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Abstract—Solar-cell heterostructures based on GaAs/InGaAsN materials with an InAs/GaAsN superlattice,
grown by molecular beam epitaxy, are studied. A p-GaAs/i-(InAs/GaAsN)/n-GaAs p—i—n test solar cell
with a 0.9-pm-thick InGaAsN layer has an open-circuit voltage of 0.4 V (1 sun, AM1.5G) and a quantum
efficiency of >0.75 at a wavelength of 940 nm (at zero reflection loss), which corresponds to a short-circuit
current of 26.58 mA/cm? (AM1.5G, 100 mW/cm?). The high open-circuit voltage demonstrates that
InGaAsN can be used as a material with a band gap of 1 eV in four-cascade solar cells.

DOI: 10.1134/S106378261605016X

1. INTRODUCTION

Lattice-matched three-junction GalnP/GalnAs/Ge
solar cells with high crystal perfection at present make
up the majority of industrially manufactured high-
efficiency multi-junction solar cells. The efficiency of
three-junction GalnP/GaAs/Ge solar-cell arrays
exceeds 40%, which is close to the theoretical limit [1].
Theoretical estimates have shown that the efficiency of
multi-junction solar cells lattice-matched with Ge
substrates can be raised to 52% by adding one more
junction with a band gap of ~1 eV [2]. The ternary
solution Ga, ¢3Ing 7N 02ASg o5 (henceforth GalnNAs)
is the most attractive material lattice-matched with
GaAs and has the necessary band gap [3]. However,
the addition of nitrogen markedly impairs the quality
of the material of GalnNAs layers [4, 5]. The prob-
lems associated with the application of this material
consist in the poor transport characteristics of cur-
rently attainable InGaAsN layers (diffusion length
~10—20 nm). To improve the crystal quality and trans-
port characteristics, antimony is added to InGaAsN
layers and a solid solution composed of five elements,
InGaAsNSD, is formed [6]. The world record for effi-
ciency was achieved using lattice-matched three-junc-
tion GalnP/GaAs/InGaAsNSbD solar cells [7]. How-
ever, antimony has a clearly pronounced “memory
effect” and accumulates on growth reactor walls,
which leads to its incorporation into the layers of sub-
sequent cascades. Being an isovalent impurity, anti-
mony creates additional recombination centers, which
impairs the photoelectric characteristics of the upper
cascades. To preclude the adverse effect of antimony,

the upper cascades should be grown in a separate
chamber. Thus, the formation of semiconductor layers
containing simultaneously three Group-V elements
(As, N, Sb) is undoubtedly associated with the more
complex technology of their epitaxial deposition and
more complex and expensive equipment for perform-
ing the epitaxial process.

At the same time, at present there are prerequisites
for raising the diffusion length of minority carriers by
employing molecular-beam epitaxy to fabricate het-
erostructures from solid solutions of compounds con-
taining no antimony. For example, the use of the
InAs/GaAsN nanoheterostructure of original design
under study makes it possible to demonstrate a high
light-conversion efficiency, which compares well with
the quantum efficiency of an antimony-containing
InGaAsNSb cascade and surpasses that of cascades
based on GaNAs and GalnAsN solid solutions.

2. EXPERIMENTAL

p—i—n Heterostructures of p-GaAs/i-(InAs/GaAsN)/
n-GaAs test solar cells were grown by molecular-beam
epitaxy in a Veeco GENIII installation, with atomic
nitrogen produced by a plasma source with high-fre-
quency (13.56 MHz) gas discharge. As substrates
served n-GaAs (100) wafers. The layer thicknesses and
doping levels are listed in the table. The total thickness
of the i-(InAs/GaAsN) superlattice varied from 0.9 to
1.6 pm. The test solar cells under study were fabricated
without an antireflection coating.
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Layer parameters of the heterostructures under study

