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Vanadium oxide (V,0y) is a typical wide-bandgap transition metal oxides semiconductor, with excellent
hole selective contact performance by forming heterocontact with Si. Nevertheless, the poor lateral
conductivity of V,0x film weakens the carrier collection ability and limits the performance of solar cells.
Here, V,04/Si heterojunction was clearly demonstrated and achieved superior carrier separation.
Meanwhile, the carrier collection efficiency was enhanced through PEDOT:PSS for accomplishing the
power conversion efficiency improvement. The V,04/Si heterojunction was confirmed via Kelvin probe
Keywords: force microscopy with a potential difference in the junction area, and an appropriate work function of
V50, V504 film was acquired under low annealing temperature. Numerical simulations also synergistically
Si reveal the role of V,04/Si heterojunction, and the high band bending at Si surface was 0.84 eV, which
further promotes carrier separation. Finally, the V,0x/Si heterojunction solar cell was fabricated with
PEDOT:PSS and showed a power conversion efficiency of 12.64%, which was 6 times higher than basic
V;04/Si heterojunction solar cell. These results provide a new reference for fabricating low-cost, tech-
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PEDOT:PSS
Solar cells

nically simple, and high-efficiency solar cells.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Transition metal oxides (TMOs) have been widely used in
crystalline silicon (c-Si) [1—4], perovskite [5—8], polymer [9—11],
and organic solar cells [12—15] with the advantages of their suitable
energy level and good stability. Among the TMOs, VOx and MoOx
are served as the hole selective contact layer for c-Si solar cells. At
the same time, they also possess a satisfactory surface passivation
effect and high work function, in which the power conversion ef-
ficiency (PCE) of c-Si solar cells had exceeded 21% [16]. For example,
using MoOy film instead of p-type, a-Si:H layer could significantly
reduce parasitic absorption and improve short circuit density,
achieving a high PCE of 23.5% in silicon heterojunction solar cells
[17]. Recently, vanadium oxide film has shown good stability and
low contact resistivity (pc) and has been applied as a hole selective
contact layer in n-type c-Si solar cells, obtaining a PCE of 21.6% [18].

* Corresponding author.
E-mail address: mcli@ncepu.edu.cn (M. Li).

https://doi.org/10.1016/j.mtener.2023.101317
2468-6069/© 2023 Elsevier Ltd. All rights reserved.

A 22.03% PCE was also reached in p-type c-Si solar cell with V,0/
SiOx/NiOy full area back contact [19].

Usually, some methods are focused on the application of TMOs
film as a hole selective contact layer in silicon solar cells [20,21].
However, few studies pay attention to the direct contact between
TMOs and Si to construct heterojunction solar cells. Through
deposing molybdenum oxide film directly on n-type silicon, an
0.58 V high open circuit voltage (Voc) was displayed due to the
high-quality junction, and a corresponding PCE was 4.45% [22]. It
also provides a reference for developing high efficiency and low
capital TMOs/Si heterocontact solar cells. Whereas, the relatively
lower efficiency is attributed to the absence of carrier collection
layers. Lately, using V20 film as hole selective contact layer and
using ITO layer to increase the carrier collection ability, the silicon
solar cell can obtain a PCE of 10.8% [23]. Similarly, through etching
silicon nanowires on Si surface and adjusting the length of silicon
nanowires, the silicon nanowire solar cells with V,0x film and ITO
reach a PCE of 12.37% [24]. Nevertheless, the weak lateral con-
ductivity of V,0x film impairs the efficient carrier collection and
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further limits the efficiency of the device. Therefore, the assisted
carrier collection layer also plays a crucial role in improving
performance.

