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We  report  on the  fabrication  of  III–V compound  semiconductor  multi-junction  solar  cells  using the
room-temperature  wafer bonding  technique.  GaInP/GaAs  dual-junction  solar  cells  on  GaAs  substrate  and
InGaAsP  single  junction  solar  cell  on  InP  substrate  were  separately  grown  by  all-solid  state  molecular
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beam  epitaxy  (MBE).  The  two cells  were  then  bonded  to a triple-junction  solar  cell  at  room-temperature.
A  conversion  efficiency  of 30.3%  of GaInP/GaAs/InGaAsP  wafer-bonded  solar  cell  was  obtained  at  1-sun
condition  under  the  AM1.5G  solar  simulator.  The  result  suggests  that  the room-temperature  wafer  bond-
ing technique  and  MBE  technique  have  a great  potential  to improve  the  performance  of  multi-junction
solar  cell.
oom-temperature wafer bonding
olecular beam epitaxy

. Introduction

Multi-junction solar cells (MJSCs) have been one of the most
romising options to efficiently convert the sunlight into electric-

ty [1–3]. Especially, III–V MJSCs are the most efficient photovoltaic
evices because of superior properties in terms of material quality,
tability, radiation hardness, miscibility, and tunability of bandgap
nd lattice constants. At present, the monolithic epitaxial growth
echnique is the main method to fabricate multi-junction solar
ell. However, this method limits the choice of materials and cell
ombinations for four or more junctions, because it is very diffi-
ult to simultaneously satisfy the requirements of lattice-matching
nd current-matching between sub-cells [4–7]. Therefore, reported
fficiencies have been much lower than theoretically predicted effi-
iencies, particularly in case of four- or more-junction solar cells
8,9]. Besides the direct epitaxial growth, multi-junction solar cells

an also be fabricated by mechanical stacking [10–13], but there is

 great disadvantage for mechanically stacked solar cells that they
equire a metallic grid or intermediate layer at the interface which
auses optical losses.

∗ Corresponding author.
E-mail address: sllu2008@sinano.ac.cn (S.-l. Lu).

1 These authors contributed equally to this work and should be considered co-first
uthors.
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Direct wafer bonding technique applied to two different sub-
strates can overcome these issues. A wafer-bonding interface
with a low resistance is an essential physical property of the
semiconductor bond [14–16]. However, in conventional wafer-
banding techniques, such as fast-atom-beam-activated wafer
bonding[17,18] and fused bonding [14,16], high-temperature or
long annealing was  generally required to achieve high mechan-
ical strength and low electrical resistances. High temperature
annealing would not only bring about wafer bending and void
formation at a bonding interface owing to the difference in ther-
mal  expansion coefficients, but also cause the diffusion of dopants
from heavily doped tunnel junctions between sub-cells, leading to
the degradation of the tunnel junctions. [19–21] To solve these
problems, room-temperature wafer bonding technique without
high-temperature annealing has been applied to fabricating wafer-
bonded MJSCs. An interface resistance of 2.5 × 10−5� cm2 was
obtained for a p+-GaAs/n-InP bond by using this method [22]. Most
researchers used n–n bond which had a relatively high bonding
resistance. This high resistivity was due to the high defects den-
sity at the bond interface. They have reduced the defects density
by high temperature annealing, leading to the lower resistance. On

+
the other hand, we found the special bonding technique using p -
n bond and Ar-ion plasma activation which was not requested in
the case of the high-temperature annealing. Because this method
enabled the low resistance by enhancing the tunnel current flow
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ig. 1. The schematic of the GaInP/GaAs/InGaAsP room-temperature wafer-bonded
olar cell structure. Electrodes and etched contact layers are omitted.

hrough the defects levels, which was demonstrated in detail Ref.
22].

According to detailed balance principle [23], the best bandgap
ombination and its corresponding efficiency limits for the
ulti-junction cells was estimated. While cell designs with
ulti-junctions present tantalizing opportunities for higher effi-

iencies, all such designs require near 1 eV bandgap materials.
16] Taking four-junction cells for example, the ideal efficiency
f 55% can be achieved with an optimized bandgap combi-
ation of 1.9/1.4/1.0/0.7 eV [24]. Furthermore, compared with
ernary compound semiconductor material such as InGaAs, the
nGaAsP quaternary alloy has the wide range of bandgap available
0.75 eV–1.35 eV)[25] and the independent regulation of bandgap
nd lattice constant. Therefore, 1.0 eV InGaAsP solar cell, lattice-
atched to InP substrate, is an ideal choice as bottom sub-cell in

riple-junction solar cell [26]. However, there are only a few previ-
us successful achievements of InGaAsP-based solar cell grown by
etal-organic chemical vapor deposition (MOCVD) [27,28]. Molec-

lar beam epitaxy (MBE) has the potential to grow high quality
nGaAsP materials, because it proceeds under an ultra-high vacuum
ondition and uses ultra-high purity metal sources. [29,30]

In this work, a room-temperature wafer-bonded triple-junction
olar cell was grown by all-solid state MBE. We investigated the
urface and interfacial properties of triple-junction solar cells by
sing scanning transmission electron microscopy (STEM) and opti-
al microscope. A conversion efficiency of 30.3% was  obtained
nder the AM1.5G solar simulator.

