IS APPLIED MATERIALS

INTERFACES

www.acsami.org

Solution-Processed MoS, as an Efficient Anode Buffer Layer in

Organic Solar Cells

Xiaodong Li,"* Wenjun Zhang,T Yulei Wu,” Chao Min,” and Junfeng Fang*’T

TNingbo Institute of Materials Technology and Engineering, Chinese Academy of Sciences, Ningbo 315201, China

University of Chinese Academy of Sciences, Beijing 100049, China

© Supporting Information

ABSTRACT: We reported a facile solution-processed method to fabricate a MoS,
anode buffer layer through thermal decomposition of (NH,),MoS,. Organic solar cells
(OSCs) based on in situ growth MoS, as the anode buffer layer showed impressive
improvements, and the power conversion efliciency was higher than that of conventional
PEDOT:PSS-based device. The MoS, films obtained at different temperatures and the
corresponding device performance were systematically studied. The results indicated that
both MoS; and MoS, were beneficial to the device performance. MoS; could result in
higher V., while MoS, could lead to higher J.. Our results proved that, apart from
MoO;, molybdenum sulfides and Mo** were also promising candidates for the anode

buffer materials in OSCs.
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B INTRODUCTION

Bulk heterojunction (BHJ) organic solar cells (OSCs) have
attracted much attention because of their advantages of low
cost, light weight, and ﬂexibility.l_3 So far, the power
conversion efficiency (PCE) of the OSCs has exceeded 9%
for the single junction cell,* and over 10% has also been
reported for a tandem device,” which was quite close to
commercial requirements. For traditional BH] OSCs, the active
layer was sandwiched between the anode and cathode. To get
higher PCE, electrode modification was necessary. Low-work-
function metals such as calcium or barium were usually used as
the cathode, and poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) was widely used to improve
the work function of the indium—tin oxide (ITO) anode.
Although devices based on PEDOT:PSS and an active metal
showed excellent device performance, the hygroscopic and
acidic nature of PEDOT:PSS as well as the air-sensitive
property of the active metal made the OSCs easy to degrade.®
As a result, severe encapsulation technology was necessary.
Recently, various metal oxides/carbonates were applied
successfully as electrode modification materials because of
their excellent stability. Molybdenum oxides,””'" nickel
oxides,"” and vanadium oxides,"® etc., were developed as the
anode buffer layer, and TiO,, ZnO, etc., were used as the
cathode buffer layer.'*'®

Among the reported anode buffer materials, oxides of
transition-metal molybdenum have attracted much interest
because of their comparable performance with PE-
DOT:PSS.* "' Both the vacuum-evaporated method and
solution-processed routes to realize MoO; have been
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developed. So far, reported results mainly focused on the
Mo®" species and their oxides. Systematic analysis indicated
that the dominant Mo® in MoO, played a major role in
interfacial modification and that Mo should be alleviated.”"
However, there have been limited studies devoted to Mo*" and
their sulfides. Recently, MoS, attracted much attention for its
two-dimensional layered structure'®'” and diverse applications
in photocatalysis,'® electroluminescence,'® and photolumines-
cence’® and as transistors>' and light absorbers in solar cells.”
In 2003, Frey and co-workers prepared a layer-structured MoS,
film through lithium intercalation and exfoliation in aqueous
solution.”® To improve the hole injection in the polymer light-
emitting diodes, an oxide layer had to be formed by oxygen
plasma treatment. Therefore, molybdenum oxide still played an
important role in the device. In 2013, a similar method was
used to prepare a MoS, nanosheet as the anode buffer layer in
OSCs.”* The device showed a moderate PCE of 2.8% based on
P3HT and PC4BM. After p doping of MoS,, the PCE was
improved to 3.4%. However, the MoS, buffer layer obtained by
this chemical exfoliation process usually needs additional
treatment, such as oxygen plasma or chemical doping as
mentioned above, and the reaction with active butyllithium is
not convenient for the operation.

Here, we reported the excellent anode modification function
of in situ growth MoS, without additional treatment for OSCs.
MoS, films were fabricated through simple spin coating of an