In this work, we fabricated V,04/Si heterojunction by solution
methods, avoiding high energy consumption, toxic raw materials,
and complicated process. Meanwhile, the potential difference of
V,04/Si contact interface clearly indicated the formation of heter-
ojunction. The photoelectronic information and energy band con-
tact properties of V,04 film forming heterojunction with Si at
different annealing temperatures were obtained. And then, the
V,04/Si heterojunction solar cell was fabricated in experiment, and
the high efficiency of V,04/Si heterojunction solar cell was also
verified by numerical simulation. Furthermore, the assisted layer of
PEDOT:PSS was applied to enhance the collection efficiency after
carrier separation at the area of V,04/Si heterojunction, which
accomplished a PCE of 12.64%.

2. Results and discussion
2.1. Structure design of V,0y/Si heterojunction solar cell

In the beginning, the solution of V,04 was coated on the n-Si
wafer to construct the V,04/Si heterojunction, and the structure of
V,04/Si heterojunction solar cell was also shown in Fig. 1(a). In
order to elaborate the function of assisted collection carrier layer,
Fig. 1(b) shows the route of carrier with and without the assisted
carrier collection layer of PEDOT:PSS film. In the absence of assisted
carrier collection layer, at the V,0x/Si heterojunction region, the
inferior lateral conductivity V,0y film contact with the Ag electrode
directly cannot collect carrier effectively to form a good current
after the carrier separation. However, when the assisted collection
carrier layer was available, the separated carrier could be collected
efficiently and driven them to transport to Ag electrode to achieve
the good performance of V,04/Si heterojunction solar cells.

2.2. V,04/Si heterojunction solar cell

After designing the structure of V,,04/Si solar cells, we studied
the properties of V,0y film at different annealing temperatures. The
crystal structure of V10 films annealed at 120 °C, 300 °C in the air
for 15 min, 1 h, and Si wafer of without annealing was shown in
Fig. 2, respectively. The film of V,04 was spin coated 15 times on the
Si wafer. At 120 °C, the V,0 film was presented in amorphous
structure with no diffraction peaks. As the annealing temperature
increasing, the V,04 film becomes crystalline after annealing at
300 °C for 1 h. The pattern of V,0y film reveals two peaks at 20.26°
and 41.25°, which correspond to (001) and (002) crystal planes,
respectively. Furthermore, with the annealing temperature is
further increased to 500 °C in Fig. S1(a), the more diffraction peaks
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were observed. Including more intensity peak of (001) and new
peaks of (101) and (301) were spotted for the first time at the dif-
fracted angles at 21.71" and 31.00’, respectively (JCPDS card no. 00-
041-1426) [25]. In conclusion, the change of annealing temperature
affects the crystalline intensity of V,0x films. This was also shown
that V in V504 film has a multivalent state at 120 °C annealing
temperature. Additionally, the same patterns appear in Raman
spectra in Fig. S1(b). Under low temperature, the Raman spectra
show no obvious peaks, and the vibrations of V—0 and V-0—V
were shown visibly until the temperature rises to 300 °C and 500 °C
[26,27], which is consistent with the X-ray diffraction (XRD) rep-
resentation. Scanning electron microscopy (SEM) surface images of
V5,0 film on Si wafer at different annealing temperatures of 120 °C,
300 °C, 500 °C and bare Si were also shown in Fig. S2. It was
discovered that the crystalline state of nanostriated was obviously
at annealing temperature of 300 °C in Fig. S2(c). When the
annealing temperature increased to 500 °C, the discontinuous
nanocolumnar crystals appeared in Fig. S2(d). However, in V,04/Si
heterojunction solar cell, the crystallized V,0x film exhibits poor
optoelectronic properties in Fig. S3, which was probably caused by
the grain boundary scattering of V,0x film [28]; thus, the amor-
phous V,04 film was used in this research.

