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degradation of OLEDs by etching their 
indium tin oxide electrodes. [ 7,8 ]  

 Recently, 2D transition metal dichal-
cogenides (TMDs) have been studied [ 9–12 ]  
and applied in a wide range of applica-
tions, such as batteries, fi eld-effect tran-
sistors, catalysis, and solar cells, because 
of their superior carrier mobilities. Their 
superior carrier mobilities are caused by 
ballistic transport, enhanced photolumi-
nescences that result from quantum con-
fi nement effects, and larger band gaps 
than those observed in the bulk mate-
rial. [ 13–16 ]  It is believed that the presence 
of lone pairs of electrons at the surfaces 
of TMDs and the absence of dangling 
bonds could enhance their resistances 
to reactions with other chemical spe-

cies. Therefore, TMD nanosheets are expected to be applied 
in OLEDs as HILs to improve stability. However, the work 
functions of TMD nanosheets are not high enough (MoS 2  = 
≈4.7 eV, [ 17 ]  WS 2  = ≈4.6 eV, [ 18 ]  TaS 2  = ≈4.4 eV [ 13 ]  for them to 
improve the performances of OLEDs when used as HILs. 
2D TMDs can be prepared by mechanical cleavage, liquid 
exfoliation, and chemical vapor deposition methods. [ 19–28 ]  
The mechanical cleavage method is unsuitable for mass pro-
duction applications because it is not scalable and does not 
provide control over product thickness or size. The chemical 
vapor deposition method still needs to be improved before 
it can be used to produce uniform TMDs. In contrast, exfo-
liation by ultrasonication is the simplest production method 
and can be used for large-scale production of 2D nanosheets 
at room temperature. Therefore, surface treatment and 
liquid exfoliation methods were used to implement TMD 
nanosheets as HILs in OLEDs in this study. 

 In this paper, we fabricated green OLEDs using MoS 2 , WS 2 , 
and TaS 2  nanosheets, instead of PEDOT:PSS, as HILs. MoS 2 , 
WS 2 , and TaS 2  nanosheets were obtained using an exfoliation 
method that makes use of an ultrasonicator as shown  Figure    1  . 
Exfoliated materials were spin-coated onto the indium tin oxide 
(ITO) glass substrates to form ultrathin nanosheets. The 
nanosheets were treated with ultraviolet/ozone (UVO) to mod-
ulate their work functions and improve the performances and 
stabilities of the OLEDs produced. Herein, we discuss the prop-
erties and performances of OLEDs produced with these TMD 
nanosheets. 
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  1.     Introduction 

 Organic light-emitting diodes (OLEDs) have received sig-
nifi cant attention as next-generation display and solid-state 
lighting materials because they are inexpensive, light weight, 
and fl exible. [ 1–4 ]  In order to reduce driving voltages and 
increase effi ciencies, many researchers have attempted to 
reduce the energy barriers of electrode/organic interfaces to 
facilitate charge carrier injection. [ 5,6 ]  Poly(3,4-ethylenedioxyth
iophene):poly(styrene-sulfonate) (PEDOT:PSS) is widely used 
both as a hole injection layer (HIL) and to reduce energy 
barriers owing to its suitable work function (≈5.0 eV). How-
ever, PEDOT:PSS is not suitable for practical applications 
because of its hygroscopicity and acidity, which cause rapid 
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    2.     Results and Discussion 

  Figure    2   shows the UV–vis absorption spectra of bulk-TMDs 
and exfoliated-TMD nanosheets. No detectable peaks were 
observed in the spectra of bulk MoS 2 , WS 2 , and TaS 2  samples 
prior to ultrasonication. It is thought that bulk TMDs have indi-
rect band gaps; therefore, absorption peaks do not appear in 
their UV–vis absorption spectra. The two adsorption peaks in 
the spectrum of exfoliated-MoS 2  (610, 671 nm) and the single 
peaks in the spectra of exfoliated-WS 2  (624 nm) and exfoliated-
TaS 2  (472 nm) correspond to direct excitonic transitions at the 
K-points of Brillouin zones. [ 9,13,16 ]  Optical band gaps were cal-
culated from absorption edges using the equation,  E  g  =  hc / λ  
( E  g : energy gap;  h : Planck's constant;  c : the speed of light). The 
optical band gaps of MoS 2 , WS 2 , and TaS 2  nanosheets were cal-
culated to be 1.70, 1.80, and 1.63 eV, respectively. These results 
indicate that the band gaps of TMD materials change from 
being indirect to direct as layer numbers decrease. We attribute 
this to quantum confi nement effects. [ 9 ]  To measure the thick-
nesses and sizes of the TMD nanosheets, the surfaces of the 
nanosheets were scraped and examined by atomic force micro-

