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Abstract—The effect of isovalent doping with P on the surface and bulk properties of the In, 53Ga, 47As alloy
(below, InGaAs) was evaluated from variations in the photoluminescence and transmission spectra. It is
established that isovalent doping decreases the nonradiative recombination rate in the bulk and on the surface
of doped layers. The use of additional isovalent doping provided an improvement of parameters of the narrow-
gap InGaAs-based solar cell used for the conversion of the concentrated solar radiation. The maximum effi-
ciency of photovoltaic conversion in a spectral range of 900—1840 nm was 7.4—7.35% at a ratio of concentra-
tion of the solar radiation of 500—1000 for the AM1.5D Low AOD spectrum.
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1. INTRODUCTION

The development of alternative energy sources
requires developing environmentally safe and inex-
pensive methods of production of semiconductor
devices for these purposes. The prospects of the fur-
ther increase in efficiency of photovoltaic conversion
of the solar energy are associated both with the use of
monolithic concentrator elements and with maxi-
mally effective transformation of the split solar spec-
trum by separate photoconverters with different band
gap. Devices based on narrow-gap InGaAs alloys are
promising for conversion in the infrared region of the
solar spectrum.

Currently, the solar cells based on the InP/InGaAs
heterostructure are fabricated mainly by MOCVD
[1, 2]. In [3—5], it is shown that it is possible to fabri-
cate the highly efficient devices by liquid-phase epit-
axy and subsequent diffusion of zinc into the grown
layer to form the p—n junction. The developed method
of simultaneous diffusion of isovalent impurity of P
and Zn from a local source in a flow system provides
high reproducibility of parameters of the diffusion lay-
ers. This is due to minimization of the number of pro-
duction operations affecting this process. High effi-
ciency is provided by the simplicity of the equipment
used.

Conversion of solar energy at the concentration
ratio in the range of 100—1000 makes additional
demands on the used photoconverters, specifically, the
possibility of operation of the cell at high current den-
sities (1—20 A/cm?) while retaining a high value of the
fill factor of the current—voltage characteristic. This
parameter of the solar cell is determined by the magni-
tude of the dark current of the photoconverter and by
the possibility of formation of the low-resistance con-

tacts. Before the beginning of diffusion of the doping
impurity (Zn), the grown structure is in the reactor in
hydrogen atmosphere at a constantly increasing tem-
perature until a specified value is established (about
600°C). It is known that annealing in hydrogen leads
to the competition of processes of defect formation
and hydrogen passivation of defects in III—V materials
[6]. The additional isovalent doping of the starting
InGaAs layer with P before the start of the diffusion of
the doping impurity can substantially affect the bulk
and surface properties of the n- and p-layers of the
alloy and device parameters.

This study is devoted to examination of the fabrica-
tion process of highly efficient narrow-gap cells based
on the InGaAs/InP heterostructure. The results of
study of preliminary diffusion of P on the material
properties and devices obtained on its base are pre-
sented.

2. FABRICATION OF PHOTOCELLS
AND EXPERIMENTAL PROCEDURE

As the main solar cell design, an inverted element
was chosen [7] with a wide-gap window—the InP
substrate (Fig. 1). In contrast with the conventional
design, the invert structure of the photocell implies
the formation of a comparatively thick base p-region
of the cell by the diffusion. The n-InGaAs region
adjoining the n-InP buffer layer is the emitter. The
solar radiation is introduced through the InP sub-
strate. Similarly to the invert cascade solar cells [8],
this design of the narrow-gap cell possesses some
advantages compared with the usual design, in which
a thin heavily doped layer plays the role of emitter. In
our case, the contact to the emitter is mounted on the
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surface of the n-InP substrate. The formation of a
thick diffusion layer considerably simplifies control
over the diffusion process and decreases the sheet
resistance of the base region. The InP buffer layer and
the layer of the In, 53Ga, 4;As alloy 3—5 pum thick with

an impurity concentration of (1—5) x 10'7 cm™ were
grown on an InP substrate 300—400 um thick and with
a carrier concentration of (0.6—1) x 10'® cm—3 by lig-
uid-phase epitaxy.