It has been demonstrated that the V,04 film at different
annealing temperatures have different patterns, in order to confirm
the specific valence state of V,0x film, the X-ray photoelectron
spectroscopy (XPS) core-level spectra of V 2p and O 1s of the V5,04
film was also displayed in Fig. 2(b) and (c). The V 2p core level was
grouped with double peaks of V 2p3p and V 2pqp. When the
annealing temperature of V,0y film was 120 °C, the binding en-
ergies of V 2p3» were splinted into two peaks with a primary peak
at 517.5 eV and a small peak at 516.4 eV, which could be attributed
to V> and V**, respectively [18]. An obvious change is that the
amounts of V4 decrease with the annealing temperature
increased, until the annealing temperature continues to raise
500 °C, the valence state of vanadium is only V> in Fig. S2(e). It was
illustrated that, as the annealing temperature increases, the valence
state of V°* was dominant, which indicates the existence of oxygen
vacancy in V,0y film prepared by solution methods. In Table 1, the
peak area ratio of V>*/V4* was increased from 4.54 to 7.25 with the
annealing temperature from 120 °C to 300 °C, corresponding to a
decrease in the content of V4*. This was unfavorable to the elec-
trical characteristics of V0 film [24,29]. The V4* could be regarded
as an external electron of V>*, and this external electron act as a
conductive role for V,0x film [30]. Meanwhile, it should be noted
that the oxygen vacancy is also an important vehicle, and the car-
riers could transport validly by these defect states [31].

The work function of V,04 film may also be affected by different
preparation methods [31,32]; therefore, the V,0y films prepared by
the whole solution method were characterized by ultraviolet
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Fig. 1. Structural diagram of V,04/Si heterojunction solar cells. (a) Structure diagram of V,04/Si heterojunction solar cells with PEDOT:PSS film. (b) Schematic diagram of carrier

transport in V,04/Si heterojunction solar cells with and without PEDOT:PSS film.
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Fig. 2. The crystal and molecular structure of V,0y film and X-ray photoelectron spectroscopy (XPS) spectra of O and V of V,0x film at different annealing temperatures. (a) X-ray
diffraction (XRD) patterns of V,0x film annealing at 120 °C for 15 min, 300 °C for 60 min in air and XRD patterns of Si wafer. (b) and (c) XPS spectra of O and V in V,0x film at

annealing temperatures of 120 °C and 300 °C in air.

Table 1

The peak position and area ratio of V>* and V#* at different conditions.
Temperature s \ins VIt VA
120 °C 517.5 eV 516.4 eV 4.54:1
300 °C 517.7 eV 516.7 eV 7.25:1

photoelectron spectroscopy (UPS). After obtaining the original data,
calibrating, coordinating, transforming, and then calculating by
formula (1),

O =hv - (ECutuff - EFermi) (1)

where ® is work function, hv is incident photon energy, here is
21.2 eV, Ecurofr is the cut-off edge, and Eperm; is the Fermi level after
calibration. The work function and valence band maximum (VBM)
of V504 films at different annealing temperatures were shown in
Fig. 3 of the UPS spectrum. It can be calculated that the conduction
band (Ec) of V,0x film is 4.86 eV at 120 °C annealing temperature,
which obtained from the formula of Ec = Wr (®)+VBM-E,. The
values of VBM, WF, and bandgap (Eg) of V,0x film were 2.73 eV
493 eV, and 2.8 eV as obtained from Fig. 3(a)—(c). At 120 °C
annealing temperature, the transmittance was higher from 300 nm
to 650 nm wavelength than 300 °C in Fig. 3(d). In conclusion, the
V,0x film has good transmittance (above 80%) and suitable
bandgap, which is fitted to as a window layer for silicon solar cells.
At the same time, we discovered that the work function was
increased from 4.93 eV to 5 eV as the annealing temperature
improved. Although the value of work function was higher than
120 °C, the performance of V,04/Si heterojunction solar cells was
poor. The possible reasons are the grain boundary scattering and
unmatched energy level between V,0y film and Si. Thus, the suit-
able work function and matching energy level were very important
rather than the higher work function, the better.

