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ABSTRACT Metal sulfides (MeS,) such as MoS, and WS, were
used as charge transport layers in organic light-emitting diodes
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(OLEDs) and organic photovoltaic (OPV) cells in order to enhance the C=> \//\V\ — £
stability in air comparing to poly(3,4-ethylenedioxythiophene):poly- (g, precursor /\ V irogtass Y ves, vanster
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(styrenesulfonate) (PEDOT:PSS). MeS, layers with a polycrystalline
(NHJ:MeS,

structure were synthesized by a chemical deposition method using -,
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uniformly spin-coated (NH;)MoS, and (NH,)WS, precursor solutions.
The ultraviolet-ozone (UV-0;) treatment on MeS, leads to the
removal of the surface contaminants produced by the transfer
process, resulting in a uniform surface and an increase of the work
function. The maximum luminance efficiencies of the OLEDs with UV-0;-treated MoS, and WS, were 9.44 and 10.82 cd/A, respectively. The power
conversion efficiencies of OPV cells based on UV-05-treated MoS, and WS, were 2.96 and 3.08%, respectively. These values correspond to over 95% of those
obtained with (PEDOT:PSS) based devices. Furthermore, OLEDs and OPV cells based on MeS, showed two to six times longer stability in air compared with
PEDOT:PSS based devices. These results suggest that UV-0;-surface-treated MeS, could be a promising candidate for a charge transport layer in

optoelectronic devices.
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ransition metal dichalcogenides
T(TMDCS) have attracted increasing

attention because of their great po-
tential as catalysts of hydrogen evolution
reactions as well as their application in en-
ergy storage, memory and logic devices,
and optoelectronic devices, because of their
high on/off current ratio, high carrier mobi-
lity, and semiconducting properties.' ®
TMDCs with transition metals from groups
IV=VII of the periodic table are predomi-
nantly layered, whereas some of the TMDCs
with metals from the groups VII-X of
the periodic table are commonly found in
nonlayered structures. The graphite-like
layered structure of the TMDCs leads to a
strong anisotropy in the electrical, chemical,
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mechanical, and thermal properties of the
TMDCs. Theoretical and experimental stud-
ies reported several advantages of isolated
monolayers of TMDCs.”~'° First, the lone-
pair electrons of the chalcogen atoms in the
isolated monolayer structure enable ballistic
transport, indicating that the carrier mobility
can be improved.” Second, the indirect-
to-direct band gap transition from bulk
to monolayer material induces quantum
confinement effects. Therefore, the photo-
luminescence properties of MoS, and WS,
monolayers are strongly enhanced, whereas
only weak emission is observed in the multi-
layered form.2? Lastly, the typical band gap
of the monolayer is approximately 50%
larger than that of the bulk form.'®
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Owing to the advantages of monolayer TMDCs,
many researchers try to exfoliate bulk TMDCs to
a monolayer and synthesize monolayers of TMDCs
using precursor materials. Liquid exfoliation and
alkali metal complex intercalations have been widely
used to exfoliate each layer of the TMDCs.""'? How-
ever, the products obtained by these methods tend
to assume zero- (fullerene-like nanoparticles) or one-
dimensional (nanotube structures) structures.'®
Furthermore, the quality of the TMDC products is not
good enough compared with that of those obtained
by a mechanical exfoliation method, albeit the solution
process has the potential for mass production. For
these reasons, the chemical vapor deposition (CVD)
method with sulfur powder and precursors is intro-
duced to synthesize TMDCs with high quality and
on a large scale.”®>'7 However, to enable the wide
application of TMDCs, the growth technique of TMDCs
with few layers still needs to be improved in relation
to the domain size, crystal quality, and thickness
control.'®

