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The cadmium sulphide (CdS) film is grown on cadmium telluride (CdTe) nanorods (NRs) arrays by different methods
such as chemical bath deposition (CBD), magnetron sputtering (MS), and homogenous precipitation (HP) techniques. The
impact of various deposition methods is explored in detail on the growth of CdTe/CdS composite film, the CdTe/CdS
interface property, and solar cell efficiency. Compared to the CBD and HP methods, the MS method can improve the
growth of the CdS on CdTe NRs with high crystalline quality. The device based on the CdS film prepared by the MS
method demonstrates excellent photovoltaic performance, which has the potential for applications in solar cells.
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1. Introduction

CdS films appear as the most popular materials in the
large-scale manufacturing of thin-film solar cells because of
their direct optical band gap of 2.42 eV and high optical trans-
mittance, especially in CdTe based photovoltaic devices.!!=!
Various methods have been employed for the preparation of
CdS thin films such as the chemical bath deposition (CBD),
thermal evaporation, electrodeposition, magnetron sputtering
(MS), and homogenous precipitation (HP).[*°! Among these
growth techniques, the CBD is a simple and low-cost method
for the fabrication of CdS films, and numerous investigations
have been undertaken to obtain CdS films by this method. The
CBD is generally carried out in an aqueous alkaline solution
to release Cd** and S?>~ ions and ammonium hydroxide is
commonly used as the complexing agent.!'%!'! As for the HP
method, the gradual and even thermal decomposition of urea
can result in a highly uniform increase in the pH of the solu-
tion, which can control the particle size and uniformity of the
CdS film.['>15] Tn addition, the MS method is also a proven
well productive method for the CdTe solar cells.!'®!”] In the
field of materials science, it is well-known that the deposition
techniques and growth conditions have an important influence
on the quality and characteristic of the growing layer. There-
fore, many research advances focus on the effect of the depo-
sition method on the properties of CdS films. Remarkable dif-
ferences in the properties of CdS films deposited by different

18-20

methods have been studied in detail.['829 In addition, in the
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case of the CdTe solar cell, as the energy converting interface,
the interface property of CdS/CdTe can also vary depending
on the layer growth technique. Nevertheless, to the best of
our knowledge, the impact of the CdS layer on the interfacial
property is rarely investigated. Therefore, a more refined un-
derstanding of the CdS/CdTe interface is necessary./?!=24]

In this paper, the electrochemical deposition method is
employed to prepare high density vertically CdTe NRs arrays
on the Ni substrate. Different methods such as the CBD, HP,
and MS are then served for the preparation of the CdS on CdTe
NRs. The differences in the properties of the CBD, HP, and
MS synthesized CdS films on CdTe NRs arrays are investi-
gated in detail. The impact of CdS films fabricated by different
methods on the interfacial property of CdTe/CdS and solar cell
efficiency is also studied. Based on the results, the CdTe/MS-
CdS solar cell has a better photovoltaic behavior due to the
better coverage and crystalline of the CdS film on CdTe NRs
arrays.

2. Experiments
2.1. Fabrication of the CdTe/CdS thin film

The TiO; Electrodeposition method is utilized for the
preparation of CdTe nanorods (NRs) arrays.[?>20] The elec-
trodeposition process is carried out in a three-electrode elec-
trochemical cell. The Ni foil, graphite plate, and saturated sil-
ver/silver chloride (Ag|AgCl|KCl(sat)) are used as the work-
ing electrode, counter electrode, and reference electrode, re-
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spectively. CdTe NRs are synthesized at —0.5 V for 60 min.
After each deposition, the as-synthesized CdTe films are thor-
oughly washed with distilled water, and then dried in air. Fi-
nally, in order to improve the crystal quality, the films are an-
nealed at 300 °C for 30 min in a flowing N, atmosphere, and
used for deposition of the CdS film. The schematic of a three-
electrode electrochemical cell and FESEM image of the CdTe
NRs array film are shown in Fig. S1. In this work, CdS films
are deposited on the CdTe layer using three different methods.