Notably, the carrier transportation process and the hetero-
junction structure were also influenced by work function, so the
energy level of V5,04 film was calculated, and the contact energy
level information of V,0/Si heterojunction interface was also
shown in Fig. 3. In Fig. 3(e), the energy value from the valence
band to the vacuum level is 7.66 eV of V,0y film. Meanwhile, when
V,04 film formed heterojunction with Si, the energy level and
carrier separation diagram were also shown in Fig. 3(f). The high

work function of V,0y film was induced large band bending of Si
surface, which accelerate the carrier separation at the V,04/Si
heterojunction area. However, the value of valence band to the
vacuum level of V504 is higher than Si of 5.15 eV; to a certain
extent, it hinders the transportation of carrier from Si to front
electrode. Fortunately, since the large difference work function of
V,0x film and Si, the hole could be concentrated near the bulk trap
of valence band interface. And then, the band-to-band (B2B)
tunneling or trap-assisted tunneling (TAT) can assist carrier
transport smoothly. It is worth noting that different conditions
correspond to different tunneling patterns. If the Ec of TMO is
greater than the Ey of Si, the B2B is dominant, that is the high work
function. Otherwise, the holes may need help through TAT near
the valence band area [33]. In this work, although, the work
function difference of V,0y film and Si is large to induce the band
bending of Si to separate carriers. We consider that the value of
work function of V,0y is not enough to realize the B2B. The TAT of
V,04/Si heterojunction interface was happened to accelerate the
carrier transport.

After analyzing the properties and energy band information of
V,04 film, the V,04/Si heterojunction solar cells were fabricated in
experiment, and the performance was shown in Fig. 4. Different
V0 solution concentrations were used to show the performance
of V,04/Si heterojunction solar cells. In Fig. 4(a), the pink line was
the Si wafer only contact with the sliver grid electrode, it was found
that the I-V curve was a straight line with no any photovoltaic
response phenomenon. When the V,0y film contacted with Si, the
photovoltaic response was obvious, indicating that the carrier was
separated by V,04/Si heterojunction and transported to the front
electrode to converge into current. But the poor lateral conductivity
V,04 film could not collect the separated carrier very well, which is
the main reason cause the unsatisfied performance. Table 2 shows
the electrical output parameters of V,0«/Si heterojunction solar
cells. At the 1:200 solution concentration (the meaning of 1:150,
1:200 and 1:250 concentration is the volume ratio of V,04 and
isopropanol) of V,0y, the Voc reached 348 mV, and the FF was
60.06%, displaying the best I-V characteristic curve with a PCE
about 2.1%. For contact resistance, when the V,0y film was inserted
between n-Si and Ag, it exhibits an increase in contact resistance
due to insulating property of depletion layer in Fig. S4. The width of
depletion Wp was 0.9 um, and the calculation process was shown in
supplementary material [24]. At the same time, the reflectivity of
different concentration of V,0Oy solution shows the roughly same
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Fig. 3. The photoelectron spectroscopy and schematic diagram of energy level position of V,0y film and PEDOT:PSS/V,04/Si. (a) and (b) Ultraviolet photoelectron spectroscopy (UPS)
spectra of V,0y after coordinate change at annealing temperatures of 120 °C, 300 °C. (c) Bandgap and (d) transmittance spectra of V,0x film at annealing temperatures of 120 °C,
300 °C. (e) Schematic diagram for calculating the energy level position of V,0y according to UPS spectra and absorption spectrum. (f) Schematic diagram of energy level position and

carrier separation of PEDOT:PSS/V,04/Si.
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Fig. 4. Performance data of V,04/Si heterojunction solar cells under different V,0x solution concentrations and the thickness of V,0x film on Si wafer. (a) Current density-voltage
curves and (b) reflectivity spectra of V,0y/Si heterojunction solar cells under different V,0y solution concentrations of 1:150, 1:200, and 1:250. (c) Scanning electron microscopy

image of the thickness of V,0y film on Si wafer at 1:200 concentration.