The well-known poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS), widely used as a
hole injection layer (HIL) or hole extraction layer (HEL),
has several disadvantages such as hygroscopic proper-
ties (damages to organic layers) and a highly acidic
suspension (pH ~ 1; corrosion of indium—tin oxide
(ITO)), which result in a poor stability in air.'® Metal
oxides (MeOs3) such as molybdenum oxide (MoOs) and
tungsten oxide (WOs) were also used as HIL or HEL
for enhancing the stability of the optoelectronic de-
vices. However, the thermal deposition of MoOs and
WO; produced a partially amorphous region, inducing
the dangling bonds which facilitate the reaction of
the organic materials and deteriorating the device
performance.?®?' In TMDCs, the oxidation state of
the Mo and W atoms is +4 and that of the S atom is
—2, meaning that MeS; (Me = Mo or W) is terminated
with S atoms on the upper and lower side. The lone-
pair electrons on the surfaces and the absence of
dangling bonds in MoS; and WS, layers enhance the
stability against reactions with other chemical species.
As a result, MoS, and WS, are expected to be quite
good candidates as HILs or HELs in optoelectronic
devices such as organic light-emitting diodes (OLEDs)
and organic photovoltaic (OPV) cells.

In this work, we introduced ultraviolet-ozone
(UV-05) treated MoS, and WS, in OLEDs and OPV cells
as a HIL and HEL to enhance the stability in air compart-
ing to PEDOT:PSS. MoS, and WS, were synthesized on
a SiO,/Si substrate using spin-coated (NH,4),MoS, and
(NH4),WS, precursors. The use of UV-Os-treated MoS,
and WS, in OLEDs and OPV cells is discussed on the
basis of the obtained experimental results and mea-
surements. It is shown that UV-Os-surface-treated MeS,
could be a promising candidate for a charge transport
layer in optoelectronic devices.
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RESULTS AND DISCUSSION

Synthesis of the MeS, Layers and Fabrication of the Devices.
The TMDCs were synthesized using (NH4),MoS,; or
(NH,),WS, as a precursor. The thermolysis at 500 °C
under N, atmospheric conditions converted the pre-
cursors to MoS, and WS, thin layers. The conversion
of MoS, and WS, thin layers to MoS, and WS, thin
films occurred at a temperature above 900 °C in the
presence of H, gas, as described by the following
equations.?>?

(NH4)2MGS4 + Hy — 2NH3 + H,S
+ MeS; (below 500°C, Me = Mo, W) (1

MeS3 +H, — MeS; + H,S (above 900°C) (2)

We have investigated the thermolysis of a series of
ammonium thio-transition metal complexes by using
a thermal CVD system. Figure 1(a,b) shows how to
synthesize the MoS, and WS, thin layers by using our
CVD thermolysis method. Highly pure (NH;),MeS,
(Me = Mo, W, purchased from Sigma-Aldrich, purity
of 99.99%) was dissolved in ethylene glycol with a
concentration equal to 5 mM. The selection of a well-
coordinated solvent is important to obtain uniform
precursor layers that are converted to TMDCs layers.
The solution was sonicated for 10 min before spin
coating on a 300 nm-thick SiO,/Si substrate. The
SiO,/Si substrate was cleaned with a piranha solution
(HSO04/H,0, = 1:1), acetone, isopropyl alcohol, and
deionized (DI) water for 10 min in regular sequence.
Then, the substrate was blown with N, gas and baked on
ahot plate at 120 °C for 10 min. To obtain a uniform layer
of the precursor solution, the substrate was treated with
0O, plasma and UV-Os for 15 min. Additional information
on the substrate treatment is discussed in Supporting
Information, Figure S1. The thermal annealing process
was performed in three different parts of the hot zone
of the CVD system. The small amounts of sulfur powder
and the SiO, wafers spin-coated with the precursors
were located at the heating zones 1 and 3 in Figure 1(b),
respectively. Further synthesis and transfer techniques
are discussed in the Methods section. The MeS, floated
on water and the MeS, transferred on a flexible sub-
strate are shown in Supporting Information, Figure S2.
The fabrication sequence of MeS, HIL/HEL based OLED/
OPV devices is shown in Figure 1(c): (i) cleaning of the
ITO electrode with acetone, isopropyl alcohol, and DI
water; (ii) MeS; transfer (Me = Mo, W); (iii) deposition of
the organic layer; (iv) deposition of the LiF/Al electrode.
After the fabrication, the optoelectronic device pro-
perties were measured, and the devices were put
under atmospheric conditions to perform the stability
measurements.