The subsequent diffusion of P or P and Zn was per-
formed in a flow system in hydrogen atmosphere.
The sources consisted of the drops of Sn—InP and
Sn—InP—Zn placed into special cells over the sample
at a temperature of 570—600°C. The structure was
sequentially transported under the sources. The diffu-
sion proceeded from the gas phase [3—5]. It should be
noted that diffusion of only Zn (without P) was not
carried out, since the advantage of simultaneous diffu-
sion of Zn and P for obtainment of the p-InGaAs lay-
ers had been shown before [4]. In this case, the process
of fabrication of p—n junctions in the alloys is one-
stage and does not require forming protective masks
on the surface of the semiconductor for additional
local diffusion or for the growth of additional subcon-
tact heavily doped layers. The face contacts on the sur-
face of the n-InP substrate were formed by the deposi-
tion of the Au/Ge, Ni, Au composition with the sub-
sequent firing. The back contact to the p-InGaAs base
layer obtained by diffusion was formed via sequential
deposition of Cr and Au. No additional firing was car-
ried out. Enhancement of contacts was attained by elec-
trolytic deposition of Au. The antireflection coating con-
sisted of sequentially deposited ZnS/MgF, layers.

The effect of P on the surface and bulk properties of
the InGaAs layers was evaluated from the variation in
the photoluminescence and transmission spectra. The
photoluminescence spectra were measured at 7 = 77
and 300 K in the wavelength range of 1300—1800 nm
on an MDR-23 spectrometer with resolution no worse
than 5 nm. For the excitation, the Nd :YAG laser with
a wavelength of 532 nm and radiation intensity as high
as 200 mW was used. The form of the photolumines-
cence (PL) spectra—the location of the peaks and
half-width of the bands as well as the ratio of intensi-
ties—for all samples under study was analyzed under
conditions of identical intensity of excitation. The
excitation power density when studying the InGaAs
layers was ~100 W/cm?.

The concentration of free charge carriers was
determined by the Raman scattering via the analysis of
the effects of interaction of longitudinal optical vibra-
tions with the plasma of free carriers [9]. The concen-
tration of isovalent impurity (P) according to the mea-
surements obtained by secondary ion mass spectros-
copy in the InGaAs layers is 102 cm=3.
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Fig. 1. Schematic structure of the InP/InGaAs-based
invert solar cell. The InP substrate is irradiated.

3. EXPERIMENTAL RESULTS
3.1. n-InGaAs Layers

Figure 2 shows the PL spectra of the lattice-
matched InGaAs alloys before and after diffusion of P.
In the studied layers, the background concentration of
free electrons was (3—5) x 10'7 ¢cm~3. Diffusion of P
was performed at a constant temperature of 600°C for
20 min.

It is evident from Fig. 2 that doping with P leads to
an increase in the PL intensity. The ratio of integrated
intensities at 77 and 300 K, which is associated with
freezing-out of deep centers, decreased in this case.
For example, before the diffusion of P this ratio
was 17, while after the diffusion, it was only 3.3. Both
these facts indicate that the concentration of the cen-
ters of nonradiative recombination decreases as a
result of isovalent doping. The magnitude of the inten-
sity ratio at various temperatures depended on the ini-
tial state of the surface of heteroepitaxial layers; how-
ever, it was always lower for the P-doped samples. This
indicates that the diffusion of P leads to a considerable
decrease in the surface recombination rate.

A small broadening of the PL band at 7' = 300 K
from 46 to 53 meV after diffusion of P may be associ-
ated with an increase in the population in the valence
band caused by an increase in the average lifetime of
nonequilibrium carriers since, in the P-doped sam-
ples, broadening is accompanied by the shift of the
peak to higher energies and by an increase in the total
intensity.

To control the concentration of free carriers before
and after the diffusion of P, the Raman spectra were
measured. The Raman spectra have the shape charac-
teristic of the lattice-matched InGaAs/InP alloys [9].
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Fig. 2. Photoluminescence spectra of the InGaAs layers at
(a) 77 and (b) 300 K: (/) the P-doped InGaAs layer and
(2) undoped layer.

