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An efficient antireflection coating is critical for the improvement of solar cell performance via increas-
ing of light trapping. In this paper the results of investigation of solar cells based on GaAs with thin
film of silicon nitride as antireflection coating are presented. Control samples were Schottky junction
solar cells fabricated from experimental GaAs solar cells by chemical etching of antireflection coat-
ing and p-type upper emitter layer and chemical deposition Au thin film on n-type GaAs surface.
Frontal surfaces both p–n junction and Schottky junction solar cells were covered by of metal-oxide
nanoparticles synthesized in counter flow propane-oxygen flame on the surface of nichrome wire.
Nanoparticles had the characteristic size of 50–300 nm depending on synthesis conditions and
were sprayed on a solar cell surface. It is found that the metal-oxide nanoparticles have significant
influence on the antireflection effect and, therefore, improve the solar cell performance. Optimum
nanoparticles surface concentrations appropriated to maximal short-circuit current are determined.
It is shown that the coating from metal-oxide nanoparticles increase efficiency of solar cells by
to 4.7% due to light scattering on them and increase of a number of photons absorbed in the active
region of solar cell.

Keywords: Gallium Arsenide, Schottky Barrier, Solar Cells, Metal-Oxide Nanoparticles,
Quantum Efficiency.

1. INTRODUCTION
One of the most promising materials for solar energy con-
version is a gallium arsenide (GaAs). This semiconductor
is characterized by a large optical absorption coefficient
due to direct optical transitions in GaAs. Furthermore, high
efficiency of GaAs solar cells can be achieved at signifi-
cantly lower thickness in comparison with the thickness of
the silicon solar cell. In principle it suffices to have a thick-
ness of 3–4 microns GaAs in solar cells for efficiency of
about at least 20%, while the thickness of the silicon solar
cells cannot be less than 40–80 microns without signifi-
cant reduction in their efficiency.1 The Shockley-Queisser
limitation of the efficiency of even ideal single-junction
photovoltaic cells that absorb all the incoming solar radia-
tion is restricted to 33.7% by intrinsic losses such as band
edge thermalization with a band gap of 1.34 eV nearly
equal GaAs band gap.2

Increasing of GaAs solar cells temperature to
+150 � � �180 �C did not significantly decrease of their effi-
ciency. At the same time, for silicon solar cells increase
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in temperature above 60 � � �70 �C is almost critical and
their efficiency is halved.1 In addition, high radiation resis-
tance of GaAs makes this material very attractive for use
in space vehicles.
However, despite the aforementioned advantages of

GaAs solar cells problem of increasing the efficiency is
quite crucial. To ensure the decrease of optical losses using
different technologies and designs including the using of
a single-layer or multi-layer antireflection coating,3�4 tex-
turing of the frontal surface,5 the formation on the sur-
face nanowires, nanoparticles and quantum dots are used
extensively.6–8

The aim of our work is to study the possibility of
increasing the efficiency of GaAs solar cells by coat-
ing its surface of metal-oxide nanoparticles synthesized in
propane-oxygen flame.

2. EXPERIMENTAL DETAILS
Solar cells with the GaAlAs—GaAs structure have been
formed on the low-resistance n+-GaAs:Te (111) wafer,
and an absorbing layer n-GaAs (n ≈ 2 · 1015 cm−3� had
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a thickness about 10 �m, both an emitter layer of
p-GaAs:Mg and an optical window p-GaAlAs:Mg with
thickness of 0.5 �m are consistently grown on n+-GaAs
substrate by liquid phase epitaxy growth process. Back
ohmic contact to n+-GaAs substrate is made by fusing
the In +3% Te alloy at 450 �C. As the metal rear con-
tacts three-layer structure Sn/Ni/Al is used, an antireflec-
tion coating is made from silicon nitride Si3N4 with a layer
thickness of 70 nm. Active area of solar cell was 4.56 cm2.
Figure 1(a) shows cross-section of the investigated GaAs
heterojunction solar cell.
As the reference specimen was used Schottky bar-

rier (SB) Au-n-GaAs/n+-GaAs prepared from basic struc-
ture by etching of the top layer of GaAs in solution
H2O2:H2SO4:H2O (1:1:2) to a depth of 2–3 microns.
The semitransparent layer of gold on the SB Au-n-GaAs
was formed by chemical deposition from an aqueous solu-
tion of HAuCl4 (4 g/l)+HF (100 mg/l). The thickness of
the deposited layers of gold was 15–20 nm. Cross-section
of Au-n-GaAs solar cell is shown in Figure 1(b).
Since the surface properties of GaAs significantly affect