Characteristics of the Synthesized MeS, Layers. The field-
emission scanning electron microscopy (FE-SEM)
images of MoS, and WS, are shown in Figure 2(a,b).
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Figure 1. Schematic illustration of the synthesis of MoS, and WS,, and their application to optoelectronic devices. (a) The
preparation of the substrate using (NH4),MoS, and (NH4),WS, precursors. (b) Synthesis of MoS, and WS, layers by using a
thermal CVD system. (c) Fabrication procedure of OLED and OPV devices with MeS, HIL or HEL.
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Figure 2. Microscopic analysis of synthesized MoS, and WS, layers. FE-SEM images and EDS spectra of (a) MoS, and (b) WS,
layers. The EDS spectra show the presence of specific metal and sulfur atoms on the synthesized MoS, and WS, layers. HR-TEM
images and SAED patterns are shown for (c) crystalline-MoS,, (d) crystalline-WS; layer, (e) polycrystalline region of MoS,, and

(f) polycrystalline region of the WS, sheet.

Scratches are intentionally made to confirm the pre-
sence of MeS,. The surface of MeS, is smooth. The
energy dispersive spectroscopy (EDS) spectra show the
specific peaks of molybdenum, tungsten, and sulfur,
confirming that the synthesized films are MoS, and
WS,. Figure 2(c—f) shows the high-energy transmission
electron microscopy (HR-TEM) images of MoS, and
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WS,. The periodic atomic arrangements of the MeS,
films are shown in Figure 2(c,d). Furthermore, the
selected area electron diffraction (SAED) patterns re-
veal a hexagonal structure. These results indicate that
single-crystalline MeS, layers were synthesized.?*
However, a nonperiodic atomic arrangement in the
HR-TEM images and ring motifs in the SAED patterns
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Figure 3. SRPES analysis of pristine and UV-Os-exposed MoS, and WS,. SRPES core level spectra of (a) Mo 3d, S 2p, and (b) W 4f,
S 2p. After the UV-O; oxidation, the transition metal oxide peak appeared and the intensity of the sulfur peak decreased.

are also found, as shown in Figure 2(e,f), indicating the
presence of polycrystalline areas in the synthesized
MoS, and WS, layers. These data are consistent with
previous reports that discussed the lower crystalline
properties of MoS, and WS, synthesized on a SiO,/Si
wafer compared with MeS,; synthesized on a sapphire
substrate.?> Therefore, MoS, and WS, with few layers
and polycrystalline structure were synthesized by using
uniformly spin-coated (NH;)MoS,; and (NH4)WS, pre-
cursor solutions.

Figure 3(a,b) shows the Mo 3d, W 4f, and S 2p
synchrotron radiation photoemission spectroscopy
(SRPES) spectra of the MoS, and WS, layers as
a function of the UV-O3 treatment time. The survey
scans of both MoS, and WS, are shown in Supporting
Information, Figure S3. Five peaks appear at 162.3,
163.8, 226.5, 230.5, and 234.0 eV in the MoS, sample,
which are assigned to S 2ps/,, S 2p1/2, S 25, Mo 3ds,,,
and Mo 3ds,, respectively. In the case of the WS,
sample, the W-related peaks of W 4f;,,, W 4fs,,, and
W 5p3,, are shown at 32.0, 34.4, and 38.0 eV, respec-
tively. These results are consistent with the findings of
previous reports on MoS, and WS, crystals.”®%” As the
UV-O5 treatment time increased, the peak intensity of
S 2s in the MoS; layer progressively decreased until
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the peak finally disappeared. Furthermore, the Mo—0O
and W—0 bonds were observed, and their intensities
increased as a function of the UV-O3 treatment time.
The intensities of the S 2p peaks also decreased after
the UV-O; treatment. The O 1s peak was depicted in
Supporting Information, Figure S4. In the case of the
MoS; layers, the intensity ratio of the O—S bond to the
O-Si bond increased from 0 to 0.12 and 0.19 after
5 and 9 min of UV-Oj3 treatment, respectively. Similarly,
in the case of the WS, layers, the ratio increased
from 0.05 to 0.13 and 0.21 after 5 and 9 min of UV-O3
treatment, respectively. The atomic percentages of Mo,
W, and S slightly decreased from 33.6,31.6, and 61.3%
to 28.2, 27.6, and 57.9%, respectively, after 9 min of
UV-0O; treatment. However, the atomic concentration
of O 1s dramatically increased from 5.2 and 8.2% to
14.0 and 16.3% for MoS, and WS,, respectively, after
the UV-O; surface treatment, as shown in Supporting
Information, Figure S5. These data indicate that some
portions of the MeS, surface changed from sulfide to
oxide. The decrease of the water contact angle after
the UV-O3 treatment supports this assumption, as
shown in Supporting Information, Figure S6.