. Experimental details

The typical structure of the triple-junction solar cell is shown
n Fig. 1. The material growth was performed by a Veeco GEN20A
ual-chamber all solid-state MBE  equipped with a valved phos-
horus cracker cell and a valved arsenic cracker cell. Silicon and

eryllium were used as the n- and p-type doping sources, respec-
ively. The growth rate was 1 �m/h. During the material growth, the
HEED of the surface reconstruction was in real-time monitored.
he beam equivalent pressure ratio of each element was calibrated
y a combination of beam flux gauge. The detailed description of the
cience 389 (2016) 673–678

material growth and properties has been described in our previous
work [31,32]. The GaInP/GaAs top tandem cell was grown inverted
on GaAs substrate and electrically interconnected by a GaAs tunnel
junction. The InGaAsP solar cell was grown upright on InP substrate.
Heavily doped p-GaAs layer and n-InP layer with the doping density
of 1018–1019 cm−3 were applied at the bonding interface to achieve
low interface resistance.

The GaInP/GaAs/InGaAsP triple-junction solar cell was  fabri-
cated by bonding the GaAs-based top cell and InP-based bottom cell
using the room-temperature wafer bonding technique. The bond-
ing process was  carried out in a room-temperature wafer-bonding
machine (MWB-06-R, Mitsubishi Heavy Industries) equipped with
an Ar ion gun in a high-vacuum chamber (<10−5 Pa). The bond-
ing layer was  prepared for the direct wafer bonding by chemical
mechanical polishing (CMP). The CMP  process was  performed
by polishing machine (PHOENIX BETA, Buehler) with rotating
speed of polishing pad of 30–40 RPM and polishing pressures
of 100–120 g/cm2. We  chose colloid SiO2 suspension as polish-
ing solution. Thereby, a low surface roughness of 0.374 nm was
obtained to ensure close contact between the bonding surfaces.
After CMP, the two wafers were exposed to low energy Ar ions to
activate their surfaces and generate dangling bonds. The Ar ions
were accelerated with a voltage of only 100 V. The argon atoms
and ions reach the surface under an angle of approximately 45◦,
respectively. Then they were brought into close contact for the opti-
mized time under a force of 5000 N in a high-vacuum chamber.
After successful wafer bonding, the GaAs substrate was removed
by wet chemical etching in 1: 3: 3 NH4OH: H2O2: H2O solutions
for 2 h. Alternatively, the growth substrate could be removed by a
lift-off process [33], which could reuse the GaAs wafer and thereby
reduce the manufacturing cost of the triple-junction devices. Then
we made a triple-junction solar cell following conventional III–V
solar cell art. AuGe/Ni/Au ohmic contact metals were formed on
a GaAs contact layer and an anti-reflection coating film deposited
onto the window layer of the GaInP top cell by RF sputtering. The
size of wafer-bonded solar cells was  5.0 × 5.0 mm2. The photo-
voltaic current-voltage curves were measured under the AM1.5G
solar simulator.

3. Results and discussion

The typical structure of the GaInP/GaAs/InGaAsP triple-junction
solar cell is shown in Fig. 1. The structure of each sub-cell consisted
of a p-type base layer, an n-type emitter layer, and hetero-junctions
acting as the back-surface field (BSF) layer and window layer to
reduce surface recombination. For the Ga0.52InP cell, a 750 nm base
layer (3.5 × 1016 cm−3) and an 80 nm emitter layer (1 × 1018 cm−3)
were included. A 15 nm Si-doped AlInP (4 × 1017 cm−3) and a 30 nm
Be-doped AlGaInP layer (1 × 1019 cm−3) were used as the window
layer and the BSF layer, respectively. The GaAs cell consisted of
a 1000 nm base layer (5 × 1016 cm−3) and a 100 nm emitter layer
(1 × 1018 cm−3). The window and BSF layers were 30 nm GaInP
(3 × 1018 cm−3) and 500 nm GaInP (2 × 1018 cm−3), respectively.
The GaInP top cell was  coupled with the GaAs middle cell by a heav-
ily doped tunnel junction which was composed of 15 nm p+-GaAs
(3 × 1019 cm−3) and 15 nm n+-GaAs (1 × 1019 cm−3). The InGaAsP
cell had a 2500 nm base layer (5 × 1016 cm−3) and a 200 nm emit-
ter (2 × 1018 cm−3). Si-doped InP (5 × 1018 cm−3) and Be-doped
InP (3 × 1018 cm−3) were used as the window layer and BSF layer,