2.1.1. Fabrication of the CdS by the CBD method

The CdS is grown on CdTe NRs arrays by the CBD tech-
nique according to previous reports. >’ Briefly, CdTe films are
firstly placed vertically inside the beaker and immersed into
the chemical bath solution containing 0.02 M CdCl,-2.5H,0,
0.5 M KOH, 1.5 M NH4NO3, and 0.2 M CH4N,S. Then the
deposition is performed at a bath temperature of 80 °C for

electrodeposition

40 min. In order to obtain a compact CdS layer on CdTe NRs
arrays, multiple depositions are employed. After each deposi-
tion, the CdTe/CdS composite film is washed ultrasonically to
remove impurities from the surface and minimize the loosely
adhered CdS particles on CdTe NRs, and finally dried in air
for further experimental tests.

Scheme 1. Schematic diagram of the Ni/CdTe/CdS/ITO/Au thin film solar
cell.

<— CdTe
NRs arrays

step 1

Ni

«——CdS

multiple

deposition
—
step 3 J

Scheme 2. Schematic illustration describing the overall process of device fabrication based on CBD-CdS film.

2.1.2. Fabrication of the CdS by the HP method

As for the HP method, in comparison with the CBD
method, the reagents used for the bath solution are thiourea,
cadmium chloride, urea, and deionized water. Due to the grad-
ual and even thermal decomposition of urea, better control of
synthesis for CdS thin films can be achieved. The concen-
tration values and the bath temperature could be found in our
previous paper. !

2.1.3. Fabrication of the CdS by the MS method

A homemade thin film magnetron sputtering deposition
system is used to deposit CdS films. Prior to sputtering, to re-
move contaminations on the target surface, the CdS target is
pre-sputtered for 15 min. To reduce the damage to the surface
of CdTe film during the sputtering process, the films are de-
posited under Ar:O; (ratio: 1.5%) atmosphere with a pressure
of 30 mTorr. The deposition is carried out for 20 min with

a power of 50 W. The substrate temperature is kept at room
temperature.

2.2. Photovoltaic device fabrication

Before device fabrication, the as-deposited CdS films on
CdTe NRs arrays by the CBD, HP, MS methods are referred to
as the CdTe/CBD-CdS, CdTe/HP-CdS, and CdTe/MS-CdS, re-
spectively. All the deposited films are coated with a saturated
CdCl,-methanol solution and then annealed in N, atmosphere
at 400 °C for 30 min to achieve suitable recrystallization for
practical use. After cooling to room temperature, indium tin
oxide (ITO) layer is deposited subsequently by the MS method
for 15 min with a power of 50 W. Finally, the device with
substrate configuration of Ni/CdTe NRs arrays/CdS/ITO/Au is
completed by depositing an Au electrode on the surface of the
ITO through sputtering (Scheme 1). The overall fabrication for
the CdTe/CBD-CdS, CdTe/HP-CdS, and CdTe/MS-CdS solar
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cells are exhibited in Schemes 2—4.

2.3. Characterization

The structural properties of the deposited films are deter-
mined using an x-ray diffractometer (XRD, Rigaku D/max-
2500, with Cu K« radiation, A = 1.5418 A). The scanning
range is between 20° and 80°. Field-emission scanning elec-

electrodeposition

tron microscopy (FESEM) imaging is performed on a JSM-
6700F JEOL microscope to investigate the surface morpholo-
gies of the films. Current density—voltage (J-V) curves are
measured by using a solar simulator under AM 1.5G light illu-
mination to obtain photoelectric properties. All the measure-

ments are performed at room temperature.
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Scheme 3. Schematic illustration describing the overall process of device fabrication based on the HP-CdS film.
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Scheme 4. Schematic illustration describing the overall process of device fabrication based on the MS-CdS film.

3. Results and discussion

The typical XRD patterns of the synthesized CdTe/CBD-
CdS, CdTe/HP-CdS, and CdTe/MS-CdS films are illustrated
in Fig. 1. By analyzing the patterns, apart from the Ni and
Ni, Tes diffraction peaks, the characteristic diffraction peaks at
26 = 23.98°, 39.70°, and 49.90° which corresponds to (111),
(220), and (311) planes, respectively, are assigned to the cu-
bic phase of CdTe. The diffraction peaks at 20 of 24.91°,