Figure 4(a,b) shows the Raman spectra of pristine
and UV-Os-treated MoS, and WS, layers. The Raman
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Figure 4. Raman spectroscopy analysis of pristine and UV-Os-treated MoS, and WS,. Raman spectra of pristine MeS,: (a) MoS,
and (b) WS,, at different UV-O; surface treatment times. For both MoS; and WS,, the peak position of E1zg and A, shifted to
higher and lower wave numbers, respectively, as a function of the UV-O; exposure time. The shifted peak position and

intensity ratio of E1zg to A4 are shown in (c) MoS,, and (d) WS,.

spectra of the TMDCs appear to contain two predomi-
nant peaks: (i) the out-of-plane (A;5) mode where the
top and bottom chalcogen atoms are moving out of
the plane in opposite directions while the transition
metal is stationary; (ii) the in-plane (E',5) mode where
both the transition metal and chalcogen atoms are
moving in-plane in opposite directions.”®° The in-
plane and out-of-plane mode of the TMDCs are drawn
in the inset of Figure 4(a,b). The E129 peak of pristine
MoS, was revealed at 383.3 cm™' and blue-shifted to
383.5, 384.7, 385.1, and 385.4 cm ™" after UV-Oj treat-
ment for 3,5, 7,and 9 min, respectively. The A4 peak of
pristine MoS, was revealed at 405.4 cm~ " and red-
shifted to 404.6, 403.9, 403.2, and 402.8 cm ' after the
same UV-O; treatments, respectively. A similar ten-
dency of peak shift was observed in the case of WS,.
The peak shift data and the change of the intensity
ratio of E’zg and A,4 are summarized in Figure 4(c,d).
Both the peak positions of E129 and A4 shifted to
a higher and lower wavenumber, and the E',4 to A;q
peak intensity ratio increased after the UV-Os treat-
ment on the MeS, layers. It has been reported that the
addition of extra layers on TMDC leads to the stiffening
of the out-of-plane phonon modes and relaxation of
thein-plane bonding, resulting in a blue-shift of the A;
mode and red-shift of the E',, mode.”® Therefore, the
decrease in distance between E',, and A;4 suggests
the removal of surface contaminants, resulting in the
thinning and flattening of the MeS, layer. Furthermore,
it has been reported that the E',4 to A;4 peak intensity
ratio value decreases as the number of TMDC layers
increases.”>*° Thus, the increase of the E' 4 to A, peak
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intensity ratio shown in Figure 4(c,d) suggests that the
thickness of the MeS, layer decreased with the UV-O;
treatment. According to the atomic force micros-
copy (AFM) analysis shown in Supporting Information,
Figure S7, the thickness of MoS, and WS, decreased
from 2.0 and 1.8 nm to 1.5 and 1.2 nm, respectively,
after UV-O3 treatment for 5 min. Therefore, the UV-O3
treatment on MeS, leads to the removal of the surface
contaminants induced by the transfer process, produc-
ing a uniform surface.

