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We have optimized the photovoltaic properties of active ZnO/p-GaAs heterojunction solar cells by pulsed
laser deposition method by varying the oxygen pressure from 0 to 50 mTorr during the fabrication process.
We observed the crystallinity and grain size of ZnO enhanced with increasing oxygen pressure from 0 to 30
mTorr. In addition, with this increase of oxygen flux, the intensity of E;(LO) modes obtained by Raman
measurements declines significantly and almost disappears under an oxygen pressure of 50 mTorr. The
change of intensity is assumed to be the change of oxygen vacancy and zinc interstitial concentrations in

Keywords: X .
7n0 films ZnO films with oxygen pressures. Current-voltage measurements and extractions show that ZnO grown at
P-GaAs 30 mTorr displays the best performance with the Isc of 24.3 mA/cm?, the efficiency of 8.746 %, and FF, of

68.73 %. The high performance of the heterojunction solar cell grown at the oxygen partial pressure of 30
mTorr might be due to the reduction of oxygen vacancies by increasing oxygen during the deposition. The

Heterojunction solar cells
Oxygen pressure

results reveal the importance of the oxygen processing gas in promoting devices performance.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Interest in the renewable sector has grown enormously in the
last few years due to emphasis on environmental and climate change
issues. The global eventually is going to run out of coal and gas, most
governments are focusing on the growth of alternative sources of
energy. Therefore the manufacturing of photovoltaic (PV) devices
has developed considerably in recent decades, spurred by con-
tinuous growth in the demand for the renewable energy sources.
Photovoltaic power generation employs solar panels composed of
several solar cells containing photovoltaics materials. At present,
silicon solar cells dominate 95 % in the photovoltaic market [1], and
crystalline silicon solar cells approach an efficiency of 29.43 % the-
oretically [2]. However, the spectra response of the Si PV device does
not match the solar emission spectrum owing to the limited ab-
sorption of Si constituting the PV solar cell active layer. A single-
junction Si solar cell is transparent to photons with energies below
band gap energy, and additional sunlight is lost because of thermal
induce. To overcome this problem and reduce the production cost,
currently, lead halide perovskite solar cells have become a star in
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photovoltaic research [3-5] and achieved a high efficiency sur-
passing the 25 % mark in 2020 [6]. Despite of impressive high per-
formance, perovskite solar cells have faced challenges of long-term
durability that inhibit their practical uses. Therefore, optimizing
well-known GaAs-based solar cells is still a long-term strategy. GaAs
possesses more outstanding characteristic than Si including light
absorption coefficient is about 10* times lower than Si that 10-100x
thinner GaAs layer is required to absorb the same amount of light in
comparison with Si [7,8].

For achieving friendly environmental and high-efficiency GaAs-
based solar cells, a new approach by depositing ZnO thin films on the
surface of solar cells has recently been proposed [9,10]. ZnO has a
direct wide band gap of 3.3 eV [11] at room temperature that is
associated with higher breakdown voltage, ability to sustain large
electric field, lower electric noise, and high-temperature and high-
power operation. ZnO owns unique characteristics compared to
other II-VI wide bandgap materials such as low cost, low toxicity,
and larger exciton binding energy of 60 meV [12] which guarantees
efficient photovoltaic properties. In addition, ZnO is transparent in
the visible and infrared regions, which is one of the most important
properties of its antireflection coating application on solar cells. Due
to these characteristics, fabricating high-quality ZnO thin films are
emerged solutions to improve the efficiency of GaAs-based solar
cells.
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In this study, we optimized the quality of ZnO thin films and the
performance of n-ZnO/p-GaAs heterojunction solar cells. ZnO thin
films were deposited on the p-GaAs substrate by pulsed laser de-
position (PLD) methods to well-control oxygen working pressure
from O to 50 mTorr and substrate temperature. The merits of using
PLD were reported in our previous works of literature [13,14]. The
structural characteristics and optical properties of n-ZnO/p-GaAs
heterojunctions were evaluated using X-ray diffraction (XRD),
atomic force microscopy (AFM), and Raman spectrum. Current-vol-
tage measurements were carried out for the evaluation of photo-
voltaic properties. The ZnO layers were found to be an excellent anti-
reflection coating and to exhibit exceptional light-trapping at wa-
velengths ranging from 365 to 800 nm, which led to a high efficiency
of p-GaAs solar cell of 8.746 % at 30 mTorr. Moreover, we demon-
strated that the ZnO/p-GaAs solar cell’s quality can be well-con-
trolled by oxygen partial pressure during the deposition process.