According to our measurements, the concentration of
free carriers in studied layers was (2—4) x 107 ¢cm=3.
The analysis of the Raman spectra of the as-grown and
isovalent-doped samples showed that the formation of
the additional phase—specifically, the clusters of the
InGaAs(P) alloy—does not occur in our experimental
conditions. The comparison of the Raman spectra
before and after the diffusion of P reveals their almost
complete identity. This also indicates that the concen-
tration of free electrons in reference and lattice-
matched samples remains unchanged, i.e., the diffu-
sion of P causes no increase in the carrier concentra-
tion, in contrast with the results of [10]. We can
assume that, in our experimental conditions, the
P atoms are incorporated into the anion sublattice of
the alloy partially replacing the As atoms and decreas-
ing the number of point defects without formation of
additional donors.

3.2. p-InGaAs layers

Diffusion of Zn, similarly to that of any other
impurity, is in many respects determined by defects
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Fig. 3. Transmission spectra of the studied InP/InGaAs
structures: (/) the as-grown InP/InGaAs n—n structure,
(2) the structure with the p-type layer obtained without
additional doping with P, and (3) the structure with the p-
type layer and additional isovalent doping with P.

existing in the material. In order to evaluate the effect
of isovalent doping on the properties of Zn-doped
InGaAs, we considered the transmission spectra of the
as-grown n—n structure (Fig. 3, curve /) and struc-
tures, in which the p-alloy region (in our case, the base
region of the photoconverter) was formed by the joint
diffusion of Zn and P into the layer without additional
isovalent doping with P (Fig. 3, curve 2) and with it
(Fig. 3, curve 3). The as-grown n-InP structure/(n-InP
buffer layer)/(n-InGaAs layer) was cleaved into
three parts. One part remained as a reference sam-
ple (n—n structure), and diffusion of Zn was carried
out into two other parts in corresponding modes that
provided identical thickness of p-layers and impurity
concentration on the surface of the InGaAs layer.
From the results of the measurement of the Raman
spectra, the concentration of electrically active impu-
rity in the near-surface layer was (1—2) x 10" cm=3. We
performed secondary ion mass spectroscopy (SIMS)
measurements of the diffusion profile of Zn and con-
centration of P and H, which revealed a decrease in
the concentration of H atoms in the structure with the
additional diffusion of P.

The transmission spectra of the reference and
p—n structures were measured at 300 K. The absorp-
tion edge of the structure with the additional diffusion
of P (curve 3) has a more abrupt slope compared with
the structure without additional diffusion of P (curve 2).
At this stage of the study, it is difficult to determine
what mechanism of interaction between the atoms of
Zn, H, and P and occurring defects is responsible for
the distinctions in the transmission spectra of the stud-
ied structures. However, we can definitely affirm that
additional annealing in the vapors of P leads to a more
uniform distribution of the Zn atoms over the bulk of
the base region, which manifests itself in a more abrupt
slope of the curve of the transmission spectrum.
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Fig. 4. External quantum efficiency (Q,,,) and reflectance
spectra for the solar cells, transmission spectra of which are
shown in Fig. 3: (/) the structure with additional isovalent
doping and (2) the structure without additional isovalent
doping. All structures are studied without antireflection
coating.

We also observed an increase in intensity of photo-
luminescence for the p-InGaAs layers with additional
doping with P compared with the PL intensity of the
layers without preliminary isovalent doping. It should
be noted that the ratio of integrated PL intensities at
77 and 300 K for heavily Zn-doped p-InGaAs layers
with p = (3—5) x 10" cm~3 with additional isovalent
doping is in the range of 2—4. Studies of PL intensity
depending on temperature performed for lightly
Zn-doped InGaAs layers (p ~ 10'® cm~3) obtained by
the MOCVD method give the ratio of PL intensities at
T =77 and 300 K of 8—10 [11]. Therefore, the addi-
tional isovalent doping provides a considerable
decrease in the contribution of nonradiative recombi-
nation even at a high level of Zn-doping of the layers,
i.e., to decrease the number of defects both in the bulk
and on the surface of the p-layer.