to the characteristics of the Au-n-GaAs barrier9 before
chemical deposition of Au layers a gallium arsenide sur-
face was treated in bromine methanolic 4% Br2 + 95%
CH3OH etchant. Active area of solar cells with SB ranged
from 10 mm2 to 50 mm2.
Metal-oxide nanoparticles were synthesized in

counter flow propane-oxygen flame at a temperature
1100–1200 �C. Before flame cleaning surface of the wires
was acid-washed in 25% solution of nitric acid within
20 minutes for formation of seed metal-oxide growth.
Roentgen-fluorescent analysis of nichrome wire shows
the contents of metals Ni-60.27%, Fe-25.26%, Cr-14.45%
and Ti-0.0174%. Metal-oxide nanoparticls were produced
on the surface of the nichrome wire which had the
50–300 nm characteristic sizes depending on the synthesis
conditions.10 Nanoparticles suspension in ethanol was
prepared by ultrasonic treatment of nichrome wire with
nanoparticles and was sprayed on the frontal surface of the
solar cells. After deposition of each layer of nanoparticles
the cell was placed for 15 minutes in a thermostat at a
temperature of 150 �C.

Fig. 1. Cross-section of GaAs solar cell: (a) p–n heterojunction, (b) Schottky barrier.

Fig. 2. Reflectance spectra for a polished GaAs (1), for the surface of
the solar cell with Si3N4 antireflection coating (2) and for the Schottky
barrier (3).

3. RESULTS AND DISCUSSION
The experimental results of reflectance (R) as a wavelength
function for a polished GaAs wafer, the surface of the solar
cell with Si3N4 antireflection coating and the Schottky bar-
rier are shown in Figure 2. As seen from the graph without
antireflection coatings the reflectance of GaAs surface is
more than 30% in the whole spectral range. Single-layer
antireflection coating decreases the reflection coefficient
up to 6%. Thin film of Au deposited on the surface of
GaAs increases the reflectance up to 50%.
Influence of metal-oxide nanoparticles on short-circuit

current density (Jsc� and open circuit voltage (Uoc� of solar
cells evaluated after coating and annealing of each layer
of nanoparticles. Figure 3 shows the dynamics of changes
in photocurrent and voltage of heterojunction GaAs solar
cells (a) and Schottky barrier (b) as a function of number
of metal-oxide nanoparticles layers, i.e., on their surface
concentration.
As it seems on Figure 3, there is an increase in pho-

tocurrent, which reaches its maximum value for two lay-
ers of nanoparticles, then the current decreases both for
a heterojunction solar cell and for a Schottky barrier.
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Fig. 3. Influence of a number nanoparticles layers (N ) on short-circuit current (curve 1) and on open-circuit voltage (curve 2) for: (a) heterojunction
solar cell, (b) solar cells with SB.

The maximal increase of photocurrent for first cell reaches
4.7%, and for Schottky barrier reaches 2.2%. Taking into
account that the maximum part of incident photons entered
into a heterojunction solar cell is 94%, and in solar
cells with SB only 50% (Fig. 2), we can conclude that
the effect of increasing photocurrent connected only with
the nanoparticles and its quantitative characterization is
the same for the two studied types of solar cells.

The measured Uoc from the number of nanoparticls lay-
ers shows that these dependence different for a hetero-
junction solar cell, and for the solar cell with SB: for all
heterojunction structures there were a slight decrease in
the voltage of 1–2%, while for SB voltage changed as well
as the current and for the first two layers was increased to
1.5%, and then decreased. For a heterojunction solar cell
with N = 2 decrease in Uoc was 1.4%.

The initial increase in voltage Uoc and current Jsc with
increasing number of layers N in the Schottky barrier con-
nected with increase in the number of photons absorbed in
the depletion region adjacent to a semi-transparent layer of
gold. With further increase in the concentration of particles

Fig. 4. External quantum efficiency spectra of GaAs solar cells before
nanoparticles deposition (curve 1) and after deposition of two layers of
metal-oxide nanoparticles (curve 2).

on the surface of the solar cell reflected photons from the
surface increases, resulting in decrease of the current and
voltage in both types of structures.
Spectral characteristics of solar cells were measured

in the range 400–900 nm by the modulation technique.
Figure 4 shows the spectra of the external quantum effi-
ciency EQE of heterojunction structures before nanopar-
ticles deposition (curve 1) and after deposition of two
layers of metal-oxide nanoparticles (curve 2). The ini-
tial spectrum is characterized by a sharp decline in the
long-wavelength region, characteristic of GaAs based solar
cells, which is a direct-gap semiconductor with a band gap
Eg = 1�42 eV.
The decline in short-sensitivity connected with absorp-

tion of short-wavelength photons in the heavily doped
emitter p region and the recombination of photogenerated
carriers in it.
Metal-oxide particle sizes are less than the wavelength

of incident light. In this case diffraction of light scattering
takes place and, consequently, a more full capture of pho-
tons. The increase in the external quantum efficiency was
observed over the entire range of spectral sensitivity of the

