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Amorphous—microcrystalline MoS, thin films are fabricated using the sol-gel method to produce MoS,/Si-based solar
cells. The generation mechanisms of the S-shaped current density—voltage (J-V') curves of the solar cells are analyzed. To
improve the performance of the solar cells and address the problem of the S-shaped J-V curve, a MoS, film and a p™ layer
are introduced into the front and back interfaces of the solar cell, respectively, which leads to the formation of a p—n junction
between the p-Si and the MoS; film as well as ohmic contacts between the MoS; film and the ITO, improving the S-shaped
J-V curve. As a result of the high doping characteristics and the high work function of the p™ layer, a high—low junction is
formed between the p* and p layers along with ohmic contacts between the p™ layer and the Ag electrode. Consequently,
the S-shaped J-V curve is eliminated, and a significantly higher current density is achieved at a high voltage. The device
exhibits ideal p—n junction rectification characteristics and achieves a high power-conversion efficiency (CE) of 7.55%. The
findings of this study may improve the application of MoS; thin films in silicon-based solar cells, which are expected to be
widely used in various silicon-based electronic and optical devices.

Keywords: MoS,/Si-based solar cell, S-shaped J-V curve, power conversion efficiency, p* layer
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1. Introduction

Transition-metal dichalcogenides (TMDs) have attracted
increasing attention due to their rich electrical and optical
properties. As typical TMD materials, MoS; films have strong
optical absorption characteristics and high carrier mobility,
and exhibit unique photoelectric characteristics that make
them suitable for use in MoS,/Si-based solar cells.

In previous studies,!"»?! MoS, films were fabricated via
the sol-gel method, and MoS,/Si-based solar cells were suc-
cessfully prepared. The introduction of the MoS, film im-
proved the performance of the solar cells and enabled them
to obtain a conversion efficiency of 4.6%. However, an S-
shaped J—V curve was observed, which exhibited nonideal
p-n junction rectification characteristics. The S-shaped J-V
curve attenuates the output characteristic parameters, such as
the open circuit voltage (Voc), the short circuit current density
(Jsc), and the fill factor (FF), which affects the conversion ef-
ficiency of the solar sell. Therefore, studying the generation
mechanism of the S-shaped J-V curve and improving the S-
shape are beneficial for improving the conversion efficiency.
Research into the generation mechanism of the S-shaped J-V
curve has attracted widespread attention.>=! Carabe et al.’!
proposed that non-ohmic contacts at the back interface of the
heterojunction cause the formation of an S-shaped J-V curve.
Wang et al.'*! further analyzed the S-shaped J-V curve gener-
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ation mechanism of the non-ohmic contacts at the back of the
heterojunction and reported that the size of the back contact
barrier influences the formation of the S-shaped J-V curve.
The physical correlation between the electrical property degra-
dation of the hole-selective layer and the generation of an S-
shaped J-V curve in an inverted organic solar cell was ana-
lyzed by René Kogler et al.’! Liu et al.! proposed that inter-
face engineering was crucial for the development of efficient
solar cells and consequently, the power conversion efficiency
was enhanced from 7.5% to 15.5%.

In this study, a MoS; film is introduced into the front in-
terface of the solar cell to analyze the generation mechanism of
the S-shaped J-V curve, and a p—n heterojunction is formed,
enhancing the Voc and FF of the solar cell and improving the
S-shape of the J-V curve. The introduction of a p* layer into
the back interface of the solar cell reduces the back contact
barrier of the solar cell and eliminates the S-shape of the J-V
curve, achieving high power-conversion efficiency.

2. Experiment
2.1. Preparation

Figure 1(a) shows a structural diagram of a primitive so-
lar cell, which is referred to as sample 1. Figures 1(b) and 1(c)
show diagrams of a solar cell with an MoS, film at the front
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interface and a cell with a MoS, film at the front interface and
ap™ layer at the back interface, called sample 2 and sample 3,
respectively. The details of the preparation of the MoS; thin
films, ITO, and Ag electrodes were presented in our previous
work.[!l A p* layer was prepared in the chamber of a PECVD
deposition system at a deposition temperature of 300 °C, a
power of 21 W, and a working pressure of 253.3 Pa. The flow
rates of SiHy, Hp, CO,, and BoHg were 1.3 sccm, 201 scem,
1.0 sccm, and 0.54 sccm, respectively, and the deposition time
was 20 min.

A
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(a) (b) ©)
Fig. 1. Structure diagram of (a) sample 1, (b) sample 2, and (c) sample 3.

A scanning electron microscopy (SEM) image of the
cross section of sample 3 is shown in Fig. 2, in which the pres-
ence of Si, ITO, and Ag can clearly be identified. However,
the thickness of the MoS, layer is less than 10 nm, and we
could not confirm the presence of the MoS, layer using the
SEM cross-sectional image.

—— 400 nm———

Fig. 2. SEM image of the cross section of sample 3.