scopy (AFM). Statistical data of the layer 
number distribution for exfoliated TMDs are 
shown in Figure S1 in the Supporting Infor-
mation. It is shown that the most of exfoli-
ated TMDs have one to three layers. The 
scraped image is shown in Figure S2 in the 
Supporting Information. The thicknesses 
of the MoS 2 , WS 2 , and TaS 2  nanosheets 
were determined to be 4.1, 4.3, and 
3.1 nm, respectively, as shown in Figure  2 b–d. 
The substrate with 2D nanosheets displayed 
clean AFM images as shown in Figure S3 
in the Supporting Information. Further-
more, the surface roughness is as low as 
0.638, 0.735, and 0.271 nm for MoS 2 , WS 2 , 
and TaS 2 , respectively. These results indi-
cated that ITO surfaces are fully covered 
with TMDs nanosheets. The transmission 
electron microscopy (TEM) images shown in 
the insets of Figure  2  indicate that the TMDs 
nanosheets were larger than 100 nm. These 
results indicate that the exfoliation method 
used produced TMD nanosheets only a few 
layers thick. 

  X-ray diffraction (XRD) patterns of exfo-
liated-TMDs and bulk-TMDs are shown in 
 Figure    3  . The bulk materials show various 
peaks due to the refl ection of lattice planes, 
indicating that bulk materials have many 
layers. After sonication and removal of TMDs 
with large size, only one peak of (002) exists 
with weaker intensity. The disappearance 
of the other peaks in XRD pattern indi-
cates that one layer or few layers of TMDs 
nanosheets were successfully made through 
the exfoliation process. [ 29 ]  

   Figure    4   shows the TEM images of exfoli-
ated a) MoS 2 , b) WS 2 , and c) TaS 2  nanosheets. 

The selected area electron diffraction (SAED) patterns shown 
in the insets of Figure  4  indicated that exfoliated TMD mate-
rials still have hexagonal lattice structure. The lattice constants 
of MoS 2 , WS 2 , and TaS 2  measured from TEM image are 0.32, 
0.32, and 0.34 nm, respectively. Metal atoms and sulfur atoms 
can also be identifi ed in TEM images. The yellow point and 
blue point correspond with metal atom and sulfur atom in 
hexa gonal structure. These results indicated that exfoliated 
TMD materials consist of stacking layers, which is consistent 
with the previous report. [ 30 ]  

   Figure    5   shows the synchrotron radiation photoelectron 
spectroscopy (SRPES) spectra of the TMD nanosheets. Mo 3d 
peaks are located at 228.5 and 231.6 eV and correspond to the 
Mo 4+  3d 5/2  and Mo 4+  3d 3/2 . W 4f peaks are located at 32.3 
and 34.6 eV and correspond to W 4+  4f 7/2  and W 4+  4f 5/2  transi-
tions. Following UVO treatment for 15 min, new Mo 3d peaks 
appeared at 232.7 and 235.6 eV in MoS 2  samples, corresponding 
to Mo 6+  3d 5/2  and Mo 6+  3d 3/2  transitions. In WS 2  samples, new 
W 4f peaks appeared at 35.5 and 37.7 eV, corresponding to W 6+  
4f 7/2  and W 6+  4f 5/2  transitions. The intensity of the Mo 6+  portion 
of the Mo 3d peak and that of the W 6+  portion of the W 4f peak 
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 Figure 1.    The structures of OLEDs. The images of MoS 2 , WS 2 , and TaS 2  dispersed in vial are 
also shown.
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increased from 0 to 0.70 and 0.83, respectively, following UVO 
treatment. The appearances of the Mo 6+  and W 6+  peaks and the 
decreases in the intensities of the Mo 4+  and W 4+  peaks indicate 
that portions of MoS 2  and WS 2  were converted to MoO  x   and 
WO  x  , respectively, by UVO treatment. In the case of the O 1s 
spectra, the O 1s peak was located at 532.3 eV in the MoS 2  spec-
trum and 531.8 eV in WS 2  spectrum, indicating the presences 
of adsorbed oxygen on the surfaces of the fi lms. After UVO 
treatment for 15 min, a new O 1s peak appeared at 531.0 eV 
in the MoS 2  spectrum and 530.7 eV in the WS 2  spectrum, cor-
responding to oxygen bonding with Mo 6+  and W 6+ , respectively. 
The Ta 4f peak of the TaS 2  spectrum is composed of two dou-
blets. One of the doublets indicates binding energies of 24.7 
and 26.6 eV, corresponding to Ta 4+  4f 7/2  and Ta 4+  4f 5/2  transi-
tions, respectively. The other doublet peaks, located at 26.9 and 
28.8 eV, indicate Ta 5+  4f 7/2  and Ta 5+  4f 5/2  transitions of Ta 2 O 5 , 
which is formed during fabrication. The intensity of the Ta 5+  
portion of the Ta 4f peak increased from 0.24 to 0.47 after UVO 
treatment, suggesting that Ta 2 O 5  was formed. The O 1s peak of 
the TaS 2  sample was composed of two peaks. The peak located 
at 531.6 eV indicates bonding between oxygen and Ta 5+ . The 
other peak, located at 532.9 eV, is attributed to oxygen adsorbed 
to the sample surface. The intensity of the O–Ta 5+  portion of 
the O 1s spectrum increased from 0.36 to 0.66 after UVO treat-
ment. These results indicate that the TMD nanosheets were 
partially converted to their oxides during UVO treatment. 

