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An InGaP/GaAs tandem cell on a GaAs substrate and an InGaAsP/InGaAs tandem cell on an InP substrate were grown separately by all-solid-
state molecular beam epitaxy. A room-temperature direct wafer-bonding technique was used to integrate these subcells into an InGaP/GaAs//
InGaAsP/InGaAs wafer-bonded solar cell, which resulted in an abrupt interface with low resistance and high optical transmission. The current-
matching design for the base layer thickness of each cell was investigated. The resulting efficiency of the four-junction solar cell was 42.0% at 230
suns, which demonstrates the great potential of the room-temperature wafer-bonding technique to achieve high conversion efficiency for cells with
four or more junctions. © 2016 The Japan Society of Applied Physics

T
he efficiencies of III–V compound semiconductor
multi-junction solar cells (SCs) continue to increase
with the optimization of device design and the im-

provement of material quality.1–5) To obtain higher efficien-
cies, both the lattice-matching conditions and the current-
matching conditions between the subcells that compose the
multi-junction SC structure should preferably be satisfied.
However, it is very difficult to satisfy these requirements
simultaneously because the lattice constant has a strong
relationship with the bandgap energy.1–3,6–9) Especially in the
case of four or more junctions, dislocations resulting from
metamorphic buffers in the upright lattice-mismatched growth
could deteriorate the device performance. To overcome this
issue, SCs with more than four junctions require a connection
without dislocations between mismatched materials.

Direct wafer-bonding offers the possibility to integrate
lattice-mismatched subcells from different substrates into a
single device. By forming atomic bonds at the interface,
the wafer-bonding technique can overcome the dislocation
problems associated with metamorphic growth without elec-
trical loss or optical loss.4,5,10–16) To date, most groups have
used the methods of fast-atom-beam-activated wafer bond-
ing5,13) and fusion bonding,4,10,11) which require high tem-
perature and a long bonding time to achieve high mechanical
strength and low electrical resistance. However, high-temper-
ature annealing could result in wafer bending and void
formation at the bonding interface owing to the different
thermal expansion coefficients of different materials. More-
over, high-temperature annealing could cause the diffusion of
dopants from heavily doped tunnel junctions between sub-
cells, leading to the degradation of the tunnel junctions.17–19)

Recently, the room-temperature wafer-bonding technique has
been used for bonding GaAs and InP without high-temper-
ature annealing and the lowest ever interface resistance has
been reported.16,20,21) In this work, the room-temperature
wafer-bonding technique is used for the first time to fabricate
InGaP=GaAs==InGaAsP=InGaAs four-junction SCs grown
by molecular beam epitaxy (MBE).

The design of the bandgap combination was considered.
The relationship between the base layer thickness and the
short-circuit current density (Jsc) of each single-junction SC
was quantitatively and experimentally demonstrated.

When calculating the fundamental limiting efficiency,
only three losses were considered to simplify the calculation
process: recombination loss, thermal loss, and transmission
loss. The SC structure consists of four subcells. Each subcell
absorbs light in the wavelength range corresponding to
energies between its own bandgap energy and that of the
upper subcell. The external quantum efficiency (EQE) of each
subcell was assumed to be unity. Using the form reported by
Henry22) and denoting the index of each subcell as i, the Jsc of
each subcell is determined by the spectral irradiance ϕ (λ) as

Jsci ¼ q

hc

Z Egiþ1

Egi

�ð�Þ� d�:
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where ni is the subcell refractive index. For m series-
connected subcells with individual bias Vi (J ), the current
density–voltage (J–V ) curve for the series-connected set is

VðJÞ ¼
Xm
i¼1

ViðJÞ

In our simulation, using the constant bandgap energies of
subcell 1 and subcell 2 (which were 1.91 eV for InGaP and
1.42 eV for GaAs), we obtained the iso-efficiency contours for
a four-junction terrestrial SC as a function of the bandgap
energies of subcell 3 and subcell 4 with the 1-sun AM1.5G
solar spectrum, as shown in Fig. 1. A maximum efficiency of
45.39% was achievable on the condition that the bottom two
junctions were made of materials with bandgap energies
of 1.01 and 0.557 eV. However, obtaining lattice-matched
materials with these two bandgap energies is not realistic.
Therefore, with the aim of approaching the highest efficiency,
we selected two more practical and achievable materials,
InGaAsP (bandgap energy 1.07 eV) and InGaAs (0.74 eV),
which are lattice-matched to the InP substrate. A high con-
version efficiency of 38.97% is possible for the combination
of these four junctions at 1 sun. The resulting performance
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parameters of the ideal and the realistic four-bandgap com-
binations are shown in Fig. 1(a). A schematic of the designed
device structure is displayed in Fig. 1(b). In this bandgap
combination and for the current-matched design, Jmp was
12mA=cm2. This provided an important foundation for the
subsequent device growth because the subcell with the lowest
photocurrent dominates the current of the entire device.