2.2. Characterization

A semiconductor device parameter analyzer (Agilent
B1500A) was used at room temperature to measure the J-V
curves in the dark and under AM 1.5 illumination, as well as
the capacitance—voltage (C-V) curves. The external quantum
efficiency (EQE) was measured using the equipment described
in our previous work. ]

3. Results and discussion

The structure and quality of the MoS, film were ana-
lyzed via XRD, Raman spectroscopy, and XPS measurements
in our previous work.!!l The results indicate that the MoS,
film was successfully prepared. Figures 3(a) and 3(b) present

the J-V curves of samples 1-3 under AM 1.5 illumination
and dark conditions. The photovoltaic parameters of the three
samples are listed in Table 1 and it can be observed that the
photovoltaic performances of the three samples gradually im-
prove. Vpc first increases from 116 mV to 236 mV, and
then to 328 mV; Jgc first increases from 31.73 mA-cm™2 to
34.49 mA-cm~2, and then to 37.21 mA-cm~2; the FF first in-
creases from 0.30 to 0.57, and then to 0.62; finally, the CE
first increases from 1.1% to 4.6% and then to 7.55%. A p-n
heterojunction is formed in the sample 2 due to the introduc-
tion of MoS,, producing a larger built-in electric field and a
wider depletion region. The photo-excited carriers are effec-
tively separated,!'”! resulting in an increase in Voc and Jsc.
The serial ohmic loss and the ohmic shunt decrease due to the
passivation effect of the MoS, film on the interface and the
high conductivity of the p* layer, which improves the Voc,
Jsc, and FF. The shape of the J-V curve also changes. The J—
V curves of samples 1 and 2 are both S-shaped; however, the
shape of the J-V curve of sample 2 is clearly improved, while
the S-shape of the J-V curve of sample 3 is eliminated and is
similar to that of an ideal diode.
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Fig. 3. (a) The J-V curves under AM 1.5 illumination, (b) InJ-V curves, the
inset are J-V curves under dark conditions for samples 1-3.

The ideal factor, n, is extracted from Fig. 3(b), as shown
in Table 1.1' The ideal factors of samples 1-3 are 1.63, 1.45,
and 1.10, respectively, implying an improvement in the perfor-
mance of the samples due to the introduction of the MoS, film
and the p™ layer.
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Table 1. Photovoltaic parameters of samples 1-3.

Sample Voc (mV) Jsc (mA-cm~2) FF CEs¢ (%) R (Q) Ry () n W (nm) Ny (cm™2)
Sample 1 116 31.73 0.30 1.1 9.85 40 1.63 182 2.97 x 10'®
Sample 2 236 34.49 0.57 4.6 1.59 68 1.45 332 1.13 x 106
Sample 3 328 37.21 0.62 7.55 1.16 84 1.10 545 2.73 x 101

p+
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/ \ MoS 1 _ \ MoS L _

ITO Ag  ITO | ————T 7575V pg 110 | —— 1 R Ag
_______________ >
L N

f—F ABy=0.45eV f—-ABy =0.45/eV

(a)
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Fig. 4. Energy level diagrams of (a) sample 1, (b) sample 2, and (c) sample 3.

An energy-level diagram of sample 1 is shown in
Fig. 4(a). The work functions of ITO, p-Si, and Ag are 4.5 eV,
4.9 eV, and 4.3 eV, respectively. Electron transfer from ITO
to p-Si occurs at the interface between the ITO and the p-Si,
forming a space region of negative charge and a Schottky bar-
rier through the downward energy band. Similarly, a Schot-
tky barrier is formed at the interface between the p-Si and the
Ag, resulting in two back-to-back Schottky barriers. A photo-
voltage is generated at the ITO/p-Si Schottky junction in the
measurements of the J-V curves under AM 1.5 illumination,
which is equivalent to applying a positive bias voltage to the
p-Si/Ag Schottky junction. The direction of the external bias
voltage is opposite to that of the photovoltage, which is equiv-
alent to applying a negative bias voltage to the p-Si/Ag Schot-
tky junction. The external bias voltage varies continuously
during the measurements. When the external bias voltage is
much lower than the photovoltage, the p-Si/Ag Schottky junc-
tion is positively biased, and the positive resistance is minimal.
Therefore, the effect of the Schottky junction on the current
density is minimal and almost negligible. When the external
bias voltage is close to the photovoltage, the forward bias volt-
age is too small, and the resistance cannot be ignored, resulting
in a decrease in Jsc and the FF. V¢ also decreases because of
the voltage divided by the p-Si/Ag Schottky junction. When
the external bias voltage is higher than the photovoltage, the p-
Si/Ag Schottky junction is reverse biased, and the current den-
sity approaches the reverse saturation current density with in-
creasing external voltage, instead of increasing exponentially.
Thus, the S-shaped J—V curve appears, as shown in Fig. 3(a).

