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Two—-Dimensional WS, Sheets as Interfacial Layer for High—Performance
Organic Solar Cells

Ma, Chunyan Fu, Weifei Huang, Guowei Chen, Hongzheng* Xu, Mingsheng*

(State Key Laboratory of Silicon Materials, Department of Polymer Science and Engineering, Zhejiang University, Hangzhou
310027)

Abstract Two-dimensional layered WS, sheets is used as the hole extraction layer (HEL) in organic solar cells (OSCs). We
find that UV-ozone treatment of the chemically exfoliated WS, sheets can significantly improve the device performance of
the OSCs with the power conversion efficiency (PCE) of about 8.37%, which is comparable to the OSCs with the standard
PEDOT:PSS as the HEL. We attribute the improvement to the incorporation of oxygen into the lattice of the WS, sheets. The
oxygen incorporation reduces the lattice vacancies of WS, sheets and makes the WS, partially oxidized and consequently

improves the electrical properties of the WS, sheets.
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1 Introduction

Graphene-like two-dimensional (2D) materials'" such as
transition metal dichalcogenides (TMDs) are the current
subject of intense research because of their unique elec-
tronic, optical and chemical properties. These features
make them possess great potentials for various applications
such as for hydrogen evolution**! and photovoltaics.* 2D
TMDs such as MoS, and WS, layers have been employed
as active layers for solar cells, however, the power conver-
sion efficiency (PCE) is most lower than 4.0%."! In partic-
ular, the 2D TMD materials were reported to only absorb
about 5.0% of incident sunlight,'” which suggests that the
2D TMDs are nearly transparent.

In recent years, organic solar cells (OSCs) have attracted
great interest due to many advantages,!”’ including molec-
ular level design of active materials, easy fabrication of
large-area and light-weight as well as potentially low-
cost. And the reported PCE of OSCs is up to 10%."
High-performance OSCs comprise several interfaces”’
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between two adjoining materials at which the separation of
the photogenerated charge carriers occurs and which facil-
itate carriers transport and collection. In state-of-the-art
OSCs, a layer of PEDOT:PSS is commonly used as a
standard anode interfacial material, due to its high conduc-
tivity and suitable work function (ca. 5.1 eV) for efficient
hole extraction and exceptional solution processability.
However, the high acidity and the hygroscopic features of
PE[I%]OT:PSS hinder the long-term stability of the devic-
es.

Recently, we have reported that the employment of 2D
MoS,; sheets as the anodic interfacial layer in OSCs gener-
ates a PCE of about 7.64%!*'") comparable to the counter-
part device with PEDOT:PSS and our OSCs with the MoS,
sheets are stable.!'” Normally, both MoS, and WS, exhibit
n-type characteristics but with different band structures.'"”!
Accordingly, the OSCs with WS, sheets may exhibit dif-
ferent properties from the devices with MoS, sheets. Here
we report the using of chemically exfoliated 2D WS, as the
hole extraction layer (HEL) can achieve high-performance
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OSCs with the PCE of about 8.37% through UV-ozone
treatment of the WS, layer.

2 Results and discussion

We synthesized the 2D WS, sheets by lithium intercala-
tion (ce-WS,) and exfoliation followed by exhaustive dial-
ysis. The detailed process can be found in our previous
work."! The successful synthesis of WS, is evidenced by
Raman characterization (Figure 1a). Two prominent peaks
emerged at about 353.0 and 415.0 cm ™', corresponding to
the in-plane Ezg' and out-of-plane A, modes of WSZ,[M]
respectively. The ce-WS, sheets have a thickness of about
1.0 nm and lateral dimensions of about 300~400 nm de-
picted by the cross-sectional line profile (inset in Figure
1b) based on atomic force microscope (AFM) measure-
ment, suggesting single layer of the ce-WS, sheets. We
also investigated the atomic structures of the ce-WS, sheets
by high-resolution transmission electron microscope
(TEM). This further (Figure 1c, 1d) reveals defects such as
vacancies due to the absence of atoms in the structure and
lattice distortion of the ce-WS, sheets, which is not a sur-
prise by considering the method used for the synthesis.!"”’