Table 2
Electrical output parameters of V,04/Si heterojunction solar cells.
Voc (mV) Jsc (mAjcm?) FF (%) PCE (%)
1:150 292 (311 + 21) 8.31(7.76 + 0.38) 57.12 (59.19 + 1.52) 1.38 (143 £ 0.12)
1:200 348 (320 = 29) 10.08 (9.88 + 1.34) 60.06 (60.19 + 1.53) 2.10 (1.89 + 0.15)
1:250 264 (252 + 10) 6.42 (6.02 + 0.37) 60.27 (60.44 + 0.23) 1.02 (0.92 + 0.09)

*The data in parentheses are calculated by five sets of solar cells.

trend in Fig. 4(b) but higher than that of Si wafer. Noteworthy, the To further illustrate the formation of V,0x/Si heterojunction, the
appearance of photoelectric response indirectly proved the for- surface potential of V,04/Si cross section was measured by Kelvin
mation of V,04/Si heterojunction. But, the poor performance of probe force microscopy (KPFM) [34,35], and Ag film was sputtered
V,04/Si heterojunction solar cell was attributed to the inferior over the V,0x film to protect the surface. Fig. 5(a) shows the
carrier collection ability. topography graph of Ag/V,04/Si and the corresponding potential
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Fig. 5. Atomic Force Microscope (AFM) images of V,04/Si and heterojunction energy band, carrier concentration information, and performance data of different thicknesses and
different electron affinity by simulation. (a) AFM height topography and surface potential image of V,0y/Si. (b) Corresponding surface potential difference curve of V,04/Si. (¢) V20x/
Si heterojunction energy band structure diagram at equilibrium state, and (d) carrier concentration under 0 V bias. (e) Current density-voltage curves at the same electron affinity
(EA) of 4.86 eV and different film thicknesses of V,0x film at 10 nm, 12 nm. (f) Current density-voltage curves at the same thickness of 12 nm and different EA of V,0x film at 4.6, 4.8,

and 4.86 eV.

distribution. The surface potential shows the bright and dark areas
obviously and has a clear boundary at the V,04/Si interface, which
corresponds to a high potential at the V20 film side. The same
result was also reflected in Fig. 5(b), at the contact interface of V,0x
film and Si, the potential dropped sharply about 300 mV. It was also
demonstrated that the carrier was effectively separated at the V,0x/
Si interface. Hence, this also illustrates the formation of hetero-
junction and aids in explaining the hole accumulation on the high
potential side of V,0x film after the heterojunction formed.
Meanwhile, the performance and the energy band informa-
tion of V,04/Si heterojunction solar cell was also demonstrated
by numerical simulation to illustrate its high efficiency. First, the
model of V,04/Si heterojunction solar cell was constructed, and
the thickness of n-Si wafer was set to 300 pm. We use COMSOL
Multiphysics 5.6 software, which is based on the finite volume
method to calculate the energy band of V,0x/Si heterojunction. A
one-dimensional silicon solar cell model is constructed, and we
select the semiconductor balance in semiconductor module to
study. Moreover, we set the doping concentration of Si and V,0x,
and the Shockley-Read-Hall model is employed to capture the
main recombination effect. And then, we select the parameters of
Si and V;,0y, including band gap, electron affinity (EA), and the
rear contact was set an ideal ohmic contact. In the simulation
model, Schottky contact had been set on the upper layer of V,0x.
Next, different thickness and EA of V,04 film were further
controlled to explore the best parameters. Fig. 5 also shows the
energy band diagram and carrier concentration of V,04/Si het-
erojunction solar cell. In Fig. 5(c), the energy band structure di-
agram at the equilibrium state was shown, at the interface of
V,04/Si heterojunction, the band bending appeared about
0.84 eV, which can accelerate carrier separation effectively. The
trend was hole through to V,0y film from the Si valence band,
and the electron was transported to the back electrode. The

carrier concentration under 0 V bias was also shown in Fig. 5(d),
and it was consistent with previous conclusion; V,04 is more
likely to be an n-type semiconductor. It was found that, on the
V,0y film side, electrons are the majority carrier, on the Si side,
although the holes are the majority carrier from 0 to 400 nm,
after 400 nm, the electrons are the majority carrier in Fig. S5.
Therefore, at the interface of V,0/Si heterojunction, the holes
are majority carrier; it was demonstrated that the TAT help the
holes transport from Si to V5,0 film.