2. Experimental method
2.1. Sample preparation

The p-GaAs substrates were cleaned in acetone and methanol
followed by rinsing in deionized water. Each step was conducted for
15 min, and then GaAs wafers were dried under the flux of com-
pressed nitrogen. ZnO thin films were grown on the GaAs substrates
by using Pulsed Laser Deposition (PLD) method. High purity ZnO
(99.99 % purity) target was used to deposit thin films. The experi-
ments were performed in a vacuum chamber. After the GaAs sub-
strate was loaded into the chamber, the vacuum chamber was
evacuated by a turbo-molecule pump in eight hours until the va-
cuum pressure down to 10~7 Torr. An Nd-YAG laser was operated at a
wavelength of 266 nm, energy density of 5J/cm?2, and repetition rate
of 10 Hz. The ZnO films were deposited under oxygen partial pres-
sure varying from O to 50 mTorr. Depositing time and substrate
temperature were 60 min and 300 °C, respectively. After deposition,
the film was then allowed to cool to room temperature before car-
rying out the structural, morphology, and optical measurements. To
fabricate n-ZnO/P-GaAs-based solar cells, two metal electrodes were
deposited on ZnO and GaAs layer by thermal evaporation. The Ti/Au
(20/50 nm) bilayers were grown on ZnO films and Au (70 nm) layers
were deposited on GaAs wafers to form Ohmic contacts.

2.2. Characterizing methods

The structural properties of ZnO thin films grown on p-GaAs
wafers were examined by a 8 - 26 rocking curve on a scanning XRD
system using a Cu Ka wavelength of 0.15418 nm. The surface mor-
phology and roughness of films were investigated using atomic force
microscopy (AFM). Raman spectra were obtained by a Near-Field
Scanning Optical Microscope imaging system integrated with a
Raman spectrometer with continuous laser light of 532 nm. The I - V
characteristic of n - ZnO/p - GaAs heterojunction solar cells were
conducted under 1 sun illumination, whose intensity level was about
100 mW/cm? on the film surface. External Quantum Efficiency (EQE)
was performed over UV to IR wavelengths (200-870 nm) using a Xe
light source. The incident wavelength of the Xe light was resolved by
a monochromator with a wavelength step of 1 nm.

3. Results and discussions

We have investigated the influence of the various oxygen pres-
sure from O to 50 mTorr on the crystal structure of ZnO/p-GaAs. The
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Fig. 1. (a) X-ray diffraction patterns of as-grown ZnO films grown on p-GaAs under
various oxygen pressures. (b) FWHM and grain size of the (110) diffraction peak of
ZnO films as a function of oxygen pressure.