respectively. In our previous research [34], the InP barrier was  more
promising than InAlAs as the BSF layer, because surface recombi-
nation at InP/InGaAsP interface was  relatively smaller than that
of InAlAs/InGaAsP. The material of the base layer was  selected
In0.78Ga0.22As0.48P0.52 with a bandgap energy of 1.0 eV. Fig. 2 shows
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Fig. 2. The optical micrograph imag

he optical micrograph image of InGaAsP epitaxial layer. Very few
ecks and no micro cracks were found in the surface.
Fig. 3(a) shows the dependence of photoluminescence (PL)
pectra on the temperature for InGaAsP material. With the tem-
erature increasing, the PL peak energy demonstrates a clear
ed-shift toward the lower energy direction and the spectral line
hape becomes broader. The shift of peak energy with increasing
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ig. 3. (a) Temperature-dependent PL spectra of the In0.78Ga0.22As0.48P0.52
aterial. PL peak energy versus temperature is shown in the inset. (b) A typi-

al PL decay curve for In0.78Ga0.22As0.48P0.52 material at 10 K. The temperature
ependence of the PL decay time is shown in the inset.
0.78Ga0.22As0.48P0.52 epitaxial layer.

temperature follows the band gap shrinking pattern predicted by
the well-known Varshni’s empirical formula [35]:

Eg (T) = Eg (0) −  ̨ T2

T + ˇ

Where Eg(0) is the energy gap of material at 0 K, T is the tempera-
ture, and � and � are Varshni’s coefficients. � can be approximated
as by the Debye temperature of the material [36] Eg (0) = 1.105 eV ,

 ̨ = 3.3 × 10−4eV/K and  ̌ = 248K can be obtained by fitting for
Temp-Energy plot shown in the inset of Fig. 3(a). These fitting
parameters are in good agreement with previous results. [36–38].
At 300 K, the PL peak energy is 1.05 eV. In addition, Time-resolved
PL measurements were made to measure the carrier’s PL lifetime,
which was a quite important performance index for the qual-
ity of semiconductor materials and devices. PL decay curves for
InGaAsP material were measured at different temperature from
10 K to 300 K, as shown in Fig. 3(b). The PL integral intensities
were consistent with mono-exponential decay with time constant
� for all of the temperature between 10 K and room temperature:
I(t) = I0 exp(−t/�). The temperature dependence of the PL decay
time � was  calculated, as shown in the inset of Fig. 3(b). The decay
times remain at a high level about ∼10 ns, which indicates that
radiative recombination plays a dominant role in the recombina-
tion process.

In order to lower the barrier height of the bonding interface,
heavily doped p+-GaAs/n-InP rather than n-GaAs/n-InP with the
doping density of 1018–1019 cm−3 were used as the contact layers.
In our previous work [22], we obtained the lowest reported inter-
face resistance of 2.5 × 10−5� cm2 for the p+-GaAs/n-InP bond and
discussed that the n-GaAs/n-InP bond has an interface potential
barrier, and a high interface resistance.

A GaInP/GaAs/InGaAsP triple-junction cells has been fabricated
by wafer-bonding technique. The scanning transmission electron
microscope (STEM) image of the triple-junction solar cell was
shown in Fig. 4. Clear interface between each epitaxial layer can
be observed, which indicates a perfect material growth using MBE.
Threading dislocations and planar defects which typically arise in
the lattice-mismatched epitaxial growth were not observed in each
sub-cell. Fig. 4(b) and Fig. 4(c) illustrate that the thicknesses of
both the contact and the tunnel junction area have a good agree-
ment with the design. In the wafer-bonding interface, no voids
were found owing to a high mechanical stability in wafer-bonding

process. The thickness of the amorphous interface layer was about
7 nm,  as shown in Fig. 4(d).

The external quantum efficiency curves (EQE) of triple-junction
cells are shown in Fig. 5. The bottom tandem sub-cell is photo-
voltaically active and an overlap between the GaAs sub-cell and
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Fig. 4. Typical cross-sectional STEM image of (a) the room-temperature wafer-bonded GaInP/GaAs/InGaAsP triple-junction solar cells, (b) the contact region of top sub-cell,
(c)  the tunnel junction of GaInP/GaAs dual-junction solar cells and (d) bonding interface.