The thickness and EA of V,0 film also influence the perfor-
mance of V,04/Si heterojunction solar cell. Therefore, we detected
different thicknesses and EA of V,0 film by the numerical simu-
lation, and the results were shown in Fig. 5(e) and (f). In the
experiment, we obtained the film thickness, Eg, and EA was 12 nm,
2.8 eV, and 4.86 eV of V,0x film, respectively. Furthermore, the
simulation results show that as the thickness increase, the short
current density (Jsc) almost unchanged, the Fill factor (FF) and Voc
were enhanced with the thickness increased of V,0x film at the
same EA of 4.86 eV. When the thickness is 12 nm, the PCE of V,04/Si
heterojunction solar cell was 13.38% in Fig. 5(e). Moreover, with the
thickness of V,0x film further increased, the PCE was further
improved to 14.60% in Fig. S6(a). However, when the thickness of
V,04 film was 30 nm, the performance was decreased to 14.38% in
Table S1. Under the condition of the same thickness of 12 nm, low
EA result in the V¢, FF, and PCE was 294 mV, 69.67%, and 7.07%,
respectively in Fig. 5(f). With the EA enhanced to 4.86 eV, the V¢
and PCE improved obviously. In Fig. S6(b), under the premise of
theoretically optimal thickness, the performance of V,0/Si heter-
ojunction solar cell was improved significantly because of the
increased EA. Based on the thickness and EA were 25 nm and 5.6 eV
of V04 film, the Vpc and PCE achieved about 686 mV and 19.90% in
Table S2. This illustrated that the V,0y/Si heterojunction solar cell
has high efficiency under ideal condition.



Q. Geng, Z. Wang, Z. Liu et al.
2.3. Performance improvement of V,0y/Si heterojunction solar cell

By analyzing the numerical simulation results, the high effi-
ciency of V,04/Si heterojunction solar cell was shown. However, the
performance of V,0/Si heterojunction solar cell was inferior in
experiment, which was due to the less favorable lateral conduc-
tivity of Vo0 film, and the separated carrier cannot be collected
actively. Thus, we used the assisted carrier collection layer of
PEDOT:PSS film to improve the carrier collection efficiency,
achieving the performance improved of V,04/Si heterojunction
solar cell. In the following discussion, the structure of this solar cell
was called assistant V,04/Si heterojunction solar cell. Fig. 6 shows
the performance characterization of assistant V,0x/Si hetero-
junction solar cell at different V,04 concentrations with 1:150,
1:200, and 1:250, respectively. The short-circuit current difference
is because of the different thickness of V,0x film with different
concentrations. In Fig. 6(a), 1:200 concentration assistant V,Ox/Si
heterojunction solar cell possesses the highest short current den-
sity was 29.97 mA/cm?. The increase in Jsc compared to the basic
V,04/Si heterojunction solar cell is due to the PEDOT:PSS assisted
enhanced carrier collection and reduced surface reflectivity. At
1:150 concentration, the short current density is close to the
highest, but at 1:250 concentration, the short current density is the
lowest of 28.98 mA/cm?. Open circuit voltage can be analyzed by
formula (2),