Fig. 5. SEM image of metal-oxide nanoparticles on the surface of the
solar cell.
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Fig. 6. The current–voltage characteristics of GaAs solar cells before
nanoparticles deposition (curve 1) and after deposition of two layers of
metal-oxide nanoparticles (curve 2).

solar cell (curve 2). The maximum increase of EQE was
observed at short wavelengths, and monotonically varied
from 6.8% at �= 540 nm to 2.2% at �= 800 nm.
Using an electron microscope Quanta 3D200i we inves-

tigate the shape and distribution of the nanoparticles on
the surface of the solar cell. Figure 5 shows a scanning
micrograph of metal-oxide nanoparticles on the surface of
the solar cell.
The surface morphology of the nanoparticles is quite

complex and has a fractal structure: on the surface the par-
ticle size were about 100 nm one can observed semi-islets
formation with a typical size of about 20 nm. The increase
in photosensitivity due to nanoparticles in addition to scat-
tering effect may also be due to the effect of re-radiation
on the particles of metal-oxide components.
The current–voltage characteristics of the GaAs hetero-

junction solar cells under light intensity of 100 mW/cm2

and its main parameters are presented in Figure 6. After
nanoparticles deposition there is observed a slight increase
of fill factor (FF) from 0.75 to 0.76. It is due to the
increase in concentration of carriers on the absorbing
layer of the solar cell and a decrease in the series
resistance.
Measurements have shown that the use of nanoparticles

leads to an increase in the efficiency of the solar cells
from � = 14�8% to � = 15�5%, i.e., by 4.7%, despite a
slight decrease in the open-circuit voltage. It should be
noted that the tested solar cells before particles deposition
characterized by dispersion of short-circuit current in the

range of 10–15% and the open-circuit voltage in the range
of 2–3 percent. Enhancement in efficiency of the differ-
ent elements after deposition of nanoparticles is varied in
the range 3–8%. The test sample is characterized by the
average values of the parameters.

4. CONCLUSION
In this paper the influence of metal-oxide nanoparticles
on efficiency of GaAs based solar cells was investigated.
When applied two layers of particles there was observed
the maximum increase in the short-circuit current and sells
efficiency. The investigations demonstrated that a coat-
ing of metal-oxide nanoparticles significantly increases the
efficiency of solar cells by 4.7% due to light scattering on
them and larger fraction of photons absorbed in the active
region of a solar cell.

Acknowledgments: The authors express immense
thanks to staff and management of National Nanotechnol-
ogy Open Laboratory of Kazakhstan for assistance in the
measurements. This work was supported by the Ministry
of Education and Science Republic of Kazakhstan (con-
tract No. 1569/GF3).

References and Notes
1. I. M. Dharmadasa, Advanced in Thin-Film Solar Cells, Pan Stanford

Publishing Pte. Ltd., Singapore (2012).
2. W. Shockley and H. J. Queisser, J. Appl. Phys. 32, 510 (1961).
3. W. H. Southwell, Opt. Lett. 8, 584 (1983).
4. N. Shibata, Jpn. J. Appl. Phys. 30, 997 (1991).
5. Y. A. Chang, Z. Y. Li, H. C. Kuo, T. C. Lu, S. F. Yang, L. W.

Lai, L. H. Lai, and S. C. Wang, Semicond. Sc. Technol. Semicond.
24, 342 (2009).

6. T. Stelzner, M. Pietsch, G. Andra, F. Falk, E. Ose, and
S. Christiansen, Nanotechnology 19, 295 (2008).

7. M. A. Tsai, P. C. Tseng, H. C. Chen, H. C. Kuo, and P. C. Yu, Opt.
Express 19, A28 (2011).

8. X. D. Pi, Q. Li, D. S. Li, and D. R. Yang, Solar Energy Mater. Solar
95, 2941 (2011).

9. V. L. Berkovits, T. V. L’vova, and V. P. Ulin, Semiconductors
45, 1575 (2011).

10. Z. A. Mansurov, M. Auyelkhankyzy, B. T. Lesbayev, D. I. Chenchik,
K. K. Dikhanbayev, N. G. Prikhodko, T. I. Taurbayev, and A. V.
Saveliev, Advanced Materials Research 486, 140 (2012).

Received: 7 October 2014. Accepted: 20 October 2014.

4 J. Nanoelectron. Optoelectron. 9, 1–4, 2014