XRD patterns of five samples under the different gas pressure are
shown in Fig. 1(a). These data confirmed the polycrystalline nature of
films grown at a temperature of 300 °C showing the main reflection
characteristic of the ZnO wurtzite structure [15]. The XRD spectrum
exhibited three noticeable peaks at 20 values of 31.45° 44.24°, and
66.01°, which correspond to the (002), (220), and (004) planes of p-
GaAs, respectively. In addition, four significant peaks corresponding
to ZnO films are observed at 34.01°, 58.68°, 62.93°, and 71.91°. Ac-
cording to the Joint Committee on Powder Diffraction Standards (JP
89-1397), these peaks are originated from the (002), (110), (103), and
(004), respectively. It is shown clearly that the crystal orientation of
the ZnO is dominantly by (002) and (110) planes. As the oxygen
pressure increased, the (002) and (110) peaks intensity first in-
creased and then decreased gradually. The intensity value reached a
maximum at an oxygen pressure of 30 mTorr. The full width at half
maximum (FWHM) of the (110) diffraction peak and the crystallite
size extracted from the FWHM according to the Scherrer formula
[16] for the ZnO films deposited at different oxygen pressures are
given in Fig. 1(b). The value of FWHM decreased from 0.22° to 0.17°
with increasing oxygen partial pressure up to 30 mTorr which in-
dicated that the crystallinity of ZnO thin films improved up to
oxygen partial pressure of 30 mTorr. This improvement of
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Fig. 2. (a) Evolution of the deposition rate and (b) (b) RMS roughness of ZnO thin films grown on p-GaAs substrates versus the oxygen pressure.

crystallinity with oxygen pressure could be attributed to the increase
of a number of reactive oxygen ions and also the enhancement of
interaction between zinc ions with oxygen ions in the chamber due
to sufficient kinetic energy to the atoms on the substrate to move
them to the suitable sites [17]. However, when increasing oxygen
pressure from 30 to 50 mTorr, the XRD intensity reduced dramati-
cally and FWHM grew sharply to 0.27° which indicated the de-
gradation of crystallinity of thin films. It is assumed that the excess
of oxygen might induce defects in the ZnO thin films, which influ-
enced the nucleation and growth of the thin films, resulting in the
degradation of the crystalline quality. Another possibility is the re-
duction of the mobility of ad-atoms to the energy favorable positions
as increasing oxygen flux causes a decline of XRD intensity [18]. As
the change of FWHM with oxygen flux, the crystallite size extracted
from FWHM also changed. The calculated mean grain size enhanced
from 42.3 nm at 0 mTorr to 53.5 nm at 30 mTorr and decreased down
to 38.8 nm at 50 mTorr. The grain size of ZnO films was confirmed by
AFM measurements. Therefore, the oxygen pressure is responsible
for the change of the XRD diffraction, and both the mobility of the
ablated species and the intrinsic defects concentration could be
controlled by oxygen pressure during the deposition process.

The relation between the ZnO deposition rate and the oxygen
working pressure during growth is presented in Fig. 2(a). The lowest
rate is obtained (~ 8.2 nm/min) in the deposition process under an
oxygen pressure of 50 mTorr. The growth rate of the films increases
from 8.2 to 12 nm/min for reducing the oxygen pressure from 50
down to 0 mTorr, respectively. The different oxygen pressures can
influence the growth rate due to their atom’s energy. By using the
pulse laser deposition method, at higher oxygen pressure, the ablated
species could undergo more collision with the oxygen molecules
leading to thermalizing the film-forming particles and decreasing the
kinetic energy of these species, hence reduce the growth rate [19]. The
different deposition rate as a function of oxygen pressure leads to the
different thickness of ZnO films which directly affects the perfor-
mance of n-ZnO/p-GaAs. Particularly, the thickness of ZnO films
grown under an oxygen pressure of 0, 10, 20, 30, and 50 are about 720,
655, 613, and 492 nm, respectively. The root means square (RMS)
roughness of ZnO films on GaAs substrates with various oxygen
pressures is illustrated in Fig. 2(b). When we increase the oxygen flux