4. CHARACTERISTICS OF InGaAs
PHOTOCONVERTERS

4.1. Quantum Efficiency

The external quantum efficiency of photocells fab-
ricated based on the heterostructures the transmission
spectra of which are shown in Fig. 3 is presented in
Fig. 4. As noted above, the thicknesses of the n- and
p-type regions of the structures and the doping levels
are identical; consequently, we can assume that the
improvement of the spectral characteristic of the cell
with the additional isovalent doping is associated with
lowering the concentration of defects in the alloy bulk.
It is noteworthy that the largest difference in the spec-
tra is observed in the long-wavelength region, which
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Fig. 5. Fill factor of the current—voltage characteristics
and open-circuit voltage in to the photocurrent density for
the InGaAs photocells with (curves /) and without (curves 2)
additional isovalent doping with P.

indicates an increase in the diffusion length of minor-
ity carriers in the p-type layer, which is possibly caused
by the more uniform distribution of the Zn atoms.

4.2. Fill Factor of the Current—Voltage Characteristic
and the Open-Circuit Voltage

It is known that the main parameter affecting the
magnitude of the fill factor (FF) is the reverse satura-
tion current (dark current), a decrease in which leads
to an increase in the FF [12]. The measurement and
comparison of dark resistanceless current—voltage
characteristics of solar cells were performed by the
procedure of [13]. The smallest diffusion preexponen-
tial multiplier J,; and, consequently, the longest life-
time of nonequilibrium carriers 1, ~ 10~? s in a quasi-
neutral n-type region were observed for the structure
with additional isovalent doping. The mentioned
parameters are approximately an order of magnitude
larger than for the sample without additional doping
with P.

Figure 5 shows the variations in the FF and V. in
relation to the current density for the samples, the
quantum efficiency of which is presented in Fig. 3.
The concentrations of majority carriers in the #- and
p-type regions of these cells are identical. As evident
from Fig. 5, the values of FF and V_ for solar cells with
additional doping are larger over the entire range of the
values of the current density. An increase in the fill fac-
tor of the /—V characteristic for the photocells with
additional isovalent doping is also caused by consider-
ably lower ohmic losses. In this case, the Cr/Au low-
resistance contact to the base region of the photocell is
formed on a heavily doped p-InGaAs layer with a
decreased amount of defects, which was mentioned
above.
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Fig. 6. Conversion efficiency of the InP/InGaAs-based
inverted solar cell with additional isovalent doping. The
spectrum of solar radiation was AM1.5D Low AOD.

4.3. Conversion Efficiency of the Solar Cell

Figure 6 shows the efficiency of the InGaAs solar
cell with additional isovalent doping. For this type of
cell, the range of photosensitivity is in the limits of
880—1840 nm due to complete absorption of the
short-wavelength radiation by the InP substrate. The
photocurrent density is 19.3 mA/cm? in recalculation
to the active surface irradiated by the solar radiation
with the AM1.5 Low AOD spectrum (1000 W/m?).
The thickness of the emitter region was 2 pm. At this
stage of the studies, no optimization of the thickness of
the emitter region of the photocell and, consequently,
photocurrent density was carried out. The maximum
spectral efficiency of the photovoltaic converter in a
spectral range of 900—1840 nm remained at a level of
7.4—7.35% with a ratio of concentration of solar radi-
ation of 500—1000.

The developed InGaAs photoconverters can be
successfully used as a narrow-gap cascade in mechan-
ically joined tandem solar cells with an upper wide-
gap stage based on the InGaP—GaAs system [14] pro-
viding total efficiency higher than 35%.

5. CONCLUSIONS

As a result of the studies, it is established that the
additional isovalent doping with P of the InGaAs
alloys substantially improves the surface and bulk
properties of the layers. The base technology devel-
oped with the use of liquid-phase epitaxy and single-
stage diffusion of isovalent and doping impurities
allows one to develop highly efficient narrow-gap solar
cells for conversion of concentrated solar radiation in

KARLINA et al.

arange of 100—1000 suns. This technology can be suc-
cessfully used for other II11—V materials.
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