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Solid-state molecular beam epitaxy (MBE)-grown InGaAsP/InGaAs dual-junction solar cells on InP substrates are reported. An efficiency of 10.6%
under 1-sun AM1.5 global light intensity is realized for the dual-junction solar cell, while the efficiencies of 16.4 and 12.3% are reached for the top
InGaAsP and bottom InGaAs cells, respectively. The effects of the buffer layer and back-surface field on the performance of solar cells are
discussed. High device performance is achieved in the case of a low concentration of oxygen and weak recombination when InGaAs buffers and
InP back-surface field layers are used, respectively. © 2016 The Japan Society of Applied Physics

1. Introduction

Owing to excellent material quality and a wide range of
band gaps, III–V multijunction solar cells (SCs) have gained
much attention. Today, extremely high-efficiency triple-
junction photovoltaic SCs grown on GaAs and=or Ge
substrates have been realized. For instance, the efficiency of
lattice-matched Ga0.49In0.51P=Ga0.99In0.01As=Ge SC reached
41.6% at 484 suns under AM1.5D,1) and inverted metamor-
phic Ga0.49In0.51P=GaAs=Ga0.7In0.3As SCs achieved a con-
version efficiency of more than 44% at 400–600 suns.2) The
efficiency can, theoretically, be increased by using four or
more junctions. The band-gap combination of 1.9, 1.4, 1.0,
and 0.5 eV is an optimum design for the four-junction SC.3)

However, because film materials are restricted to those with
band gaps in the vicinity of 1.0 eV, further development of
monolithically stacked four-junction SCs has been limited.

An alternative to the monolithically stacked four-junction
SCs can be a combination of two dual-junction SCs, i.e.,
a Ga0.5In0.5P=GaAs (1.9=1.42 eV) SC on a GaAs substrate
and an In0.78Ga0.22As0.47P0.53=In0.47Ga0.53As (1.05=0.73 eV)
SC on an InP substrate. They can be combined by light
splitting or wafer bonding to form a four-junction SC.4,5)

The two dual-junction SCs both have suitable band gaps
and fewer dislocations owing to lattice-matched growth. Very
recently, a wafer-bonded four-junction SC with a recorded
efficiency of 44.7% under 297 suns with AM1.5 illumina-
tion was reported.3) In the case of the GaInP=GaAs dual-junc-
tion SC, excellent performance has been realized by various
epitaxy methods.6) However, few reports are available on
molecular beam epitaxy (MBE)-grown InGaAsP=InGaAs
SCs. Considering the low growth temperature and phase
separation that result in deep centers and=or defect states,
the quaternary compound of InGaAsP with a band gap of
1.05 eV is difficult to grow by MBE.7) Very recently, an
InGaAsP SC with an efficiency of 10.5% and an InGaAs=
InGaAsP dual-junction SC with an efficiency of 3.7% were
reported;8) such a report indicates a great potential to improve
the device performance. An efficient back-surface-field (BSF)
layer can confine the photogenerated minority carriers and
keep them within reach of the p–n junction and, at the same
time, ensure the transport of majority carriers to be efficiently
collected. On the other hand, the experimental studies of the
effect of the BSF layer on the InGaAsP=InGaAs SCs are

scarce. In addition, the buffer layer necessary for InP-based
SCs is rarely studied.

In this paper, high-efficiency MBE-grown InGaAsP=
InGaAs SCs on InP are reported. The effects of buffer and
BSF layers on the performance of solar cells were studied.
The impurity introducing-mechanism in the buffer layer
was discussed, and an InP BSF layer that leads to better
performance was found.

2. Experimental procedure

The structures of SCs were grown via Veeco GEN20A
MBE with arsenic and phosphorus cracker cells. Silicon
and beryllium were used as n- and p-type dopants, respec-
tively. All epitaxial layers were lattice-matched to InP (001)
substrates without off-orientation. The growth temperature
was 480 °C, which was monitored with a pyrometer. The
growth rate was 1 µm=h. Typical 2 × 1 reflection high-energy
electron diffraction (RHEED) patterns were presented for
InGaAsP and InGaAs growth. For InP growth, a 2 × 4
pattern was observed. The doping level in the film was
confirmed by Hall measurement. The mole fraction was
calibrated on the basis of the beam flux pressure (BEP) and
X-ray diffraction (XRD). After film growth, the cells were
processed following the standard photovoltaic device proce-
dure, the front grids were fabricated with Ni=AuGe=Ni=Au
metal, and antireflection coating layers of Si3N4=SiO2 were
deposited on the devices. The cell size was 5 × 5mm2. The
photovoltaic current–voltage (I–V ) characteristics were meas-
ured under AM1.5G illumination. The transient photo-
luminescence (PL) was excited by an 800 nm laser line with
a power of 5mW. The collected luminescence was dispersed
in a spectrometer and detected with a synchroscan streak
camera with a time resolution of 15 ps.