The device configuration of our OSCs is depicted in
Figure 2a. The device is comprised of an active blend of
poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"|dithio-
phene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno-
[3,4-b]thiophenediyl]] (PTB7) as donor and [6,6]-phenyl-
C71-butyric acid methyl ester (PC;;BM) as acceptor. We
used 2D WS, sheets as the HEL (Figure 2a), which was
prepared by a multiple-step of spin-coating from a 2
mg/mL solution of the ce-WS, sheets. Also, we examine
the effect of UV-ozone treatment of the 2D WS, sheets
(O-ce-WS,) on the performance of the OSCs because we

(a) 353

A, (M)+LAM)
582 O-ce-WS,

Intensity/a.u.

ce-WS,

100 200 300 400 500 600 700 800
Raman Shifticm’!

found that UV-ozone treatment can significantly improve
the device performance of the OSCs with 2D MoS,; sheets
as the HEL.!")

The photocurrent-voltage (J-¥) curves of the OSCs fab-
ricated using the ce-WS; and O-ce-WS, layers are shown
in Figure 2b, the relevant parameters are summarized in
Table 1. The OSC with ce-WS, as the HEL has a PCE of
5.27% with an open circuit voltage (Voc), short-circuit
current (Jsc), and fill factor (FF) of 0.66 V, 11.98 mA-
cm 2, and 0.667, respectively. By comparison, the device
which used O-ce-WS, as the HEL exhibits a significant
enhancement of the PCE to 8.37% (58.8% enhancement)
with Voc, Jsc, and FF of 0.74 V, 16.54 mAecm °, and
0.684, respectively. This efficiency is only slightly lower
than the solar cells with the standard PEDOT:PSS (8.94%)
as the HEL. We believe that it is possible to further en-
hance the device performance by optimizing the manufac-
ture process of the 2D WS, HEL layer.

Table 1 Performance of the OSC devices with PEDOT:PSS, ce-WS,,
and O-ce-WS; as hole extraction layers, respectively, under AM 1.5G
illumination (100 mWecm ?)

Hole extraction layer Voc/V Jsc/(mAwm_z) FF/% PCE/%
PEDOT:PSS 0.75 16.23 734 894
ce-WS, 0.66 11.98 66.7 527
O-ce-WS, 0.74 16.54 68.4 837

To figure out the underlying reasons for the improve-
ment by UV-ozone treatment, we investigated the phase
composition of the 2D WS, sheets and possible change of
chemical composition of the sheets. Similar to the MoS,
sheets,'” the ce-WS, sheets consist of a mixture of two

(b)

10 nm

Figure 1 (a) Raman spectra of ce-WS, and O-ce-WS, sheets; (b) AFM image of ce-WS, sheets with inset showing the cross-sectional line profile of the
ce-WS, sheets; (c) Top-view high resolution TEM (HRTEM) image of ce-WS, sheets. The white dash-circles highlight dislocations and distortions of the
crystals; (d) Side-view HRTEM image of a few-layer ce-WS, nanosheet, revealing discontinuous crystal fringes along the sheet edges
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Figure 2 (a) and (b) Chemical structures of PTB7 and PC7BM used in our solar cells; (c) J-V characteristics and (d) external quantum efficiency (EQE)
spectra of the OSC devices with PEDOT:PSS, ce-WS,, and O-ce-WS, as the HEL, respectively, under AM 1.5G illumination (100 mWscm 2)

distinct phases (prismatic 2H and octahedral 1T) (Figure
3a~3c), and the ce-WS, sheets are dominant by 1T phase.
The S, core level does not show obvious change after the
UV-ozone treatment (Figure 3b). This indicates that the
UV-ozone treatment has not an effect on the phase compo-
sition of the ce-WS, sheets and thus the enhancement of
the device performance is not associated with the phase
transition. The S/W atomic ratio of the ce-WS, is 1.5, as
many S vacancies resulted from the Li intercalation pro-
cess and are revealed by the high-resolution TEM observa-
tion, and the ratio was deviated to 1.4 after the UV-ozone
treatment. We observe change in the Ws, and Wy core
level spectra (Figure 3c). The appearance of a peak at
about 36.0 eV indicates the formation of W* state.!'”! It is
estimated that about 7.8% W** had been oxidized to W°*
state in the O-ce-WS, sample.