OLED and OPV Characteristics. The structure of the OLED
with MeS, HIL and the schematic band diagram are
depicted in Figure 5(a). The energy levels of ITO,
PEDOT:PSS, (N,N'-Di(1-naphthyl)-N,N'-diphenyl-(1,1’-
biphenyl)-4,4’-diamine) (NPB), (Tris(8-hydroxyquinoline)-
aluminum) (Algs), 2,3,6,7-tetrahydro-1,1,7,7 -tetramethyl-
1H,5H,11H-10-(2-benzothiazolyl) quinolizine-[9,9a,1gh]
(C545T), bathocurione (BCP), and LiF/Al were obtained
from the literature.>' The values of the work function
of MoS, and WS, were measured by ultraviolet photo-
emission spectroscopy (UPS), as shown in Supporting
Information, Figure S8. The work functions increased
from 4.6 and 4.75 eV to 4.8 and 4.95 eV for MoS,
and WS,, respectively, after UV-O3 treatment for 5 min.
This means that, among all the samples, the lowest
hole injection barrier belongs to UV-Os-treated WS,.
Figure 5(b—e) shows the current density—voltage,
luminance—voltage, luminance efficiency—current
density, and power efficiency—current density charac-
teristics of the OLEDs with PEDOT:PSS, pristine MeS,,
UV-O3-exposed MeS; and MeOs. The thickness of MeO3
is fixed at 3 nm following to the thickness of MeS,.
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Figure 5. Device characteristics of pristine MeS,, UV-Os treated MeS,, and MeOs-based OLEDs. (a) The illustration of OLED
device structure of MoS, and WS, HIL with UV-O3 exposure. Schematic energy band diagram is also shown. (b) Current
density—voltage, (c) luminance—voltage, (d) luminance efficiency—current density, and (e) luminance power efficiency—current
density characteristics of OLEDs. The current density—voltage curve at low voltage region is magnified in the inset of (b).

TABLE 1. Summary of the Device Characteristics of Pristine MeS,, UV-O3z-Treated MeS,, and MeO; HIL Based OLEDs

HIL turn-on voltage” (V) luminance,,,, (cd/m?) luminance Eff,,, (cd/A) power Eff o, (Im/W) CIE1931 coordinates” (x, y)
PEDOT:PSS 44 19000 n.4a 548 (0.32, 0.65)
pristine MoS, 6.4 13000 751 1.8 (0.32, 0.65)

MoS; + UV-03 5 min 5.65 16700 9.44 253 (0.32, 0.64)
pristine WS, 5.1 14400 8.14 281 (0.33, 0.64)
WS, + UV-03 5 min 4.1 19000 10.82 592 (0.33, 0.64)
MoO; 3 nm 4.25 15000 9.03 321 (0.31, 0.65)
WO0; 3 nm 54 8810 6.99 231 (0.33, 0.63)

“Measured at 10 cd/m?. © Recorded at maximum luminance.

The OLED with UV-Os-treated MeS, performs better MeS, was used in OPV cells as HEL, as shown in
than that with pristine MeS; and MeOs. The inset graph Figure 6. Figure 6(a) shows the device structure
of Figure 5(b) shows the log-scaled leakage current and energy band diagram. The energy levels of ITO,
at low voltage region. The leakage current shown in PEDOT:PSS, poly(3-hexylthiophene) (P3HT), [6,6]-phenyl
OLEDs based on pristine MeS, disappeared in OLEDs Ce1 butyric acid methyl ester (PC¢oBM), and LiF/Al were
based on UV-O; treated MeS,. It is considered that obtained from the literature3? The transmittance of
decrease of surface roughness and removal of con- each sample was measured by using UV—visible spectra
taminant on pristine MeS, layers after UV-O3 treatment as shown in Figure 6(b). The transmittance at 550 nm
got rid of leakage current. The optimized UV-O; treat- of MeS, layers slightly elevated from 91.7 to 94.0% for
ment lasted for 5 min because of the surface damage MoS,, and from 924 to 94.6% for WS, after UV-O;
induced from UV-Os, as shown in Supporting Informa- treatment for 5 min. The device current density—voltage
tion, Figures S9—S11. The OLED with UV-Os-exposed characteristics are shown in Figure 6(c). The open-circuit
WS, shows the lowest turn-on voltage, 4.1 V, and voltage (V,), short-circuit current (Jo), fill factor (FF),
the brightest luminance value, 19000 cd/m? these and power conversion efficiency (PCE) of the reference
values are comparable with those obtained from the (PEDOT:PSS) are 0.61 V, 8.27 mA/cm?, 64.2, and 3.23%,
PEDOT:PSS-based device (4.4 V and 19000 cd/m?) and respectively. The efficiency of the UV-Os-treated MeS,-
better than MeO;-based device (4.25 V and 15 000 cd/m? based devices varied from 2.72 to 2.96% for MoS, HEL,
for MoO;, 54 V and 8810 cd/m? for WOs). The best and from 2.79 to 3.08% for WS, HEL at different UV-O;
luminance efficiency and power efficiency of the OLEDs exposure times, as shown in Supporting Information,
based on UV-Os-treated WS, are approximately equal Figure S12. The devices with MeS, treated by UV-O3
to 95 and 109% than those obtained from of the OLEDs for 5 min show the best efficiency: V. = 0.60 V, J;. =
based on PEDOT:PSS. The detailed OLED characteristics 7.81 mA/cm?, FF = 63.6, and PCE = 2.96% for MoSa; V. =
are summarized in Table 1, Table S1, and S2. 061V, Jc = 7.87 mA/cm?, FF = 64.1, and PCE = 3.08%
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Figure 6. Device characteristics of pristine MeS,, UV-Os treated MeS,, and MeO3-based OPVs. (a) lllustration of the OPV device
structure of MoS, and WS, HEL with UV-O; exposure. Schematic energy band diagram is also shown. (b) The transmittance
spectra of bare ITO, PEDOT:PSS, pristine MeS,, UV-Os-treated MeS,, and MeOjs layers. The transmittance values at 550 nm are
shown in the inset graph of (b). (c) Current density—voltage curves of OPV devices. The OPV based on UV-Os-exposed WS,