from 0 to 30 mTorr, the surface roughness gradually increases from
1.36 to 2.77 nm and decreases to about 2 nm as oxygen pressure is
raised to 50 mTorr. The increased grain size with the increase of
oxygen pressure (from 0 to 30 mTorr) was the primary reason for the
increase in the RMS roughness. However, the RMS roughness values
for every sample are not too high, so the ZnO films grown by PLD are
uniform naturally. The above XRD analysis and AFM images con-
firmed this result. Fig. 3(a-e) present the AFM images of ZnO thin
films grown on GaAs substrate obtained at 300 °C under various
oxygen pressures from 0 to 50 mTorr, respectively. As shown in the
figures, the ZnO films are composed of a polycrystalline structure with
random orientation grains. The particles size increase from 80 to
120 nm with increasing of partial oxygen pressure from 0 to 30 mTorr,
and reduces down to about 90 nm at an oxygen pressure of 50 mTorr.
The particle sizes observed in AFM images are higher than that esti-
mated from XRD analysis could be ascribed to the formation of
clusters from the deposited ad-atoms. The larger clusters lead to
higher RMS roughness (Fig. 2(b)). The trend of changing the size of the
cluster with the various oxygen pressures is similar to the calculated
crystallite sizes extracted from XRD analysis. The XRD and AFM re-
sults suggest that the increase of oxygen flux resulted in changes in
the crystal structure and morphology of ZnO thin films.

Moreover, oxygen pressure was discovered to influence the op-
tical properties of ZnO films in this work. In the case of wurtzite ZnO,
there are 12 phonon modes including 3 modes for acoustic phonon
and 9 modes for optical phonon. Among 12 phonon modes, there are
one longitudinal-acoustic (LO), 2 transverse-acoustic (TA), 3 long-
itudinal-optical (LO), and 6 transverse-optical (TO) branches. The
zone-center optical phonons can be classified according the fol-
lowing relation: I'ope =A; +Eq +2E; +2B;, with By are silent modes,
A, and E; are polar modes, and E, are nonpolar and Raman active
only [20]. Fig. 4(a) shows the Raman spectra of ZnO thin films de-
posited on a p-GaAs substrate with different oxygen pressure from 0
to 50 mTorr. As clearly presented in the figure, there are two in-
tensive peaks located at about 299 cm™' and 580 cm™ which cor-
responds to the GaAs (LO) and ZnO E;(LO) mode, respectively.
Although all of the modes in ZnO films are influenced by impurities
or defects, the E{(LO) mode is more strongly affected by these ef-
fects, and this mode is directly related to oxygen vacancies [20]. As
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Fig. 3. Atomic Force Microscopy images of ZnO films grown on p-GaAs substrates under oxygen pressure of (a) 0, (b) 10, (c) 20, (d) 30, and (e) 50 mTorr.

can be seen in Fig. 4(a), with increasing deposition pressure from 0
to 50 mTorr, the intensity of E;(LO) modes declines significantly and
almost disappears under the oxygen pressure of 50 mTorr. One of the
possible reasons is at lower oxygen pressure zinc excess caused re-
sonance effects for LO modes in visible range due to the presence of
impurity state Zinc interstitial (Zn;) and oxygen vacancy (Vo). It is
well-known that even un-doped ZnO films still can have point de-
fects, referred to as native defects, such as oxygen vacancy Vg and
interstitial zinc Zn;, zinc vacancy Vg, interstitial oxygen O;, and
antisite oxygen Oz,. Among them, Vo and Zn; can vary ZnO from an
intrinsic to n-type doping-like material [21,22]. Fig. 4(b) presents the
Raman spectra in the range shift from 400 to 800 cm™". It is shown
that as oxygen pressure reduces from 50 to 0 mTorr, the Raman of
E;(LO) modes red-shift from 583 to 575 cm™}, respectively. Previous
reports point out that great intensity of E{(LO) modes and redshift
result in serious oxygen deficiency in activated ZnO [20,23].

Moreover, in Raman spectra, the shifting of peaks is related to the
chemical bond length of molecules. A shorter bond length will cause
to shift to a higher wavenumber, vice versa. Therefore as increase
oxygen pressure from 0 to 30 mTorr, crystallite size is larger leading
to shortening the bond length and blue-shift in Raman peaks. The
Raman spectra are well consistent with XRD and AFM results.
Therefore, the optical properties and defect states of ZnO films
grown on the p-GaAs substrate are strongly affected by the oxygen
working pressure. This influence directly impacts the performance of
Zn0/p-GaAs heterojunction solar cells which will be further dis-
cussed in the next part.