Moreover, it is found that the Oy, core level has a signif-
icant variation after the UV-ozone treatment (Figure 3d).
The O;s peak was convoluted to two peaks at 532.7 and
530.7 eV, which are assigned to adsorbed oxygen and lat-
tice oxygen,'*! respectively. As listed in Table 2, the atomic
concentration of lattice oxygen is increased from 9.0% to
22.6%. The dramatic increase of lattice oxygen concentra-
tion and higher oxidized W°" states indicate the formation
of W—O bonds. In addition, the decrease in the S/W ratio
after the UV-ozone treatment suggests that O atoms re-
placed a portion of S atoms in the sheets. These results
strongly demonstrate that WO3; and WO, may be generated
after the UV-ozone treatment. To confirm it, we carried out
Raman spectrum investigation. As shown in Figure la,
compared to the ce-WS,; sheets, three new peaks at 127.0
em ', 175.0 em ™', and 273.0 cm ™' appeared in the
O-ce-WS, sheets. The 127.0 cm ' and 175.0 cm ™' peaks
are the characteristic peaks of WO, phase, and the peak at
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273.0 cm™ ' is assigned to the W-O-W bending mode of
WO;.' The formation of WO, and WO; elucidates that
the O incorporation into the lattice of WS, sheets after the
UV-ozone treatment. The occurrance of oxidation of the
ce-WS, sheets after the UV-ozone treatment is strikingly
different from the case of MoS, where no detectable oxida-
tion was present.*! Despite the incorporation of oxygen
into the lattice of WS, sheets, the Il)eak shape and the posi-
tion of 353.0 cm ™' and 415.0 cm™' peaks are not changed,
suggesting the UV-ozone treatment can hardly make varia-
tion to the lattice structure of the ce-WS, sheets.

The incorporation of oxygen into the WS, lattice
could reduce S vacancies in the WS, sheets and replace
some of the S atoms which are implied by the reduced
S/W ratio. The reduction of defects in the 2D WS, and
the change of chemical compositions may influence
electrical properties of the 2D WS;-based films. Be-
cause interface plays an important role in device per-
formance of OSCs, we measured the work function
(WF) of the ce-WS; and the O-ce-WS2 films by ultravio-
let photoelectron spectroscopy (UPS) (Figure 3e). The WF
of the WS, film increased from about —4.70 eV to —4.90
eV after the UV-ozone treatment. It is well known that V,
is normally governed by the energy levels of the donor and
acceptor materials. The contact barrier between the WF of
ce-WS, and the HOMO of PTB7 limits the build-up of V..

Table 2 Atomic percentage concentrations of the ce-WS, and O-ce-WS,
samples

Sample W wo S Olattice Oadsorbed
ce-WS, 31.2% — 46.1% 9.0% 13.7%
O-ce-WS, 28.3% 2.4% 41.9% 22.6% 4.9%

© 2015 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences
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Figure 3 (a) Whole XPS spectra of ce-WS, and O-ce-WS,. (b, ¢ and d) XPS spectra showing the S,,, Ws,, W4¢ and Oy, core level peaks of ce-WS, and
O-ce-WS,. (e) Ultraviolet photoemission spectra (UPS) of ce-WS,, O-ce-WS,, and PEDOT:PSS deposited on ITO substrates. (f) Energy diagram of
PTB7:PC7BM active layer sandwiched between ITO anode and Al cathode utilizing ce-WS, and O-ce-WS, as the HEL, respectively

And this poor electrical contact could seriously deteriorate
the device performance. The shift of the Fermi level to the
valence band of the WS, after the UV-ozone treatment is
beneficial for the electrical contact with the donor material.
As a result, the V. was increased and this led to improve-
ment of the PCE of the OSCs with the O-ce-WS, layer.
Furthermore, compared to the OSCs with the ce-WS, HEL,
the photocurrent of the device with the O-ce-WS, layer
was enhanced significantly as shown in the external quan-
tum efficiency (EQE) spectra (Figure 2¢), which is con-