kT

Isc +1o1 _KT
Io1

Isc

In
Io1

Voc In (2)
where k is the Boltzmann constant, T is the absolute temperature,
q is the electron power, Ip; is the dark current, and Isc is the
photogenerated current. Fig. 6(d) is the dark current of different
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solar cells. The dark current is lower at the 1:200 solution con-
centration, which corresponds to the high open circuit voltage.
Compared with the basic V,0x/Si heterojunction solar cell, the
Voc of assistant V,04/Si solar cell was enhanced. According to
formula (2), the Voc was also influenced by Isc, when the carrier
collection layer has not existed, the separated carrier by V,04/Si
heterojunction cannot be collected effectively, and the value of Isc
was lower, resulting in the lower Vpc. When the assist carrier
collection layer was available, the separated carrier could be
collected very well by PEDOT:PSS and correctly transported to Ag
electrode to converge into current, and increased Isc. Indirectly, it
also can decrease the recombination of carrier at Ag and V50
interface. Therefore, the good carrier collection effect increased
Isc and enhanced Vpc of assistant V,0/Si heterojunction solar
cells.

The external quantum efficiency (EQE) is defined as the proba-
bility that one electron is available to the outside for each incident
photon of wavelength A for the entire incident solar spectrum. EQE
can be expressed by the following equation:

_Jsc()
qaQ(4)

where Q(4) is the incident photon energy density, and EQE is shown
in Fig. 6(b). It can be concluded that in the wavelength range from
300 to 500 nm, the 1:200 concentration assistant V,0y/Si hetero-
junction solar cell has the highest EQE. Around 500—1000 nm, the
EQE of the 1:150 concentration assistant V,0x/Si heterojunction
solar cell is gradually enhanced to the same level as the 1:200
concentration assistant V,0y/Si heterojunction solar cell, which
exhibits good response in long wavelength range. However, at
800—1000 nm wavelength, the EQE of the 1:250 concentration
assistant V,0x/Si heterojunction solar cell is lower than that of

EQE(%) (3)
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Fig. 6. Performance data of PEDOT:PSS/V,04/Si heterojunction solar cells under different V,0x solution concentrations. (a) Current density-voltage curves and (b) EQE, integral
current density, (c) reflectivity spectra, and (d) current density-voltage curves without light of PEDOT:PSS/V,04/Si heterojunction solar cells under different V,0y solution con-

centrations of 1:150, 1:200 and 1:250.
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Table 3
Electrical output parameters of V,04/Si heterojunction solar cells.
Voc (mV) Jsc (mAjem?) FF (%) PCE (%)
1:150 579 (583 + 3.8) 29.91 (29.71 + 0.14) 65.43 (65.63 + 0.4) 11.33 (11.37 + 0.05)
1:200 593 (591 + 3.1) 29.97 (30.22 + 0.29) 71.12 (70.7 + 0.07) 12.64 (12.65 + 0.08)
1:250 565 (565 + 0) 28.98 (29.11 + 0.22) 67.66 (67.63 + 0.8) 11.08 (11.12 + 0.08)

*The data in parentheses are calculated by five sets of solar cells.

1:150 and 1:200 concentration. Meanwhile, the integral current
density was also shown the same change with Jsc. In Fig. 6(c), the
reflectivity of three kinds of assistant V,0x/Si heterojunction solar
cell were also displayed, and it shows the lowest reflectivity of
1:200 concentration and corresponds the Jsc change.

The electrical output parameters of assistant V,0x/Si hetero-
junction solar cells are shown in Table 3. 1:200 concentration as-
sistant V,0x/Si heterojunction solar cell has the highest fill factor of
71.12%, which makes the quality of assistant V,0/Si heterojunction
solar cell improved. The PCE of assistant V,0y/Si heterojunction
solar cell can be obtained according to the following formula:

P
n= Pmp = FF-Jsc-Voc (4)

n

where 7 is PCE, Py is the maximum output power and Py, is the
incident power. It can be obtained by multiplying the value of FF, Jsc
and Voc. Finally, the PCE of the assistant V,0x/Si heterojunction
solar cell is 12.64%.