3. Results and discussion

Figure 1 shows the schematic structure of an InGaAsP=
InGaAs dual-junction SC. A tunnel junction consisting of
highly doped n++-InGaAs and p++-InGaAs layers was used
to connect the top and bottom SCs. InP was used for the BSF
and window layers to decrease carrier recombination. The
base regions with thicknesses of 2.5 and 3 µm were grown for
InGaAsP top and InGaAs bottom SCs, respectively. They
were thick enough to absorb all the light and satisfy the
current matching.9) In addition, a series of single-junction
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SCs with almost the same structures as in tandem devices
(only buffer and BSF layers were varied) were fabricated
under the same conditions.

First, we explored the effect of the buffer layer on the
performance of the InGaAs bottom SC. Three devices with
either the InP buffer (sample A) or InGaAs buffer (samples B
and C with doping levels of 1.5 × 1018 and 3 × 1018 cm−3,
respectively) layer were fabricated. The secondary ion mass
spectrometry (SIMS) profiles of samples A and B are pres-
ented in Fig. 2. The oxygen concentrations of sample A
are 4.5 × 1018 cm−3 in the center of the buffer layer and
3.3 × 1019 cm−3 at the interface of the substrate. These values
are much higher than the 5 × 1016 and 4 × 1018 cm−3 of
sample B, indicating a much easier introduction of oxygen
impurity into the InP buffer than into the InGaAs buffer. The
RHEED pattern indicates a (2 × 4) surface reconstruction
during the InP buffer growth, which is a sign of good crystal
quality.10) However, for the indium-rich (2 × 4) reconstruc-
tion, oxygen atoms can easily enter into In–In dimer bonds
and In–P back bonds.11) A high density of oxygen in the layer

or at the interface can increase the carrier recombination.
Moreover, the decrease in the beryllium doping efficiency
caused by oxygen is obvious and would increase the series
resistance of the device.12) Therefore, InGaAs buffer layers
instead of InP buffer layers are more suitable for fabricating
the SCs. The effects of the doping level in the InGaAs buffer
layer on the InGaAs device were also studied. Sample B with
a beryllium concentration of 1.5 × 1018 cm−3 in the InGaAs
buffer layer yields an efficiency of 7.4%, which is much
lower than the 12.3% of sample C. The series resistance
of sample B is 5.9Ω, which is larger than the 3.9Ω of
sample C. The high p-type doping level might be better
for overcoming the compensation effect caused by n-type
oxygen impurities.12)

An efficient BSF layer can provide confinement for the
minority carriers and hence reduce recombination.13) For the
InGaAs SC, considering the large difference in the band-gap
energy between InP (1.35 eV) and InGaAs (0.73 eV), InP is
extensively used as the BSF layer. For the InGaAsP SC with
a band gap of 1.05 eV, we have investigated the effect of the
BSF layer on device performance. In0.52Al0.48As with a band
gap of 1.44 eV is lattice-matched to InP, which results in a
larger potential barrier (ΔEc + qVD) at the InGaAsP=InAlAs
interface, and may work better than a BSF layer of InP. ΔEc

and qVD are defined by

�EðABÞ
c ¼ �ðAÞ � �ðBÞ; qV ðABÞ

D ¼ EðAÞ
F � EðBÞ

F ;

where χ is the electron affinity and EF is the Fermi level.14,15)

Therefore, the difference between the potential barriers of
InGaAsP=InAlAs and InGaAsP=InP heterojunctions is

ð �ðInAlAsÞ � �ðInpÞÞ þ ðEðInAlAsÞ
F � EðInPÞ

F Þ:
The p-type doping levels in BSF layers are more than

3 × 1018 cm−3, so the Fermi levels are close to the valence
bands. Therefore, the difference in the potential barrier can be
calculated by

�EðInAlAs-InPÞ
c þ�EðInAlAs-InPÞ

v :