952 http://sioc-journal.cn
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sistent with the change in J;.. This enhancement in current
is attributed to the incorporation of oxygen in the WS, lay-
er and the better match of energy levels between the WS,
and ITO electrode (PBT7) (Figure 3f). Finally, these effects
facilitate the charge carrier transport and improve carrier
injection at the interfaces and collection by the ITO anode.
We also explored the effect of thickness of WS, films on
the OSC device performance. We simply controlled the
thickness of WS, films by changing the spin-coating times
of WS, solution (Figure S1). From J-V curves (Figure S2)
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and relevant parameters of the OSCs (Table S1), we can
see that as the WS, films thickness increased, the device
performance was firstly improved but then became worse.
We find that the optimal thickness is about 2~3 nm of the
WS, films by taking the coverage and serier resistance of
the film into consideration.

3 Conclusions

We have shown that 2D WS, sheets can be used as a
HEL layer for high-performance OSCs. The PCE of OSCs
with 2D WS, HEL is about 8.37%, comparable to the
state-of-art PEDOT:PSS. We found that UV-ozone treat-
ment of the pristine WS, layer can greatly improve device
performance of the OSCs. The treatment resulted in incor-
poration of oxygen into the lattice of WS, and reduction of
lattice vacancies as well as partial oxidation of the WS,.
Consequently, the UV-ozone treatment changed the elec-
trical properties of the WS, layer and thus improved the
device performance of the OSCs.

4 Experimental Section

Chemically exfoliated WS, nanosheets were synthesized
through Li intercalation. 0.2 g pristine WS, crystals (Sig-
ma-Aldrich) were immersed in 2 mL of 2.2 mol/L butyl-
lithium solution in hexane (Sigma-Aldrich) for 2 d. The
Li,WS, was filtrated and washed with hexane to remove
excess lithium and organic residues. Exfoliation was
achieved immediately by ultrasonicating Li,WS, in water
(10 mg/mL) for 1 h. Exfoliated WS, solution was then dia-
lyzed for 3 d, followed by 3500 r/min centrifugation to
remove any unexfoliated aggregates. To prepare O-ce-WS,,
the ce-WS, ultrathin films were exposed to 10 min
UV-ozone treatment.

Prior to device fabrication, the ITO substrates were
cleaned by sonication using detergent, deionized water,
acetone, and isopropanol sequentially for every 15 min
followed by 10 min of ultraviolet ozone treatment. Then
PEDOT:PSS (Baytron P AI4083) was spin-coated onto the
cleaned ITO and annealed in air at 140 ‘C for 15 min. The
ce-WS, was spin-coated onto ITO for 3 times from a 1
mg/mL aqueous solution without further annealing. Then
the substrates were transferred into a glovebox for spin
coating of PTB7:PC;BM active layer with the thickness of
about 90 nm. Poly[(9,9-bis(3'-(V,N-dimethylamino)-
propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene)] (PFN)
was deposited as electron transporting layer to extract elec-
tron to the cathode. Subsequently, samples were loaded
into a vacuum deposition chamber (background pressure~
5X107* Pa) to deposit 120 nm thick aluminum cathode
with a shadow mask (device area of 4 mm?). The J-V
curves were measured with Keithley 236 measurement
source units at room temperature in air. The photocurrent
was measured under a calibrated solar simulator (Abet 300
W) at 100 mWecm 2, and the light intensity was calibrated
with a standard photovoltaic reference cell. External quan-
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tum efficiency (EQE) spectrum was measured with Stan-
ford lock-in amplifier 8300 unit.

TEM images were taken by a FEI TECNAI G2
F20-TWIN TEM operated at 200 kV. The AFM images
were taken by a Veeco Multimode atomic force microsco-
py in the tapping mode. Raman spectra were recorded on
inVia Raman microscope. XPS and UPS measurements
were conducted using an ESCALAB 250Xi (Thermo) sys-
tem.
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