The material growth was performed by a Veeco GEN20A
dual-chamber all-solid-state MBE machine equipped with a
valved phosphorus cracker cell and a valved arsenic cracker
cell. Silicon and beryllium were used as the n- and p-type
doping sources, respectively. The detailed description of
the material growth and properties has been provided in our
previous work.23,24) The composition was adjusted to be
lattice-matched to the substrate and the three subcells were
grown to form In0.48Ga0.52P, In0.78Ga0.22As0.48P0.52, and In0.53-
Ga0.47As, respectively. The structure of each single-junction
SC comprised 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 In0.48Ga0.52P cell, a 400 nm base with carrier concentra-
tion 3.5 × 1016 cm−3 and an 80 nm emitter with 1 × 1018 cm−3

were included. A 30 nm p-type In0.48Ga0.52P layer with carrier
concentration 4 × 1018 cm−3 and a 20 nm n-type Al0.48In0.52P
one with 4 × 1017 cm−3 were used as the BSF and the window
layer, respectively. The GaAs cell was composed of a 700 nm
base with carrier concentration 5 × 1016 cm−3 and a 100 nm
emitter with 1 × 1018 cm−3. The BSF and window layers were
500 nm In0.48Ga0.52P with carrier concentration 2 × 1018 cm−3

and 30 nm In0.48Ga0.52P with 3 × 1018 cm−3, respectively. The
In0.78Ga0.22As0.48P0.52 cell had a 2500 nm base layer with
carrier concentration 5 × 1016 cm−3 and a 200 nm emitter layer
with 2 × 1018 cm−3. The In0.53Ga0.47As cell was composed of
a 3000 nm base with carrier concentration 1 × 1017 cm−3 and a
200 nm emitter with 1 × 1018 cm−3. The thicker emitter of the
bottom cell was introduced in a concentrator multi-junction
cell to reduce the sheet resistance and enhance the lateral
electron flow.25) In future work, the emitter thickness and
doping level will be further optimized to improve the con-
version efficiency. The p- and n-InP layers were used as the
BSF and window layers of these two subcells, which had a

thickness of 50 nm and a carrier concentration of 3 × 1018 cm−3

(BSF layer) and 30 nm and 3 × 1018 cm−3 (window layer). For
wafer bonding, a 500 nm (Al)InGaP sacrificial layer was
grown in the top tandem cell to avoid bonding damage.

The bonding process was performed by a room-temper-
ature wafer-bonding machine (Mitsubishi Heavy Industries
MWB-06-R) equipped with an Ar ion gun in a high-vacuum
chamber (<10−5 Pa). The two wafers were first exposed to
low-energy Ar ions to activate their surfaces and form dangl-
ing bonds. Then, they were brought into close contact and
pressed together with a force of 5000N inside the chamber.
Because the bonding process was completed in a high-
vacuum chamber, the contamination of the bonding interface
was avoided. This is especially important because particle
contaminants may cause large voids and defects that have
a detrimental effect on the performance of the bonded cell.
Figure 2 shows the cross-sectional transmission electron
microscopy (TEM) image of the bonded cell and the high-
resolution TEM image of the interface of GaAs and InP.
No voids were present, which resulted in a high mechanical
stability. The thickness of the amorphous interface layer was
about 7 nm. Threading dislocations and planar defects, which
typically occur in lattice-mismatched epitaxial growth, did
not appear in the interface. After bonding, the device struc-
tures were processed following the standard III–V SC device
processes. Front (AuGe=Ni=Au) and back (Au=Zn=Au=Cr=
Au) ohmic contacts were applied to the surface. A SiO2=

(a) (b)

Fig. 1. (a) Four-junction solar cell limit efficiencies as a function of the subcell 3 and subcell 4 bandgap energies. The table shows the calculated
performance of the ideal and the realistic four-bandgap combination. (b) The schematic of the device structure.

Fig. 2. Cross-sectional TEM image of the bonded interface (left) and high-
resolution TEM image of the GaAs and InP interface (right).
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Ta2O5=TiO2 multi-layer anti-reflection coating was evapo-
rated onto the AlInP window layer of the InGaP top cell.

In multi-junction SCs, considering the current-matching
condition, the thickness of each subcell should be optimized.
Assuming that the emitter is sufficiently thin, the short-circuit
current density has the following relationship with the base
thickness

Jsc ¼ e

Z �i

0

ð1 � exp½��ið�Þxi�Þ�rð�Þ d�

where xi is the base layer thickness, λi is the wavelength
corresponding to the bandgap of the cell, αi is the absorption
coefficient, and ϕr (λ) is the solar spectrum without the reflec-
tion component. A simulation of the reflection was performed
using the transfer-matrix method. Figure 3 shows the theo-
retical Jsc as a function of the base thickness of each subcell
and the experimental data. For the GaAs, InGaAsP, and
InGaAs subcells, the experimental results were in very good
agreement with theoretical results. The InGaP subcell exhib-
ited a small deviation from the calculated result, which may
result from the discrepancy between the selected absorption
coefficient and the experimental material parameter. In the
subsequent design of the device, the actual experimental result
was used as the reference value. At the first stage of the inves-
tigation, a thick top tandem-junction cell and a thick bottom
tandem-junction cell were grown to be lattice-matched to
the GaAs substrate and InP substrate, respectively. They were
processed and measured separately and current densities of
13.6 and 16mA=cm2 were obtained, respectively. However,
based on the current-matching design discussed above, the
final base thickness was 400–430 nm for InGaP, 650–700 nm
for GaAs, 2500 nm for InGaAsP, and 3000 nm for InGaAs.