The potential barrier of InGaAsP=InAlAs is 90meV larger
than that of InGaAsP=InP.16,17) Figure 3 shows the band
diagrams of p-InP(p-InAlAs)=p-InGaAsP heterojunctions.
Theoretically, for the InGaAsP SC, the electron block-
ing should be more effective when using an InAlAs BSF
layer; then, the performance of the SC would be improved.
However, Voc, Jsc, and FF of the InGaAsP SC with the
InAlAs BSF layer are all smaller than those of the SC with
the InP BSF layer. Also, the external quantum efficiency
(EQE) is much lower on the long-wavelength side, as is
depicted in Fig. 4(a). In order to find the reason behind this
phenomenon, InP=InGaAsP=InP and InAlAs=InGaAsP=In-
AlAs heterojunction samples were grown to investigate the
carrier recombination. The left portion of Fig. 4(b) presents
the PL decay curves measured at room temperature for the
two heterostructures, and the PL spectra are presented in the
right portion of Fig. 4(b). The PL decay time of InAlAs=
InGaAsP=InAlAs is much shorter than that of InP=InGaAsP=
InP. The PL decay times of the intrinsic InGaAsP in the two
heterostructures are assumed to be the same since the EQE
curves are identical in the range of 700 to 920 nm. Hence, the
short PL decay time originates from the strong recombination
at the InAlAs=InGaAsP interface. In addition, the low EQE

Fig. 1. Specific structure of InGaAsP=InGaAs SC. Layers marked by
dashed boxes were grown in InGaAs bottom and InGaAsP top single-
junction SCs but removed in dual-junction SCs.

Fig. 2. Oxygen concentrations in InGaAs SCs with InP and InGaAs buffer
layers, measured by SIMS.
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of the SC with the InAlAs BSF layer on the long-wavelength
side also indicates a worse interface. Although InAlAs in the
InGaAsP SC has a larger potential barrier, the growth of
InAlAs is complicated and it is easier to introduce a large
amount of oxygen into the wafer.18) Moreover, the oxygen
impurities form deep levels in InAlAs and act as nonradiative
recombination centers.19) For the InGaAsP SC with the
InAlAs BSF layer, the increased recombination rate at the

interface of the InGaAsP=InAlAs heterostructure caused by
oxygen may be more intense than the decrease in surface
recombination owing to a higher potential barrier. Therefore,
InP BSF layers were used in InGaAsP top SCs.

On the basis of the above results, an InGaAsP=InGaAs
dual-junction SC was grown and fabricated. An efficiency of
10.60% under AM1.5G illumination with an open-circuit
voltage (Voc) of 0.83V, a short-circuit current density (Jsc) of
16.1mA=cm2, and a fill factor (FF) of 79.1% was obtained, as
shown in Fig. 5(a). This performance is comparable to the
reported results of SCs grown by other methods.20,21) For
reference, the J–V characteristics of InGaAs and InGaAsP
single-junction SCs are also presented. The efficiency is
12.3%, Voc is 0.32V, and Jsc is 57.5mA=cm2 for the InGaAs
bottom SC. The InGaAsP top SC has an efficiency of 16.40%
with a Voc of 0.52V and a Jsc of 40.7mA=cm2. The open-
circuit voltage of the dual-junction SC is 0.83V, which is
approximately equal to the sum of those of InGaAs and
InGaAsP single-junction SCs; this indicates that the tunnel
diode has a negligible series resistance.22) With increasing
illumination intensity, the Jsc of the SC rises considerably to
1068mA=cm2 at 73 suns and there is no breakdown under
concentrated illumination, which indicates a sufficiently high
current peak density of the tunnel diode. The dual-junction
SC yielded a maximum efficiency of 12.95%, as shown in
Fig. 5(b).

(a)

(b)

Fig. 4. Characteristics of InGaAsP SCs with InP and InAlAs BSF layers:
(a) external quantum efficiency of InGaAsP cells; (b) PL decay curves
obtained at room temperature (left) and PL spectra (right).

(a)

(b)

Fig. 5. Performance of InGaAs-InGaAsP SCs. (a) J–V curves of InGaAs
bottom (rectangular), InGaAsP top (triangle) single-junction, and dual-
junction (dashed) SCs. (b) Dual-junction SC under concentrated
illumination. Triangles and circles represent efficiency and short-circuit
current density, respectively.

Fig. 3. Heterojunction band diagrams of (left) InGaAsP=InP and (right)
InGaAsP=InAlAs.
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4. Conclusion

The solid-state MBE-gown InGaAsP=InGaAs dual-junction
SC with high conversion efficiencies of 10.60% at AM 1.5G
and 12.95% under 60 suns was reported. The effects of buffer
and BSF layers on the performance of SCs were discussed.
A high device performance was achieved in the case of
a low concentration of oxygen and weak recombination
realized by using InGaAs buffers and InP back-surface-field
layers, respectively. The successful operation of MBE-grown
InGaAsP=InGaAs will provide more flexibility in the future
multijunction SC fabrication.
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