Received: June 1, 2013
Accepted:  September 9, 2013
Published: September 9, 2013

dx.doi.org/10.1021/am402105d | ACS Appl. Mater. Interfaces 2013, 5, 8823—8827


www.acsami.org

ACS Applied Materials & Interfaces

ammonium tetrathiomolybdate aqueous solution, followed by
thermal treatment in an inert atmosphere. Mo** was identified
to be dominant in the resulting MoS, films. The PCEs of OSCs
with MoS, as the anode modifier outperformed that of a
conventional PEDOT:PSS-based device. By investigating the
constituents of MoS, and their impact on the device
performance, we found that both MoS; and MoS, were
beneficial to the device performance. MoS; could result in
higher V,, while MoS, could lead to higher J,. Our results
proved that, apart from Mo® and oxides, Mo** and sulfides
were also promising as anode buffer materials for OSCs.
(NH,),MoS, was widely reported in the literature to prepare
MoS, for catalytic and semiconducting applications.'®*%*¢
When heated at 150—200 °C in an inert atmosphere,
(NH,),MoS, can decompose to MoS;. Furthermore, when
the temperature was increased to 300 °C, conversion from
MoS; to MoS, happened. At even higher temperature (400—
1000 °C), specific two-dimensional or highly crystalline MoS,
can be achieved. For conventional OSCs, an ITO-coated glass
substrate was used as the anode in general, but an ITO
substrate cannot endure high-temperature treatment. There-
fore, we mainly focused on the study of OSCs with the MoS,
films obtained at relatively low temperature (<400 °C). For
device characterization, ITO/MoS, was used as the anode, and
a poly(3-hexylthiophene) and [6,6]phenyl-C61-butyric acid
methyl ester (P3HT:PCyBM) blend was chosen as the bulk
photoactive layer. Devices based on ITO/PEDOT:PSS and
bare ITO as the anode were also fabricated in the same
conditions for comparison. The chemical structure and device
configuration are shown in Figure 1. Through optimization, the
device with MoS, showed a high PCE of 3.90%, which was even
better than that of a PEDOT:PSS-based device (3.64%).

Ca/Al cathode
~ P3HT:PCBM |
MosS,
ITO

Figure 1. (a) Molecular structures of P3HT and PCyBM. (b) Device
configuration used in our work.

B EXPERIMENTAL SECTION

Preparation of a MoS, Precursor Solution.
(NH,),MoS, was dissolved in deionized water with a
concentration of 10 mg/mL at 60 °C in an inert atmosphere.
The solution was then filtered through a 022 um poly-
(tetrafluoroethylene) filter.

Device Fabrication. The ITO glass was cleaned by
sequential ultrasonic treatment in detergent, deionized water,
acetone, and isopropyl alcohol for 1S min each. Then, the
precleaned ITO glass was moved into an ultraviolet (UV)
chamber for UV—ozone treatment for 20 min. The precursor
film (about 20 nm) was deposited on ITO through spin coating
of a (NH,),MoS, aqueous solution at 1000 rpm for 90 s. Then,
the film was heated in a glovebox (argon atmosphere, O, < 0.1
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ppm, H,0 < 0.1 ppm). PEDOT:PSS (Clevios 4083) was spin-
coated onto ITO at 4000 rpm for 60 s to form a 35 nm film and
dried at 150 °C for 20 min in air. At last, the photoactive
materials were spin-coated in a glovebox at 600 rpm for 60 s
(about 220 nm) with a 1,2-dichlorobenzene solution of
P3HT:PC4,BM [1:1 (w/w); polymer concentration of 20
mg/mL]. Then, they were covered in glass Petri dishes for
solvent annealing and preannealed at 110 °C for 10 min.
Finally, the substrates were transferred into a vacuum chamber
(10 mbar), and 20 nm of calcium (deposition rate of 0.3 A/s)
and 100 nm of aluminum (deposition rate of 1.1 A/s) were
thermally deposited onto the photoactive layer. The effective

area of the device was 4 mm?>.

B RESULTS AND DISCUSSION

Figure 2 shows the current density versus voltage curves (I—V)
of OSCs under an illumination of AM 1.5G with an irradiation
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Figure 2. Current density—voltage curves (I-V) of OSCs with bare
ITO, PEDOT:PSS, and MoS, at 150, 200, 300, and 400 °C as the
anode buffer layer under an illumination of AM 1.5G with an
irradiation of 100 mW/cm?.

of 100 mW/cm? The device with bare ITO showed very poor
performance with an open-circuit voltage (V,.) of 0.472 V, a
short-circuit current density (J,.) of 891 mA/cm? and a fill
factor (FF) of 51%, resulting in a PCE of 2.14%. The poor
performance could be ascribed to the high work function of
ITO and the direct contact between ITO and PCy;BM, which
led to a large leakage current and series resistance. Compared
with those of a device based on bare ITO, the PCEs of devices
with MoS, as the buffer layer were improved significantly.
However, it was obvious that the MoS, buffer layers obtained at
different heating temperatures showed different improvements.
The device with MoS, processed at 150 °C showed an
enhanced PCE of 2.91%, mainly because of the much improved
V,. (from 0.472 to 0.605 V). The PCE of a device with MoS,
obtained at 200 °C was 3.15%. The improvement of the PCE
was mainly due to both increasing V. (from 0.472 to 0.590 V)
and FF (from 51% to 59%). For the device with MoS, obtained
at 300 °C, device parameters including V,, J, and FF were all
significantly improved, and as a result, the PCE was increased
to 3.90%. The performance was even better than that of a
conventional PEDOT:PSS-based device fabricated in the same
conditions (3.64%). Compared with the conventional device,
the improvements mainly came from the enhanced ] of 9.96
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mA/cm? and FF of 67%, despite the slightly lower V. of 0.581
V, while when the temperature was further increased to 400 °C,
the device performance was decreased to 3.57% because V.
and J,. decreased ~3% and ~6%, respectively. The results are
all summarized in Table 1 (specific statistical analysis can be