Table 1
Typical electrical properties of GaInP/GaAs/InGaAsP room-temperature wafer-bonded solar cells at 1 sun condition under AM1.5 G solar simulator.

Short-circuit current
density (mA/cm2)

Open-circuit voltage (V) Fill factor (%) Efficiency (%)

GaInP/GaAs Dual-junction 13.6 2.310 86% 27%
GaInAsP Single-junction 41.5 0.517 75.3% 16.2%
GaInP/GaAs/InGaAsP triple-junction 12.8 2.753 86.1% 30.3%
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nGaAsP sub-cell between 700 and 900 nm indicates a highly trans-
arent bonded interface. Low optical loss could be achieved in the
onded interface, because the two wafers were taken together and
irectly bonded. Fig. 6 shows the I–V characteristics of the room-
emperature wafer-bonded GaInP/GaAs/InGaAsP triple-junction
olar cells at one-sun condition under the AM1.5G solar simu-
ator and Table 1 shows the corresponding electrical properties.
he wafer-bonded triple-junction solar cell has a photovoltaic con-
ersion efficiency of 30.3% with the open circuit voltage (Voc) of
.753 V, a short-circuit current density (Jsc) of 12.8 mA/cm2 and a
ll factor (FF) of 86.1%. The top two sub-cells have been thinned sub-
tantially to achieve current matching. According to EQE curves in
ig. 5, each Jsc value of GaInP, GaAs and InGaAsP cell was  estimated
o be 13.7, 10.9 and 10.7 mA/cm2. Therefore, InGaAsP cell with the
owest Jsc dominated the Jsc of the triple-junction cell. Consider-
ng this large difference, we reexamined the measuring condition
nd repeated the measurement several times. It was found the dis-
repancy lies in the inaccuracy of the solar simulator at the side of
he long wavelength. However, the standard AM 1.5G spectrum was
sed to calculate current density. So there is a discrepancy between
he two data. Maybe the efficiency was overestimated. In addition,

he measured EQE curve also was a little bit lower than the aver-
ged value. For comparison, the I–V characteristics of GaInP/GaAs
ual-junction with relative thicker base layers and InGaAsP sin-
le junction SC with the same structures are also presented. The
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GaAs/GaInP dual-junction SC has a photovoltaic conversion effi-
ciency of 27% with the Voc of 2.310 V, a Jsc of 13.6 mA/cm2 and FF
of 86%. This dual-junction SC has a higher Jsc (13.6 mA/cm2) than
that of the triple-junction SC due to the thicker base layers. The
InGaAsP bottom cell has an efficiency of 16.2% with a Voc of 0.517 V,
a Jsc of 41.5 mA/cm2, and an FF of 75.3%. The sum of the un-bonded
GaInP/GaAs and InGaAsP sub-cells is 2.83 V, which means that volt-
age drops at the wafer-bonding interface are as low as 0.074 V. That
suggests that the electrical loss at the bonding interface is very low.
The Jsc of the triple-junction solar cell is dominated by the InGaAsP
sub-cell with the lowest Jsc, which is reasonable in terms of a series
circuit with each sub-cell. The theoretical efficiency of the triple-
junction cell with bandgap combination of 1.9/1.4/1.0 eV can reach
up to 38% at one sun. [39] There is still a large room to improve
the efficiency of the wafer-bonded GaInP/GaAs/InGaAsP solar cell
by optimizing the base layer thickness of each sub-cell as well as
the device performance of each single junction. Further studies
concerning band-gap energies, doping density and growth param-
eters of InGaAsP would be essential to improve the performance of
wafer-bonded multi-junction solar cell.

4. Conclusion

A GaInP/GaAs/InGaAsP triple-junction solar cell using the
room-temperature wafer bonding technique was investigated.
GaAs-based dual-junction solar cell and InP-based single junc-
tion solar cell were separately grown by all-solid state MBE, and
then the two wafers were bonded to a triple-junction solar cell
at room-temperature. The fabricated wafer-bonded triple-junction
solar cell reached a conversion efficiency of 30.3% with an open cir-
cuit voltage (Voc) of 2.753 V, a short-circuit current density (Jsc) of
12.8 mA/cm2 and a fill factor (FF) of 86.1% at 1-sun condition under
the AM1.5G solar simulator. These results indicate that the room-
temperature wafer bonding technique and MBE  growth are very
promising to improve the performance of multi-junction solar cell.
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