Figure 4(b) shows the energy level diagram of sample 2.
When ITO comes into contact with MoS», an electron transfer
occurs from ITO to MoS,, forming a space region of negative
charge at the interface between the two layers and an ohmic
contact through the downward energy band. Sample 2 is a
series device which is equivalent to a p—n junction and a p-

Si/Ag Schottky junction in series. The p—n junction forms a
larger built-in electric field and exhibits a wider depletion re-
gion width than the ITO/p-Si Schottky junction of sample 1,
which improves the Voc and FF. However, the p-Si/Ag Schot-
tky junction takes part of the voltage when the external bias
voltage is close to the photovoltage, and is then reverse-biased
when the external bias voltage is greater than the photovolt-
age. Therefore, the S-shaped J-V curve is still observed, as
shown in Fig. 3(a), due to the existence of a p-Si/Ag Schottky
junction.

Figure 4(c) shows the energy-level diagram of sample 3.
The barrier width of the interface between the Ag and p* lay-
ers is relatively thin, due to the high doping concentration of
the p* layer. Therefore, electrons can pass through the bar-
rier region due to the tunneling effect, generating a large cur-
rent and making an ohmic contact. Additionally, a high-low
junction is formed between the p™ layer and the p-Si. Con-
sequently, the S-shaped J-V curve is eliminated, as shown in
Fig. 3(a), and a higher output current density is obtained at a
high voltage, compared to those of the other two solar cells.

Figure 5 presents the EQE spectra of the three samples,
which show that the EQE values gradually increase. The width
of the depletion region of sample 2 increases due to the intro-
duction of the MoS; film, leading to an increase in the collec-
tion depth of the carriers and an improvement in the EQE.!'!]
An ohmic contact is formed between the p™ layer and the
Ag electrode due to the introduction of the p™ layer, and a
high—low junction is formed between the p™ layer and the p-
Si; these are more conducive to carrier transport. Therefore,
the short-circuit current density is increased, and the EQE is
further improved.

Figure 6 shows the C—F curves of the three samples. The
high-frequency capacitance represents the response of the free
carrier concentration, and the low-frequency capacitance rep-
resents the responses of both the free carrier and deep trap
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concentrations.!'?! In the high-frequency region, the capaci-
tances of all the samples are almost identical, indicating that
their free carrier concentrations are also nearly identical. In the
low-frequency region, the capacitances of the samples gradu-
ally decrease, indicating the reduction of deep trap concentra-
tion due to the introduction of the Mo$S, film and the p* layer;
the device performance is thus improved.
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Fig. 5. EQE spectra of samples 1-3.
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Fig. 6. The C—F curves of samples 1-3.

The C~2-V curves of the three samples, as shown in
Fig. 7, are measured at a frequency of 100 kHz. The C~2-V
curve of sample 1 is nonlinear, which indicates that the solar
cell is not an abrupt junction. The C~3-V curve, calculated
from the C—V data, is also nonlinear, indicating that the so-
lar cell is not a gradual junction. According to Eq. (1), for a
single-sided junction, the impurity concentration (V) is ob-
tained from the differential calculation of the C-V curve. The
other two samples have abrupt junctions, as derived from the
linear relationship of the C~2-V curves. According to Eq. (2),
the built-in voltage (V4;) of the p—n junction is obtained from

the interception of the horizontal axis. 3]

3 dc\ !
No=— [ — 1
b gA2gygg (dV) ’ M
o4 [ agedy 117 o
2Wi—V) .

The W,; values of samples 2 and 3 are 0.93 V and 0.72 V,
respectively. N is calculated from the slope of the C2-V
curve. The values of M, and the depletion region width (W) at
V =0V are listed in Table 1, from which it can be observed
that the Ny, of the three samples decreases, while W gradually
increases. The decrease in N, is consistent with the results
of the C—F characteristic measurements. This indicates that
the introduction of the MoS, film and the p* layer reduces
the impurity concentration of the solar cell. The increase in
W is attributed to a decrease in the impurity concentration.
The smaller value of V;; and larger value of V¢ of sample 3,
compared to those of sample 2, can be attributed to the partial

voltage of the Schottky junction.

4

—a— Sample 1
—e— Sample 2
—A— Sample 3

0_2 (1016 F—2)

—06  —04
V(V)

~1.0 —08

Fig. 7. The C2-V curves of samples 1-3.

4. Conclusion

In this study, the generation mechanism of the S-shaped
J-V curve was analyzed by introducing a MoS, film and a p™
layer into the front and back surfaces of sample 1. The de-
pletion region width was increased by the formation of a p—n
junction, and a decrease in the impurity concentration was ob-
served to reduce carrier recombination following the introduc-
tion of the MoS; film, which improved the photoelectric per-
formance of the solar cell. A high—low junction was formed
between the p™ layer and the p-Si along with an ohmic con-
tact between the p* layer and the Ag electrode because of the
high doping characteristics and high work function of the p™
layer. As aresult, a higher current density output was obtained
at a high voltage, and the S-shaped J-V curve disappeared.
Sample 3 was seen to exhibit ideal p—n junction rectification
characteristics. The findings of this study may improve the ap-
plication of MoS; thin films in the field of silicon-based solar
cells, which are expected to be widely used in various silicon-
based electronic and optical devices.
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