  Changes in the work functions of the TMD nanosheets fol-
lowing UVO treatments were measured by secondary electron 
emission spectroscopy, as shown in  Figure    6  a. The onsets of 
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 Figure 2.    a) UV–vis absorption spectra of TMD nanosheets. The height profi les of b) MoS 2 , c) WS 2 , and d) TaS 2  nanosheets on SiO2/Si substrates. 
TEM images of examples of each TMD nanosheet are shown in the insets of (b–d).

 Figure 3.    XRD patterns of exfoliated TMDs and bulk TMDs. The bulk 
materials have various peaks due to the lattice structure of materials. 
Exfoliated TMDs has only orientation plane of (002), indiating that one 
layer or few-layers of TMDs nanosheets were successfully made through 
the exfoliation process.
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secondary electron emissions were determined by extrapolating 
the linear backgrounds and straight onsets of the spectra. [ 31 ]  The 
work functions of the MoS 2 , WS 2 , and TaS 2  nanosheets were 
determined to be 3.9, 4.9, and 4.4 eV, respectively. After UVO 
treatment, these values increased to 4.9, 5.1, and 4.9 eV for the 
MoS 2 , WS 2 , and TaS 2  nanosheets, respectively. It is assumed 
that UVO treatment introduces oxygen into the lattices of TMD 
nanosheets, thereby forming partial oxide layers, leading to 
increases in work functions. Figure  6 b shows a band diagram 
describing OLEDs. The energy levels of each layer were obtained 
from the literature. [ 32 ]  According to the band diagram, the hole 
injection barriers between the TMDs and NPB were reduced 
from 0.9, 0.6, and 1.1 eV to 0.6, 0.4, and 0.6 eV for MoS 2 , WS 2 , 
and TaS 2 , respectively, during UVO treatment. This means that 
the work functions of UVO-treated TMD nanosheets make 
them appropriate for use as HILs in OLEDs devices. 

  Current density–voltage and luminance–voltage data are 
shown in  Figure    7  a,b. The 10 cd m −2  turn-on voltages for OLEDs 
based on MoS 2 , WS 2 , and TaS 2  HILs were 7.3, 8.8, and 12.8 V, 
respectively. In contrast, turn-on voltages for OLEDs made with 
UVO-treated HIL materials were signifi cantly lower, 4.4, 4.35, 
and 4.3 V for MoS 2 , WS 2 , and TaS 2 , respectively. The maximum 
luminance effi ciencies measured on MoS 2 , WS 2 , and TaS 2 -
based devices were 8.71, 5.74, and 9.04 cd A −1 , respectively. 
Following UVO treatment, effi ciencies increased, remarkably, 
to 12.01, 12.44, and 12.66 cd A −1  for MoS 2 -, WS 2 -, and TaS 2 -
based devices, respectively. This suggests that UVO treatments 
modulate work functions by lowering hole injection barriers, 
as shown in Figure  6 . The effi ciencies of the OLEDs produced 
using UVO treated HIL materials were slightly lower than that 
of a PEDOT:PSS-based OLED (13.15 cd A −1 ). Furthermore, 
UVO-treated TMD-based devices show much higher maximum 
power effi ciencies (UVO-treated MoS 2  = 3.43 lm W −1 , UVO-
treated WS 2  = 3.55 lm W −1 , UVO-treated TaS 2  = 4.77 lm W −1 ) 
than those of untreated TMD-based devices (MoS 2  = 2.17 lm 
W −1 , WS 2  = 0.97 lm W −1 , TaS 2  = 2.07 lm W −1 ). A summary 
of the device characteristics is given in  Table    1  . These results 

indicate that UVO treatment of TMD nanosheets modulates 
their work functions and improves OLED characteristics. 