26.63°, 28.29°, 36.73°, 43.78°, and 47.93° demonstrate crys-
talline planes (100), (002), (101), (102), (110), and (103) of
hexagonal phase CdS, indicating the successful deposition of
the CdS on CdTe NRs by the CBD, HP, and MS methods.
Peaks from the oxides of CdO and TeO, are not observed. No-
ticeably, a clear variation of the diffracted peak intensity can
be observed in Fig. 1. The CBD method is creates the CdS
with poor crystalline quality that can be ascribed to the higher
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reaction speed in the CBD approach compared with the HP
method. The sharp and strong peaks of CdS made by the MS
method confirm that the product is well crystallized with high
purity. The improvement of film quality is favorable to charge

transport.
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Fig. 1. XRD patterns of the (a) CdTe/CBD-CdS film, (b) CdTe/HP-CdS
film, and (d) CdTe/MS-CdS film.

Figures 2—4 exhibit the FESEM images of the CdTe/CdS
composite films prepared by various methods, which clearly
display the different growth conditions of the CdS on CdTe
NRs array films. The growth of CdS films is highly dependent
on the deposition methods as perceptible from the FESEM im-
ages. In Fig. 2(a), it can be observed that a thin CdS layer can
be formed on the top of CdTe NRs arrays because of the rapid
deposition of the CdS film in the alkaline solution. Inset of
Fig. 2(a) shows that the CdS layer is comprised of a number
of cracks. Some voids between the thin CdS layer and CdTe
NRs can also be observed. With increasing the cycles of CdS
deposition (Fig. 2(b)), the surface of the CdS layer becomes
smooth. However, the voids between CdS and CdTe NRs can
also be distinctly observed. These voids can cause a poor qual-
ity p—n junction, which results in charge recombination. Fur-
thermore, it is found, in experiments, the adhesion between the
CdTe and Ni substrate becomes poor, which can be attributed
to the alkaline environment in the deposition process.

Fig. 2. FESEM images of CdTe/CBD-CdS films with different deposition
cycles: (a) 1 cycle and (b) 3 cycles.

FESEM images of the CdTe/HP-CdS films are given in
Fig. 3. As shown in Fig. 3(a), it is interesting to note that
CdS nanoparticles enter into the CdTe NRs arrays slowly and
embrace the NRs tightly. After multiple depositions, the CdS

occupies nearly the entire space surrounding the CdTe NRs,
and a compact CdS layer (~ 200 nm) without any cracks and
pinholes can be formed on the top of CdTe NRs (the inset
of Fig. 3(b)). Besides, remarkably, the CdTe still maintains
the rod-like pattern well, suggesting that the deposition of the
CdS by the HP method has no significant negative influence
on CdTe nanostructures.

The cross-sectional and top-view FESEM images of the
CdTe/CdS film deposited by the MS method are shown in
Fig. 4. It can be observed that each CdTe NRs is wrapped with
the CdS and a uniform CdS layer is grown on the top surface
of the CdTe NRs. In comparison to the CdS film synthesized
by the HP method, the CdS particles become larger and the
grain boundaries reduce significantly.

Fig. 3. FESEM images of CdTe/HP-CdS films with different deposition cy-
cles: (a) 1 cycle and (b) 3 cycles.

Fig. 4. The cross-section (a) and the top surface (b) FESEM images of
CdTe/MS-CdS films.

According to the discussion above, it can be seen that the
morphology of the CdTe/CdS composite film is greatly depen-
dent on its deposition methods. In comparison to the CBD
method, a better coverage of CdS film onto CdTe NRs can
be achieved by the HP method. This phenomenon can be ex-
plained as follows. As for the HP method, due to the gradual
and even thermal decomposition of urea, the pH of the solution
can change slowly to prevent the rapid precipitation of CdS
nanoparticles. Finally, the CdS film with controlled particle
size and uniformity can be deposited on the CdTe NRs arrays
successfully. In contrast, the CBD method is usually carried
out in an ammoniacal alkaline solution,!?8] which can lead to
a rapid change of solution concentration. The reagents do not
have enough time for the nucleation process, resulting in inef-
ficient coverage of the CdS on the CdTe NRs arrays. Further-
more, as illustrated previously in Figs. 3 and 4, the as-prepared
CdTe/CdS film shows no obvious differences between HP and
MS methods. After careful analysis, it can be found that the

098802-4



Chin. Phys. B Vol. 29, No. 9 (2020) 098802

crystalline size of the CdS film deposited by the MS method is
bigger than that of the CdS film deposited by the HP method.
This can be attributed to the distant migration of the sputtered
atoms, thus forming a dense film with larger grains and lower
defects by the MS method.
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Fig. 5. The J-V curves of (i) CdTe/CBD-CdS solar cell, (ii) CdTe/HP-CdS
solar cell, and (iii) CdTe/MS-CdS solar cell.