The schematic diagram of ZnO/p-GaAs heterojunction solar cells
is shown in Fig. 5(a). Au film was grown on the back side of the GaAs
wafer and Ti/Au bi-layer was evaporated on the ZnO layer by using
the shadow mask to form the Ohmic contacts. Fig. 5(b) illustrates the
current-voltage (I - V) curves of the photovoltaic solar cells under 1
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Fig. 4. (a) and (b) Raman scattering spectra of ZnO films grown on p-GaAs substrates
under the various oxygen pressures.

sun illumination. Jsc shows an impressive enhancement from 20.6 to
25.4mA/cm? as increasing oxygen flux from 0 to 20 mTorr and
slightly reduces down 24.3 mA/cm? at 30 mTorr. Meanwhile, the
value of open-circuit voltage improves from 0.490 to 0.504 with the
increase of oxygen pressure from 0 to 50 mTorr. Without considering
the series and shunt resistance, the fill factor (FFp) is dependent on
the open-circuit voltage as follows:

Voc — ln(l)oc + 0.72)
voc + 1 (])

FFy =

where voc = qVoc/nKT with V¢ is open-circuit voltage, n is an ideal
factor, K is Boltzmann'’s constant, and T is measurement tempera-
ture. The solar energy conversion efficiency 7 is a decisive parameter
for the costs and sustainability of photovoltaic production. The n of a
solar cell is defined as the ratio between the power extracted at the
maximum power point of the solar cell and the power of the in-
cident sunlight illumination as follows:

Isc. Voc
= FFp————
T B (2)
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Fig. 5(c) displays the value of FFy and n as the function of the
oxygen working pressure. Here it clearly shows that the value of FF,
slightly increases from 68.29 % to 68.84 % as oxygen from 0 to 50
mTorr, respectively. Out of five samples that have been in-
vestigated, the highest efficiency of about 8.746 % is obtained for a
sample at 30 mTorr due to their high Isc and Vgc. The efficiency of
the ZnO/p-GaAs heterojunction solar cells obtained in this report is
higher than that of the previous pieces of literatures [24,25].
However, this obtained efficiency is still much smaller than theo-
retically predicted data of 12.8 % [26] that are ascribed to the
presence of some defects in the devices during the fabrication
process. The enhancement of this efficiency with oxygen pressure
(from O to 30 mTorr) may be attributed to the suppression of de-
fects state and the improvement of the crystallinity in ZnO thin
films. When we increase the oxygen pressure, the concentration of
oxygen vacancy and zinc interstitial can be suppressed, and it leads
to the reduction of recombination of electron-hole pairs in the
defects centers. Another possible reason is as increasing the oxygen
pressure from 0 to 30 mTorr, the thickness of ZnO films decreases
(Fig. 2) resulting in the enhancement of the number of available
photons in the space charge region and the augmentation of Is¢
[24]. The values of Isc, Voc, FFo, n under the various oxygen pres-
sures are summarized in Table 1. Another key parameter used to
judge the performance of a solar cell is external quantum efficiency
(EQE). Fig. 5(d) presents the EQE spectra of ZnO/p-GaAs solar cells
which were carried out in the wavelength range from 250 to
920 nm. The highest EQE is about 65 % observed in the visible range
for sample grown at 20 and 30 mTorr. The changing trend of the
maximum EQE is similar to the change of Isc with the oxygen
pressure. It is clearly shown in Fig. 5(d) that in the UV range
(A <350nm) the EQE is much lower than that in the visible range.
This indicates the blocking action of the ZnO layer. However, a
sample with the ZnO layer deposited at low oxygen pressure (0 and
10 mTorr) displays a higher EQE in the UV range. It is assumed that
at low oxygen pressure, the thickness of ZnO films is higher leading
to higher UV light absorption, and EQE increases. The high UV light
absorption of ZnO films was reported in the previous reputed lit-
eratures [11,27]. By using UV-vis measurement, the optical
bandgap of ZnO was calculated at about 3.3 eV which could con-
tribute to the absorption in the range of light of A < 350nm.
Therefore, considering all the key parameters and EQE spectrum,
about 613 nm can be considered the optimum thickness of ZnO
layer which was obtained at 30 mTorr. Moreover, EQE drops sig-
nificantly within the IR wavelength of more than 900 nm. These
behaviors of EQE with wavelength are further explained by carrier
transport which is shown in Fig. 6.