Layer Doping level, cm—3| Thickness
pH-GaAs 10" 100 nm
Wide-gap p-GaAs emitter 1018 100 nm
i-(InAs/GaAsN)
(E,=1.03 eV) — 0.9—1.6 pm
n-GaAs 1018 100 nm
n-GaAs substrate 1018

3. RESULTS AND DISCUSSION

To solve the problems associated with epitaxial
growth of the InGaAsN ternary solid solution, we
decided to use an InAs/GaAsN short-period superlat-
tice as the active layer. The average lattice constant of
the InAs/GaAsN superlattice nearly coincides with
the lattice constant of gallium arsenide and the forma-
tion of a heterostructure of this kind on the surface of
gallium arsenide does not give rise to crystal defects,
such as mismatch dislocations. The distance between
ultrathin layers of the narrow-gap binary compound
InAs is chosen so as to provide the effective overlap-
ping of wave functions of carriers localized at these
layers within the range 6—11 nm. The thickness of
ultrathin layers of the binary compound InAs was less
than 0.5 nm to preclude the formation of 3D indium-
arsenide layers on the epitaxial surface.

The image of the p-i—n heterostructure with a
0.9-pm-thick i-(InAs/GaAsN) region, furnished by
transmission electron microscopy (TEM), in Fig. 1
shows that there are no threading dislocations and the
2D growth of InAs/GaAsN is retained. In addition,
the TEM image demonstrates a smooth morphology
of the layers and abrupt heterointerfaces.

Fig. 1. TEM image of the InAs/GaAsN superlattice on an
n-type GaAs layer.
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The high crystal perfection of the heterostructures
grown in the study is also confirmed by high-resolu-
tion X-ray diffraction analysis (HR-XRD). Figure 2
shows a rocking curve of the nanoheterostructure with
an active region containing two InAs/GaAsN super-
lattices (SL1 and SL2) with different periods, 8 and
10 nm. The curve clearly demonstrates, in addition to
the highest intensity peak corresponding to X-ray dif-
fraction on gallium arsenide, the structure of peri-
odic peaks —1(SL1), —2(SL1), +1(SL1) and —1(SL2),
—2(SL2), which are associated with diffraction at two
different superlattices with different periods. The cen-
tral peak 0(SL1 and SL2) in the structure of the peri-
odic peaks, which shows the average lattice constant in
the superlattices, coincides for both superlattices and
is close to the peak of gallium arsenide.

The current—voltage characteristic of the p—i—n
solar-cell heterostructures without an antireflection
coating is shown in Fig. 3. The upper grid of the con-
tacts was not optimized, which led to a small fill factor
FF and high dark current. The open-circuit voltage V,,
reached a value of 0.4 V for structures with a 0.9-pm-
thick i-(InAs/GaAsN) layer, which points to the high
potential of the samples obtained.

Making the i-(InAs/GaAsN) layer thicker (1.2 pm)
leads to a decrease in V., whereas a further increase in
the thickness causes a substantial decrease in the
short-circuit current J,.. This may indicate that stress
builds up between GaAs and the InAs/GaAsN super-
lattice for a thicker i-region layer because of imperfect
matching between the average lattice constant of the
superlattice and the lattice constant of GaAs.

XRD intensity, arb. units

GaAs
0(SL1 and SL2)
10° ¢
—1(SL1) +1(SL1)

102 —1(SL2)

3 —2(SL1)

F -2(SL2)
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it Rt 1 TRSHT
10°

63.0 63.5 64.0 64.5 65.0 65.5 66.0 66.5 67.0
20, arcdeg

Fig. 2. X-ray-diffraction rocking curve of a nano-
heterostructure with an active region containing two
InAs/GaAsN superlattices SL1 and SL2 with different
periods of 8 and 10 nm.
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Fig. 3. Current—voltage characteristics of p—i—n hetero-
structures of p-GaAs/i-(InAs/GaAsN)/n-GaAs test solar
cell with various i-region thicknesses (indicated in the fig-

ure) under AM1.5G illumination (100 mW/cmz).