The performance of different CdTe/CdS solar cells pre-
pared using different methods is presented in Fig. 5. The
detailed device parameters are listed in Table 1. For the
CdTe/CBD-CdS solar cell, the values of V., Js, and FF are
0.32 V, 2.71 mA/cm?, and 0.31, respectively, and the effi-
ciency is limited by low Ji.. The low J. values indicate se-
rious carrier recombination at the CdTe/CdS heterojunction,
in combination with the FESEM results depicted in Fig. 2.
With the HP-CdS film as a window layer, the device gener-

ates Vo, Jsc, and FF of 0.37 V, 7.00 mA/cm?, and 0.34, corre-
sponding to a photoelectric conversion efficiency of 0.88 (Ta-
ble 1). All of the device parameters are considerably enhanced
in comparison with those of the device based on the CBD-CdS
(Fig. 4). This can be ascribed to the larger heterojunction area
of the CdTe/HP-CdS solar cell, in contrast to the CdTe/CBD-
CdS solar cell, which can ensure efficient separation of photo-
generated carriers. Solar cell with maximum efficiency is ob-
tained by using the MS-CdS film as a window layer. The max-
imum efficiency obtained in our study is 2.50% (Fig. 4), ex-
hibiting Jg. of 9.51 mA/cm?, Voe of 0.47 V, and FF of 0.56.
The simultaneous improvement of V¢, Js., and FF is strongly
associated with the efficient coverage and crystallinity of the
CdS film on CdTe NRs arrays, which can reduce the recom-
bination of electron—hole pairs at the interface. In this exper-
iment, to further analyze the reason for the performance of
different CdTe/CdS solar cells prepared using different meth-
ods, the shunt resistance (Ry), sheet resistance (R;), ideality
factor (n), and reverse saturation current density (J,) for the
devices are also measured. It can be observed that the Ry, of
all devices is not high, which will have significant restrictions
on the V. of the as-synthesized solar cells. Therefore, the Vi
of all the devices is low. The limited Jy. of all devices may
be attributed to several reasons such as poor CdTe/CdS inter-
face, high contact resistance, and a large number of defects.
Or, there are other problems that are unknown. Hence, in our
future research, there is much work to do to improve the pho-

tovoltaic performance of the present devices.

Table 1. The performance parameters of CdTe thin film solar cells.

Samples Voc/V Jse/mA-cm ™2 FF PCE/% R/Q Ran/Q n Jo/mA-cm~2

A CdTe/CBD-CdS 0.32 2.71 0.31 0.27 278.45 1101.54 1.12 2.94 %1073
B CdTe/HP-CdS 0.37 7.00 0.34 0.88 323.86 2121.84 1.21 3.42%x 1073

C CdTe/MS-CdS 0.47 9.51 0.56 2.50 84.66 2387.25 1.23 2.19x 1076

To further analyze the reason for the poor performance of
different CdTe NRs/CdS solar cells prepared using different
methods, the solar cell based on the CdTe thin film is fabri-
cated, and the FESEM image and J-V curve of the CdTe thin
film/CdS solar cell are shown in Fig. S2. As is seen, the CdS
film exhibits excellent coverage on the top of the CdTe film,
forming a better interface between the CdTe film and CdS in
comparison with that of CdTe NRs and CdS. Therefore, it can
be concluded that the interface of the CdTe and CdS has a
great influence on the performance of the solar cell. It is well
known that the CdCl, annealing process is one of the most
widely adopted techniques owing to its advantageous effects
which have been reported frequently in improving the quality
of the interface and fabrication of high-efficiency CdTe/CdS
photovoltaic devices.[?3!1 The CdCl, is the active medium
in the interdiffusion of the CdS-CdTe and promotes the for-

mation of the CdS,Te;_, interfacial layer. This interfacial
layer is generally believed to be beneficial to reduce the ef-
fects of lattice mismatch between the CdS and CdTe, which
has major effects on the performance of devices.*?! Numer-
ous studies show that annealing temperature plays a role in the
formation of the CdS,Te;_, interfacial layer, which can affect
the conversion efficiency of the device. Hence, to improve
device performance, the as-synthesized CdTe/CdS composite
films prepared by different methods are annealed at different
temperatures.