Table 1. Specific Device Parameters of OSCs Based on
P3HT and PCgBM with Bare ITO, PEDOT:PSS, and MoS,
at 150, 200, 300, and 400 °C as the Anode Buffer Layer”

Voc ]sc FF PCE Rs gﬂ Rsh (Q

HTL V) (mA/em®) (%) (%) cm?) cm?)

bare ITO 0.472 891 S1 2.14 11.96 50S

ITO/PEDOT 0.611 9.47 62 3.64 9.18 1523

ITO/MoS, at 0.605 8.66 56 291 16.96 1633
150 °C

ITO/MoS, at 0.590 9.02 59 3.18 13.54 1503
200 °C

ITO/MoS, at 0.581 9.96 67 3.90 6.50 1308
300 °C

ITO/MoS, at 0.566 9.42 67 3.57 7.36 1022
400 °C

“R, is the series resistance, and R, is the shunt resistance. (The data of
PEDOT and MoS, at 300 °C were based on 18 separated devices. The
others were based on at least 8 devices.)

seen in the Supporting Information, SI). The results presented
here obviously proved that, apart from MoQO;, molybdenum
sulfides were also promising candidates for anode buffer
materials in OSCs.

The Raman spectra of MoS, obtained at different temper-
ature are shown in Figure 3. The Elzg mode at ~380 cm™! and
the Aj, mode at ~404 cm™ indicated the planar vibration and
out-of-plane vibration of sulfides in MoS,, respectively.”” MoS,
showed broad peaks around 320 and 520 cm™.*® From the
Raman spectra, we can see that the characteristic peaks of MoS,
were not obvious at 150 °C. This observation was not
unexpected because MoS; was dominated in this stage.”®
However, when the temperature was increased to 200 °C, a
weak peak at 404 cm ™' can be noted, indicating the formation
of MoS, in the film,'® while at 300 °C, peaks around 380 and
404 cm™' became stronger and better defined, implying an
increasing amount of MoS, formed. At last, when the
temperature was further increased to 400 °C, peaks of MoS;
at 320 and 520 cm™' disappeared, indicating that remnant
MoS; converted to MoS, completely.

To further understand the changes during thermal treat-
ments, we studied the chemical states of the MoS,, film through
X-ray photoelectron spectroscopy (XPS), with the binding
energy of the C 1s peak being fixed at 284.8 eV. The XPS of S
2p core-level spectra are shown in Figure 4. We found
noticeable changes in the peak shape with an increase in the
temperature. The spectra at 150 and 200 °C showed a peak at
163.2 eV, which suggested that decomposition of (NH,),MoS,
happened. The peak at 161.7 eV was from the residual
(NH,),MoS,,>® and this was confirmed further by the XPS
spectra of Mo 3d (Figure S2 in the SI). For the spectrum at 300
°C, the spin—orbit splitting of the S 2p orbital became clear, as
evidenced by the fact that the S 2p;, peak at 162.3 eV
appeared strongly. At 400 °C, the S 2p orbital split completely
into two peaks, centered at 163.6 and 162.4 eV, respectively,
which corresponded to S 2p,/, and S 2p;,, orbitals of divalent
sulfide ions ( §27).'%*° The XPS spectra of Mo 3d (peaks at
229.3 and 232.5 €V; Figure S2 in the SI) were also consistent
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Figure 3. Raman spectra of the MoS, film obtained on ITO at 150,
200, 300, and 400 °C. The peaks around 380 and 404 cm™ are
characteristic peaks of MoS,.
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Figure 4. XPS measurement of the S 2p orbital in the MoS, film on
ITO obtained at 150, 200, 300, and 400 °C. It is clear that, at 150 and
200 °C, the broad peak at 1632 eV of the S 2p orbital was
characteristic for MoS;. At higher temperatures of 300 and 400 °C, the
S 2p peaks started to split and became similar to the peaks of MoS,.