Fig. 6(a) and (b) show the diagram structure, carrier transport,
and operation mechanism of ZnO/p-GaAs solar cells at the bias
voltage of 0 and 0.5, respectively. In the energy band diagram, the
electron affinity and the band gap are 4.35 and 3.27 eV for ZnO and
4.07 and 1.42eV for GaAs, respectively [28]. When operating at
proper small reverse bias or 0V (Fig. 6(a)), the 1 sun illumination
on ZnO/p-GaAs heterojunction, ZnO films acts as anti-reflectance
layer and transmittance in the visible range, so almost light is ab-
sorbed by p-GaAs layer generating electron-hole pairs. For photons
with energy higher than the ZnO bandgap, the electron-hole pairs
are generated close to the surface and recombined in the ZnO layer
[29]. Therefore, illumination of high energy photons does not
dominate mainly to the EQE of solar cells, and as red-shift of wa-
velength, EQE values increase significantly. When the light that it’s
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Fig. 5. (a) Schematic of fabricated metal/ZnO/p-GaAs/metal heterojunction structured solar cell, (b) current density versus voltage curves of ZnO/p-GaAs solar cell, (c) FFy and

efficiency of ZnO/p-GaAs as a function of oxygen pressure.

Table 1

The photovoltaic parameters of the ZnO/p-GaAs heterojunction solar cells.
Sample Jsc (mAjcm?) Voc (V) FFo (%) n (%)
0 mTorr 20.6 0.49 68.29 6.89
10 mTorr 22.5 0.493 68.41 7.59
20 mTorr 254 0.497 68.57 8.28
30 mTorr 243 0.501 68.73 8.75
50 mTorr 215 0.504 68.85 7.46

photon energy is lower than ZnO band energy and higher than that
of GaAs illuminating to solar cells, the electrons in the GaAs valance
band excite to the GaAs conduction band generating electron-hole

pairs. Under the electrical field, electrons in the conduction band
sweep from GaAs to ZnO and holes transit reverse. This process
forms the photocurrents in solar cells. Under forward bias
(Fig. 6(b)), considering the valance band minima and conduction
band maxima, a previous report demonstrated that the barrier for
holes is about 8-fold higher than for electrons [30]. This suggested
that electron injection from ZnO into p-GaAs is higher than the
reverse hole injection. According to Raman, Vo and Zn; reduced
when the oxygen pressure increased; therefore, generated elec-
trons easily captured by the trap states resulted in a reduction of
the Isc. The presence of higher defect density at lower oxygen
pressure can suppress the free carrier, which may cause the lower
performance of solar cells.
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4. Conclusions

In conclusion, solar cells based on ZnO/p-GaAs heterojunction
were fabricated by using the pulsed laser deposition method under
the various oxygen pressures from 0 to 50 mTorr. We characterized
the structure, morphology, and optical properties of ZnO on GaAs by
XRD, AFM, and Raman, respectively. It was found that the crystal-
linity of ZnO films enhanced as increasing oxygen pressure from 0 to
30 mTorr and re-declined when oxygen was up to 50 mTorr. The
morphology conducted by AFM confirmed this XRD data. The trap
concentration was demonstrated to reduce with the increase of
oxygen flux. The photovoltaic parameters are investigated for five
samples, and we found that the best solar cell performance is con-
ducted in sample fabricated under 30 mTorr. The impact of oxygen
flux on the performance of ZnO/p-GaAs heterojunction was ob-
served. This study provides a design rule for the economical product
solution for high-performance solar cells.
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