sample shows the best performance among all the samples.

TABLE 2. Summary of the Device Characteristics of Pristine
MeS,, UV-O;-Exposed MeS,, and MeO; HEL Based OPV
Cells

HEL Jo(mA/am?) Vo (V)  FF PCE(%) Ry (Qam?)
bare IT0 8.10 052 040 170 12725.67
PEDOT:PSS 827 061 064 323 36 543.93
pristine MoS, 1.24 059 063 2.72 21689.53
MoS, + UV-03 5 min 781 0.60 0.63 2.96 40 068.85
pristine WS, 7.61 059 063 279 23 866.64
WS, + UV-03 5 min 187 061 064  3.08 36149.29
Mo0; 3 nm 6.29 061 068 229 18251.37
W03 3 nm 5.45 056  0.63 2.20 16 589.19

Ry shunt resistance.

for WS,. The changes of J;. and PCE were attributed to
the increase of transmittance, variation of the work
function, and the removal of the surface contamination
from the MeS, layer by UV-O3 treatment. The decrease
of the device performance for UV-O; exposure times
longer than 5 min is due to the surface damage. The
detailed OPV characteristics are summarized in Table 2,
Table S3, and S4. These data suggest that the MeS; layer
may be used as HIL or HEL in organic devices instead of
PEDOT:PSS.