dx.doi.org/10.1021/am402105d | ACS Appl. Mater. Interfaces 2013, 5, 8823—8827



ACS Applied Materials & Interfaces

with the previously reported results about MoS,.'® Further-
more, we found that the S/Mo atomic ratio changed as the
heating temperature increased. The calculated S/Mo ratios
were 3.0, 2.85, 2.33, and 1.80 for the MoS, film at 150, 200,
300, and 400 °C, respectively. This trend indicated that, with
increasing temperature, MoS; in MoS, films slowly decreased
and finally converted to MoS, at 400 °C completely. From the
results mentioned above, we could find that, when MoS; was
dominated in the MoS, film (at 150 and 200 °C), the device
showed a relatively higher V,_but a lower J.. With increased
processing temperature (300 °C), an increasing amount of
MoS, formed. V. decreased to 0.581 V, while ] increased to
9.96 mA/cm’. Finally, when at 400 °C MoS, was completely
formed, V. continued to rapidly decrease to 0.566 V and ]
slightly decreased to 9.42 mA/cm?* However, J,. was still higher
than those of 150 and 200 °C. Thus, we can conclude that the
Jic values of devices were improved with increased MoS,, but
V.. was obviously decreased. When the components of MoS;
and MoS, reached a relatively appropriate balance (300 °C),
both V,_ and ], were improved and the highest PCE of 3.90%
was achieved. In addition, we noted that no matter whether
MoS; or MoS, dominated in the MoS, film, the FF was
improved effectively compared to that of the bare ITO device.
The FF values of devices with the MoS, film processed at 300
and 400 °C were even higher than that of the PEDOT:PSS-
based device, which was consistent with the decreased series
resistance.

We also studied ultraviolet photoelectron spectroscopy
(UPS; Figure S6 in the SI) and calculated the energy-level
structures of MoS, (Figure S) obtained at different temper-
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Figure S. Energy-level diagram of the corresponding device based on
MoS, obtained at 150, 200, 300, and 400 °C.

atures by combining with the absorption spectrum (Figure S3
in the SI). The results (Table S1 in the SI) indicated that the
valence band (VB) of MoS, gradually moved downward with
increasing temperature (from 5.64 eV at 150 °C to 5.81 eV at
400 °C). The conduction band (CB) shifted from 3.28 eV at
150 °C to 4.06 eV at 400 °C. The low-lying VB of MoS,
obtained at different temperatures indicated excellent hole
extraction and led to improvements of the device performance.
Although the carrier collection of MoS, processed at high
temperature was improved, the chance of recombination at the
interface was also increased because of the lower CB, which
could be a reason for the lower V. of the device with MoS,
processed at high temperature.

Figure 6 shows atomic force microscopy (AFM) images of
PEDOT:PSS and MoS, on ITO. The PEDOT:PSS on ITO
exhibited a rather smooth surface with a root-mean-square
(RMS) roughness of only 1.74 nm, while the MoS, film
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Figure 6. (a) AFM image with tapping mode of PEDOT:PSS on ITO.
(b) Corresponding 3D image of PEDOT:PSS. (c) AFM image of the
MoS, film obtained at 300 °C on ITO. (d) 3D image of MoS,. The
scan size was S gm X Sum.

processed at 300 °C showed a larger RMS roughness (3.89
nm). The slightly rough surface may enhance the contact area
between the anode and P3HT, thus facilitating the hole
collection efliciency. Finally, the external quantum efficiency
(EQE) and transmittance spectrum of the MoS, film were also
studied (Figure S4 in the SI). Over the wavelength examined
(from 400 to 1000 nm), the MoS, film showed good
transmittance over 70%, while compared with bare ITO, the
MoS, film processed at 300 °C showed an apparently low
transmittance around 430-nm wavelength, agreeing with the
MoS, absorption peak at 430 nm (Figure S3 in the SI).”’
Compared to bare ITO or the PEDOT:PSS-based device, an
additional peak at about 430 nm appeared obviously in the
EQE measurement, which may be caused by the absorption
peak of MoS, in the MoS, film. However, in the range from 450
to 550 nm, the MoS,-based device showed slightly lower EQE.
As a result, the J,. enhancement was limited for the MoS_-based
device.

B CONCLUSION

In conclusion, we proposed a facile method to fabricate the
MoS, film. OSCs based on in situ growth of the MoS, film as
the anode buffer layer showed impressive improvements, and
the PCE was even better than that of a conventional
PEDOT:PSS-based device. The MoS, film was systematically
examined by Raman spectroscopy, XPS, UPS, and AFM. The
results indicated that both MoS; and MoS, were beneficial to
the device performance. MoS, could lead to higher J,. because
of improved hole extraction and light absorption, but V.
decreased because of the lower CB and, hence, resulted in
recombination at the interface. When MoS; and MoS, reached
the balance, the highest PCE of 3.90% was achieved, which was
even higher than that of a conventional PEDOT:PSS-based
device (3.64%). Our results proved that, apart from MoO;,
molybdenum sulfides and Mo*" were also promising candidates
for anode buffer materials in OSCs.
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