3. Conclusion

We achieved the assembly of the V,04/Si heterojunction and
demonstrated the formation of heterojunction by KPFM with the
potential difference between V,0x and Si contact interface. In order to
enhance the carrier collection efficiency, PEDOT:PSS was introduced
as an assist carrier collection layer on the front surface. It was also
found that, with the increasing of annealing temperature, the valence
state of V in V,0x changes, and the content of V°* gradually increases,
the content of V4" gradually decreases. The valence band energy level
position, work function, and EA were 7.66 eV, 4.93 eV, and 4.86 eV,
respectively, and the energy band contact properties of forming
heterojunction with Si were beneficial for carrier separation. The
V>,04/Si heterojunction solar cells were also fabricated, and the nu-
merical simulation displayed that the high band bending accelerates
the carrier separation. The PCE of V,0/Si heterojunction solar cell was
14.60%; under the condition, EA and thickness was 4.86 eV and 25 nm.
Ultimately, PEDOT:PSS film was used to assist in enhancing carrier
collection efficiency, accomplished a PCE of 12.64% in experiment.

4. Experimental section
4.1. Materials

Radial (100) polished single-side n-Si wafer was purchased from
Tianjin Upward Technology Development Co., Ltd., with the re-
sistivity and thickness was 2—4 Q cm and 500 um. PEDOT:PSS so-
lution is Clevios PH1000 of Heraeus. Triton® X-100 (TX-100) and
ethylene glycol, 99%, were purchased from Alfa and Innochem.
Triisopropoxyvanadium(V) oxide and isopropyl alcohol were pur-
chased from TCI and Aladdin.

4.2. V,0,/Si heterojunction solar cell fabrication

The Si wafer was cut into 1 x 1 cm? by laser dicing machine. And
then the Si wafer was cleaned in acetone, ethanol, and deionized

(DI) water for 10 min each, and dry the Si wafer with nitrogen. After
cleaning process, the 5% hydrofluoric acid was used to remove the
native oxide layer on Si surface and then cleaned with DI water;
5 wt% EG and 0.25 wt% TX-100 were mixed with PEDOT:PSS solu-
tion and stirred adequately. First, 200 pl triisopropoxyvanadium(V)
oxide was added into 2000 pl isopropanol to prepare a precursor
solution with a concentration of 1:10, open and fully stir at room
temperature. And then, three groups of solutions were further
configured respectively. Group 1, 20 pl precursor solution was
added into 3000 pl isopropanol to form a concentration of 1:150
solution. Group 2, 20 pl precursor solution was added into 4000 pl
isopropanol to form a concentration of 1:200 solution. Group 3,
20 ul precursor solution was added into 5000 pl isopropanol to
form a concentration of 1:250 solution. The all solution was in an
open container stir 2 h. Different concentrations of V,0x solution
were spin coated onto front Si surface at 4000 rpm. After that, the
PEDOT:PSS solution was spin coated onto front sample surface at
4000 rpm and then annealed at 120 °C for 15 min. Ag electrode was
deposited onto the PEDOT:PSS film through a shadow mask by
magnetron sputtering with a thickness of 200 nm. An Ag film was
prepared as rear electrode with a thickness of 100 nm. Finally, the
solar cell was cut into 0.5 x 0.5 cm? for testing.

4.3. Characterization

The solar simulator (Keithley 2400, AM 1.5G, 100 mW/cm?) was
used to test the current density and voltage (J-V) characteristics.
The morphology and surface potential of V,04 film were charac-
terized by Hitachi SU8010 cold field SEM and BRUKER ICON (AFM).
The crystallinity of V,0y films and Raman spectrum on Si substrate
at different temperatures was examined by XRD (Empyrean) and
Raman (LabRAM Odyssey). XPS and UPS were used to measure the
optoelectronic information of V,0 films. The Enli technology QE-R
test system was used to detect EQE spectra and reflectivity spectra.
The optical properties of V,04 films on FTO were obtained by
UV2600i.
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