlorides was located at the upstream side of the reactor. In the
upper part of the source zone, a Ga-filled quartz boat and an Al-filled alumina
boat were installed, whereas an In-filled quartz boat was installed in the lower

part. The Ga- and In-filled quartz boats were heated to 700 °C, and HCl gas
was introduced to produce GaCl and InCl precursors, respectively. The Al-
filled alumina boat was heated to <500 °C, and HCl gas was introduced
to generate AlCl3 precursors.[38,56,57] In the growth chambers, 200 ppm
H2S and 1000 ppm dimethylzinc in a H2 mixture were supplied as n- and
p-type dopant gases, respectively. All gases were transported to the deposi-
tion zone by the H2 carrier gas in the reactor. The preparation chamber that
maintained a substrate under the flow of group-V precursors of AsH3 or PH3

was located between the two growth chambers. The purpose of this chamber
was to stabilize the feed gas when switching gas species or flow rates in the
growth chambers. For stabilizing the feed gas, the growth of the samples was
paused at all interfaces with implementation times of approximately 1–
1.5min. The substrate attached to the susceptor was moved between the
preparation chamber and each growth chamber within �2 s. During sample
growth, the temperature of the deposition zone was set to 660 °C.

The GaInP and AlGaInP layers were grown such that their lattice is
similar to that of GaAs. The growth conditions and compositions are
described in previous reports.[21,23] The growth rates of constituent layers
for GaInAsP solar cells are summarized in Table 2. Ga, In, As, and P com-
positions in GaInAsP absorbers in the cell structures were �95%, �5%,
�89%, and �11%, respectively. For the cell structures, AuGeNi/Au and
Ti/Au electrodes were deposited as top and bottom contacts, respectively.
The GaAs front contact layer was etched using a citric acid solution. Mesa
isolation was performed using photolithography for all devices.

The structural properties of the samples were characterized via AFM
and STEM. The PL spectra of the GaInAsP layers were obtained using
a compact near-infrared PL spectrometer (Hamamatsu, C12132). The
wavelength of the excitation laser was 532 nm. The performance of the
cells was evaluated through J–V curves using a solar simulator with xenon
and halogen dual light sources (Bunkoukeiki), which closely simulate the
AM1.5G solar spectrum. Further, EQE spectra were measured using a
monochromatic light with a flux of 1� 1014 photons cm�2 (Bunkoukeiki,
CEP-25CI). The signal was detected in the alternating current mode at a
chopping frequency of 85 Hz using a lock-in amplifier.
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Figure 9. Schematic of the HVPE growth chamber used for the deposition of GaInAsP, GaInP, and AlGaInP layers.

Table 2. Growth rates of materials used in the fabrication of GaInAsP solar
cells via HVPE.

Materials Polarity Growth rate [μmh�1]

GaAs n 18.6

p 19.3

GaInP n 13.3

p 32.0

AlGaInP n 7.4

p 9.6

GaInAsP n 77.6

p 81.5
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