The external quantum efficiency (EQE) spectra of
p—i—n heterostructures with various thicknesses of the
i-(InAs/GaAsN) region are shown in Fig. 4. It can
be seen that the quantum efficiency decreases at
small wavelengths with increasing thickness of the
i-(InAs/GaAsN) layer superlattice.

Figure 5a shows the quantum efficiency (QE)
spectrum at zero reflection, calculated from the EQE
spectrum as EQE/(1 — R), where R is the reflectance.
The quantum efficiency reaches values of .75 at a wave-
length of 940 nm for the sample with a 0.9-pm-thick
i-(InAs/GaAsN) region. The short-circuit current
J,. = 26.58 mA/cm? at AM1.5G. The decrease in the
quantum efficiency at wavelengths exceeding 940 nm
is due to the transmission loss (because of incomplete
absorption).

The QE spectrum of the heterostructure under
study (Fig. 5a) contains two peaks at (2) 800 and
(1) 940 nm and (3) a short-wavelength shoulder at
650 nm. The reflection measurements demonstrated
that the features in the QE spectra are unrelated to
interference effects.

In [8], the similar shape of the quantum-efficiency
spectra with two peaks for a solar cell based on another
nitrogen-containing solid solution GaPNAs was
attributed to the unusual structure of the conduction
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Fig. 4. EQE spectrum of p—i—n heterostructures of the
p-GaAs/i-(InAs/GaAsN)/n-GaAs test solar cell with var-
ious i-region thicknesses (indicated in the figure).

band of this compound, constituted by two conduc-
tion subbands £_and E,.

The band structure of GalnNAs, calculated in
terms of the band-anticrossing model, is presented
schematically in Fig. 5b [9]. The figure shows three
possible transitions upon the absorption of a photon:
(1) from the heavy- or light-hole Ah (/h) level of the
valence band to the conduction subband E_, with an
energy of 1 eV; (2) from a spin-orbit-split level of the
valence band (so) to the £_ subband, with an energy of
1.34 eV; and (3) from the heavy- or light-hole 4k (Ih)
level of the valence band to the E, subband, with an
energy of 1.8 eV. The energies of these transitions are
in good agreement with the energies of characteristic
regions in the QE spectrum.

The long-wavelength edge of the spectral response
corresponds to the transition (1) from the valence
band Ah (lh) to the E_ subband (1.05 eV); the long-
wavelength peak (940 nm) also corresponds to this tran-
sition. With increasing energy, absorption decreases,
which leads to the minimum value of the quantum
efficiency at 900 nm. When the energy reaches a value
sufficient for the transition (2) from the so level of the
valence band to the £_subband, a second QE peak
appears at 800 nm. The additional absorption of light
leads to the transition (3) from the A# (/h) level of the
valence band to the £, subband and gives rise to the
QE shoulder at 650 nm (3).
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Fig. 5. (a) QE spectrum of the p—i—n heterostructure and (b) band diagram of the GaInNAs solid solution.

4. CONCLUSIONS

The nanoheterostructures under study have a high
quantum efficiency of light conversion.

The p-GaAs/i-(InAs/GaAsN)/n-GaAs test solar
cell with a 0.9-pm-thick i-(InAs/GaAsN) active layer
has an open-circuit voltage of 0.4 V (under AM1.5G
illumination) and a quantum efficiency exceeding 0.75
at a wavelength of 940 nm (at zero reflection loss),
which corresponds to a short-circuit current of
26.58 mA/cm? (AM1.5G, 100 mW/cm?).

This is due to an increase in the minority-carrier
lifetime because of the decreasing density of crystal
defects. This result is provided by choosing not to
use solid-solution layers simultaneously containing
indium and nitrogen, such as InGaAsN, but using a
short-period InAs/GaAsN superlattice as the active
layer. The high open-circuit voltage shows that the
InAs/GaAsN superlattice as a material with a band
gap of 1 eV can be used in four-cascade solar cells.
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