FESEM images of the CdTe/CdS composite films an-
nealed at different temperatures are shown in Figs. 6 and 7.
When the CdTe/MS-CdS film is annealed at 350 °C (Fig. 5),
the grain boundary of the CdS layer is obvious in compar-
ison with the film annealed at 400 °C (Fig. 4), which can

result in more recombination centers. The clear and sharp in-
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terface between the CdS and CdTe also suggests an abrupt
heterojunction.>3) When the temperature continues to in-
crease, noteworthy changes can be observed. As can be seen
in Fig. 7(a), when the CdTe/CBD-CdS films are annealed at
450 °C, the heterojunction of CdTe/CdS films is destroyed,
voids become more distinctly visible at the interface of the
CdTe and CdS layer, and the CdS layer is consumed. For
the CdTe/HP-CdS films annealed at 450 °C, the degree of
intermixing of the CdTe and CdS increases with increasing
the annealing temperature, and it is difficult to identify the
CdTe/CdS interface. A similar phenomenon can also be ob-
served for CdTe/MS-CdS films, as depicted in Figs. 7(c) and
7(d). When the CdTe/MS-CdS films are annealed at 450 °C
(Fig. 7(c)), CdTe NRs and CdS layer can be reluctantly dis-
tinguished, and when the temperature is further increased to
500 °C, the films also become indistinguishable and could no
longer be identified as discussed earlier. Excessive interdiffu-
sion can lead to deterioration in the device properties. In addi-
tion, in our experiment, when the temperature is above 500 °C,
the CdTe/CdS composite films fail to adhere properly on the
Ni substrate due to the linear coefficient of expansion gap be-
tween the Ni (12-14 x 107° °C) and CdTe (5.9 x 107¢ °C).
On the basis of the above discussion, it can be concluded that
the degree of interdiffusion at the interface of the CdS/CdTe
depends on the film growth and annealing treatment. Partic-
ularly, when the films are annealed at high temperatures, the

Fig. 6. The cross-section (a) and the top surface (b) FESEM images of
CdTe/MS-CdS films annealed at 350 °C.

Fig. 7. FESEM images of CdTe/CdS films annealed at different temper-
atures: (a) CdTe/CBD-CdS films annealed at 450 °C, (b) CdTe/HP-CdS
films annealed at 450 °C, (¢) CdTe/MS-CdS films annealed at 450 °C,
(d) CdTe/MS-CdS films annealed at 500 °C.

change of the CdS/CdTe interface has a lot to do with the
growth of the CdS film. Consequently, to obtain a highly effi-
cient solar cell, in-depth studies are still needed.

4. Conclusions

In summary, CdS films are successfully grown on CdTe
NRs arrays by the CBD, HP, and MS methods. The growth of
CdS films on CdTe NRs arrays is investigated in detail. Com-
pared to the CBD and HP methods, an efficient coverage of
CdS films with enhanced crystallization performance can be
achieved by the MS method, forming a better contact between
the CdS film and CdTe NRs. The performances of solar cells
with different CdS layers are examined carefully. The best-
performing device with a maximum efficiency of 2.50%, a Jy
of 9.51 mA/cm?, Voe of 0.47 V, and an FF of 0.56 is demon-
strated. By carefully analyzing the photovoltaic parameters,
the improvements in the efficiency can be ascribed not only
to the better coverage and crystalline quality of the CdS film
on CdTe NRs arrays, but also to a better interfacial property
of CdS/CdTe. Besides, to further study the changes of the
CdS/CdTe interface, the as-synthesized CdTe/CdS composite
films prepared by different methods are annealed at different
temperatures. After careful investigation, it can be found that
the change of the CdS/CdTe interface has a lot to do with the
CdS layer. In short, these results provide a bright future for
material investigation, and improve the performance of solar
cells.
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