Device Stability Test under Ambient Air. In order to
investigate the stability of OLED and OPV devices with
UV-Os-treated MeS,, the lifetimes were evaluated in
air conditions at 25 °C and 50% humidity. Figure 7(a)
shows the illumination images of each different OLED
device as a function of the keeping time. The illumina-
tion images were captured at the applied current
density of 100 mA/cm?. All the samples progressively
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degrade because of the moisture. In the case of the
PEDOT:PSS-based OLED, the illumination dramatically
decreased after exposure for 4 h and the device ceased
operating after 6 h. However, the OLEDs based on
pristine and UV-Os-treated MeS; layers are shown to be
operative even after 6 h under the same conditions.
Thus, the device stability of OLEDs based on MeS, is
superior to that of the OLEDs based on PEDOT:PSS.
The voltage changes of the OLEDs as a function of
the keeping time in air are shown in Figure 7(b) for
MoS,; and Figure 7(c) for WS,. The voltage changes at
100 mA/cm? dramatically increased to 180% in the
PEDOT:PSS-based OLED after 6 h. However, the voltage
change of the OLED based on MeS, is lower than that
of the OLED based on PEDOT:PSS. Notably, OLEDs with
UV-Os-treated MeS, show a smaller voltage variation
than the OLEDs with pristine MeS,. The effect of the
MeS, layers on the air stability of the OPV cells is shown
in Figure 7(d). The PCE value is normalized with respect
to the PEDOT:PSS-based OPV cell. The time required
to reach half of the PCE value is equal to 8, 16, 21, 16,
28, 24, 24 h for PEDOT:PSS, MoS,, UV-Os-treated MoS,,
WS,, and UV-Os-treated WS,, MoOs; and WOs-based
OPV cells, respectively. Although the PCE values of
the MeS,-based OPV cells are lower than those of
the PEDOT:PSS-based cells, the stability is significantly
improved. Furthermore, it is shown that the properties
of OLEDs and OPVs based on UV-Os-treated MeS, HIL
are comparable to, or even better than, those of the
OLEDs and OPVs based on MeOs, which is reported
as a good HIL. Hence, the MeS, layers are suitable
for replacing the PEDOT:PSS layer, which is an acidic
material and presents a high reactivity with the ITO layer.
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Figure 7. Device stability test results of pristine and UV-Os-exposed MoS, and WS, HIL based OLEDs and OPV cells. (a)
Illumination images of several types of samples including PEDOT:PSS, pristine MoS, and WS,, UV-O; treated MoS, and WS,
HIL. The device illumination size is 0.3 x 0.3 cm? Comparison between a PEDOT:PSS device and (b) MoS,- and MoO;-based
cells and (c) WS,- and WOs-based cells; the variation of voltage changes at 100 mA/cm? (left column, red, closed circle) and
luminance value (right column, blue, open circle) as a function of the time in air ambient. (d) The change of normalized PCE
values as a function of keeping time in air ambient for the different sample types.

CONCLUSIONS

The hole injection and extraction properties of
UV-Os-treated MoS, and WS, in OLED and OPV devices
were investigated in relation to the extended air
stability. The MoS; and WS, layers were synthesized
by thermolysis of a [(NH4),M0S4)] and [(NH,),WS,)]
precursor solution with a two-step annealing process.
The synthesized MoS, and WS, show a polycrystalline
structure. According to SRPES and Raman spectra
analyses, the UV-O3 exposure modulated the work-
function of MoS, and WS,, as well as removed the
surface contaminants. The maximum luminance effi-
ciencies of OLEDs with UV-Os-treated MoS, and WS,
were 9.44 and 10.82 cd/A, respectively. The PCE values

METHODS

Synthesis of MoS, and WS,. The insulating substrates, SiO,
(300 nm)/Si wafer, were prepared with a standard piranha
solution and conventional cleaning procedures based on
acetone, isopropyl alcohol, and DI water bath sonication. The
precursor solution was prepared with a 5 mM concentration
of (NHg4)>MoS,; and (NH4),WS, in ethylene glycol. For the
optimized precursor coating conditions, the cleaned substrates
were subjected to O, plasma and UV-Os surface treatment for
15 min. The substrates were spin coated with the precursor
solutions at 3500 rpm for 60 s. For the thermolysis of the
precursor films, a thermal CVD system involving high purity
hydrogen (H,) and nitrogen (N,) gas was used. First, the
temperature of the CVD furnace was set to 500 °C for 30 min,
under H, and N, gas flow at 1 Torr pressure. The H, and N, flow
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of UV-Os-treated MoS, and WS,-based OPV cells were
2.96 and 3.08%, respectively. These values correspond
to over 95% of those obtained from PEDOT:PSS-based
devices. Because of the removal of surface contami-
nants and the increased work function, the device
performance was significantly enhanced after UV-Os
exposure of MeS,. Furthermore, the device stability in
air significantly improved because of its nonacidic and
chemically stable properties, which can be achieved
by replacing conventional PEDOT:PSS with UV-Os-
exposed MoS, and WS, layers. Therefore, these results
show that UV-Os-treated MoS, and WS, under optimized
conditions may replace the conventional PEDOT:PSS
layer, enhancing the overall device reliability.