Figure 4 shows the J–V characteristics of the wafer-bonded
four-junction SC, obtained with the 1-sun AM1.5G solar
spectrum; the figure also includes the J–V curves of the
separated current-matched top tandem cell and bottom tandem
cell. The values for Jsc, the open-circuit voltage (Voc), and the
fill factor (FF) were 11.87mA=cm2, 3.120V, and 85.26%,
respectively, which results in an energy conversion efficiency
of 31.58%. The Voc value of the wafer-bonded InGaP=GaAs==
InGaAsP=InGaAs four-junction cell, 3.120V, was approx-

imately equal to the sum of the Voc of the unbonded InGaP=
GaAs and InGaAsP=InGaAs subcells, which were 2.310 and
0.830V, respectively. This result indicates that the bonding
process did not degrade the cell material quality.

The EQE is provided in Fig. 5. The bottom tandem subcells
are photovoltaically active and the overlap between the GaAs
and InGaAsP subcells between 700 and 900 nm indicates a
highly transparent bonded interface. Because the two wafers
were directly bonded, the bonded interface could achieve very
low optical loss. The EQE of the InGaP=GaAs dual-junction
SC is indicated by the dotted line to clearly demonstrate
the change. The two top subcells were thinned substantially to
achieve current matching, resulting in a relatively low spectral
response. The EQE of the InGaP subcell is similar to that
of the thick unbonded cell. The poor quantum efficiency of
the GaAs subcell in the long wavelength region may be
caused by the significantly reduced base layer thickness
compared with that in the InGaP=GaAs tandem junction cell.
The current density was limited by the GaAs subcell, with
a calculated photocurrent density of 11.87mA=cm2. Using
the above EQE data, the photocurrents of the other cells were
determined to be 12.17mA=cm2 (InGaP), 11.95mA=cm2

(InGaAsP), and 11.99mA=cm2 (InGaAs).
Figure 6 shows the efficiency, FF, and Voc as a function of

the concentration. The highest conversion efficiency, 42.0%,
was reached at a concentration of 230 suns (as shown in the
inset). Compared to the world-record efficiency of 46.0%,5,26)

the proposed method still has room for improvement. The
lower Jsc is attributed to the inefficient layer thickness. In
Ref. 5, the reported result for Jsc was 12.4mA=cm2, which
was limited by the InGaP top cell. The thickness of the two
top junctions was measured by scanning electron microscopy
to be approximately 650 nm for InGaP and 1400 nm for GaAs.
In our case, the thickness of InGaP and GaAs was 480 and
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800 nm, respectively, thinner than those of Ref. 5. For further
improvement of the four-junction SC efficiency, the junction
thickness should be controlled more precisely to achieve its
optimal value and thus improve the current density. In the case
of Voc, although the room-temperature wafer-bonding tech-
nique does not reduce the sum Voc of the top and bottom cells,
the resulting Voc of 3.12V is still lower than the world-record
Voc of 3.3V. The Voc value of the InGaP=GaAs top tandem cell
was 2.31V, very close to 2.35V, which is the sum of the
subcell voltages of the InGaP and GaAs cells in Ref. 5. The
lower Voc was mainly observed in the InGaAsP subcell with
Voc = 0.54V,27) which is 0.13V lower than the value 0.67V
reported in Ref. 5. Compared withMOCVD growth, the lower
growth temperature in MBE might result in some defect states
and=or deep centers, which act as nonradiative recombination
centers and reduce the Voc of the SC. In addition, the existence
of a miscibility gap in InGaAsP grown by MBE at approxi-
mately 1.0 eV complicate the prevention of phase separation,
which may influence the minority carrier lifetime and reduce
the Voc of the SC.27) The material quality of InGaAsP grown
by MBE has large room for improvement. Further studies
concerning the doping density and growth temperature of
InGaAsP are essential to improve Voc and the efficiency.

In conclusion, we investigated wafer-bonded InGaP=
GaAs==InGaAsP=InGaAs four-junction SCs grown by all-
solid-state MBE. Based on the calculated and experimental
results, the base thickness of each subcell was determined
for current matching. The room-temperature wafer-bonding
technique was employed to combine the InP- and GaAs-
based SCs together. A bonding interface with low resistance
and high optical transmission was obtained and no indica-
tion of defects was observed at the interface. The fabricated
wafer-bonded four-junction SC reached an efficiency of
42.0% at a concentration of 230 suns. Our result demonstrates
that the room-temperature wafer-bonding technique is very
promising to achieve high device performance.
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