rate were controlled by mass flow controllers for a rate of
40 (H,) and 200 (N,) cm?/min. Then, the thermolysis was
slowly initiated under H, gas at a relatively high temperature.
After the preheating step, the temperature was dramatically
increased to approximately 950 °C. When the CVD furnace
temperature reached 950 °C, the samples were placed on the
heating zone for 1 h, and the heating zone with sulfur powder
was turned on to initiate the sulfur sublimation. After 60 min
of thermolysis, the furnace was cooled to room temperature
at a rate of 10—15 °C/min under 40 and 200 sccm of H, and N,
flow, respectively. The poly[methyl methacrylate] (PMMA) was
then spin coated on the synthesized MoS, and WS, layers. For a
fast separation between MeS, and the substrate, the edge of the
substrate was scratched with a razor blade, and then immersed
into a hydrogen fluoride and aluminum fluoride (1:1) bath at
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room temperature for 1 h to etch away the SiO, layers. After that
the remaining MoS; and WS, layers were carefully dipped into a
DI water bath for 7—9 times to remove any residual etchant, the
MoS, and WS, sheets were transferred to an arbitrary substrate.
PMMA was removed by an acetone bath at 50 °C for 30 min
after that the PMMA/MeS, layer had completely adhered to the
target substrate.

Fabrication of the OLED. ITO glass was used as the starting
substrate; its surface was cleaned in sequence with acetone,
isopropyl alcohol, and DI water, and then dried with high purity
nitrogen gas. After cleaning of substrate, the PEDOT:PSS or
MeOs or MeS, layer were formed at the active area. The samples
were treated with UV-Os for 3, 5, 7, and 9 min. Subsequently, they
were loaded into the thermal evaporator where 40 nm of NPB
was deposited. In a continuous process, Algs (30 nm) doped with
fluorescent dye 10-(2-benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-
tetramethyl-1H,5H,11H-(1)-benzopyropyrano(6,7—8-i,j)quinolizin-
110ne (C545T) (1%), BCP (30 nm), LiF (1 nm), and Al (100 nm) layers
were deposited in sequence. During the deposition, the base
pressure of the chamber was maintained as low as 10~ Torr.
The active area of the device was 0.3 x 0.3 cm®

Fabrication of the OPV. The substrate preparation step was
the same as that for the OLED fabrication procedure. After the
HIL preparation step, the samples were treated with UV-O3 and
then loaded into a N,-filled glovebox (<0.1 ppm of O, and H,0).
Regioregular P3HT (purchased from Rieke Metals and used as
received) was first dissolved in 1,2-dichlorobenzene to make a
30 mg/mL solution, followed by blending with [6,6]-phenyl Cq;
butyric acid methyl ester (PCs;BM) (Nano-C, used as received) in
a 3:2 weight ratio. The blend was stirred for approximately 12 h
in a glovebox before being spin coated (700 rpm, 30 s) on top
of the prepared substrate. The thickness of the active layer was
approximately 160 nm, as measured by a surface profiler. The
devices were annealed on a hot plate in a glovebox at 130 °C
for 10 min. The cathode consisted of LiF (1 nm) and Al (100 nm)
and was deposited at a base pressure of 1 x 10 Torr using
a thermal evaporation method. The active device area was
0.3 x 0.3 cm”.

Characterization. Raman spectra of synthesized MoS, and WS,
were obtained with a Lab RAM HR (Horiba JobinYvon, Japan) at
an excitation wavelength of 532 nm. SRPES experiments were
performed in an ultrahigh vacuum chamber (base pressure of
ca. 107'° Torr) with a 4D beamline, equipped with an electron
analyzer and heating element, at the Pohang Acceleration
Laboratory. The onset of photoemission, corresponding to
the vacuum level at the surface of the MoS, and WS, layers,
was measured using the incident photon energy of 350 eV with
a negative bias on the sample. The results were corrected for
charging effects by using Au 4f as an internal reference. The
current density—voltage and luminescence—voltage character-
istics of the OLEDs and OPV cells were measured with a Keithley
2400 semiconductor parameter analyzer under ambient air
conditions. The photocurrent of the OPV cells was measured
under AM 1.5G 100 mW/cm? illumination with an Oriel 150 W
solar simulator.
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