   The stabilities of the UVO-treated TMD and PEDOT:PSS-
based devices were investigated without encapsulation, in air, 
using a constant current density of 1 mA cm −2 , as shown in 
 Figure    8  a. In the case of the PEDOT:PSS-based device, most 
of the active area darkened, as a result of degradation in air, 
after 72 h, while the dark spots of the other devices were 
smaller. In particular, the UVO-treated TaS 2 -based device was 
still bright after 120 h. It is reported that electrical resistivity 
of TaS 2  (10 −3  Ω cm) is much lower than that of MoS 2  and WS 2  
(18 and 0.1 Ω cm). [ 33–35 ]  Therefore, it is considered that device 
based on TaS 2  displays the highest stability even though the 
charge injection barrier is not the smallest. This shows that 
the stabilities of the UVO-treated TMD-based devices were 
extended compared to the PEDOT:PSS-based device. After 
72 h, voltages were 4.25, 3.35, 3.14, and 3.02 V for PEDOT:PSS, 
UVO-treated MoS 2 -, WS 2 -, and TaS 2 -based devices, respectively, 
as shown in Figure  8 b. These results indicate that replacing 
PEDOT:PSS HILs with UVO-treated TMD nanosheet HILs 
could improve OLED stability because they are nonacidic and 
chemically stable. 

    3.     Conclusion 

 TMD nanosheets were prepared, using an exfoliation method, 
and used as HILs in OLEDs to improve device characteristics. 
UV–vis spectra indicate that band gaps of approximately 
1.70, 1.80, and 1.63 eV were formed in MoS 2 , WS 2 , and 
TaS 2  nanosheets, respectively, suggesting that bulk-TMDs 
are changed to a few layers of TMD nanosheets. The thick-
nesses and sizes of the TMD nanosheets were measured to be 
3.1–4.3 nm and more than 100 nm, respectively. After UVO 
treatment of the TMD nanosheets, peak intensities increased 
for Mo 6+  3d, W 6+  4f, and Ta 5+  4f transition metal peaks, and 
the transition metal-oxide bond peaks in the O 1s spectra 
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 Figure 4.    TEM images of a) MoS 2 , b) WS 2 , and c) TaS 2 . SAED patterns of exfoliated TMDs show hexagonal structure. Metal atoms are indicated as 
yellow color and sulfur atoms are indicated as blue color.



FU
LL

 P
A
P
ER

4516 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

indicated that the TMD nanosheets were partially converted 
into oxides. Therefore, work functions increased from 4.4–4.9 
to 4.9–5.1 eV. This fi nding was confi rmed by secondary electron 

emission spectroscopy. When UVO-treated TMDs were used as 
HILs in OLEDs, turn-on voltages decreased from 7.3–12.8 to 
4.3–4.4 V and luminance effi ciencies increased from 5.74–9.04 
to 12.01–12.66 cd A −1 . Furthermore, it is worth noting that the 
UVO-treated TMD nanosheet-based OLEDs were more stable 
than the PEDOT:PSS-based OLED, when not encapsulated and 
under atmospheric condition. These results show the great 
potential of liquid-exfoliated TMD nanosheets for us as HILs 
in OLEDs.  

  4.     Experimental Section 
  Synthesis : MoS 2 , WS 2 , and TaS 2  powders and  N -vinylpyrrolidone 

(NVP) were purchased from Sigma-Aldrich. An ultrasonicator (SONICS 
VCX-750, Sonicator Microtip Probes) was used to exfoliate TMD 
powders. Samples were synthesized by fi rst dispersing 30 mg of TMD 
powder in 10 mL of NVP and then ultrasonicating the dispersion for 
8 h at 400 W. After ultasonication, samples were centrifuged (DAIHAN 
WiseSpin CF-10) for 10 min at 10 000 rpm. The fl oating solutions, which 
contained exfoliated TMDs, were pipetted off and NVP solvent was 
removed by washing with isopropanol. The fi nal products were dried 
at 30 °C in a vacuum oven and the obtained TMD nanosheets were 
redispersed in NVP for further processing. 
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 Figure 5.    SRPES spectra of a) Mo 3d and b) O 1s peaks in MoS 2  
nanosheets, c) W 4f and d) O 1s in WS 2  nanosheets, and e) Ta 4f and 
f) O 1s peaks in TaS 2  nanosheets. The spectral line shape was simulated 
using a suitable combination of Gaussian and Lorentzian functions to 
separate the chemical bonding states. For all multiplets that were fi t, the 
full-width at half-maximum values were fi xed accordingly.

 Figure 6.    a) The change in onset of secondary electron of TMDs 
nanosheets before and after UVO treatment. b) Schematic band diagram 
of OLEDs.
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  OLEDs Fabrication : Green OLEDs were fabricated on glass substrates 
coated with ITO. The ITO glasses were cleaned with acetone, isopropyl 
alcohol, and deionized water, in sequence, then dried and exposed to 
UVO for 15 min. MoS 2 , WS 2 , and TaS 2  nanosheets in NVP (1 mg mL −1 ) 
were spin-coated at 6000 rpm for 45 s, then dried at 150 °C in air for 
15 min. Next, UVO treatment was performed for 15 min. For the sake 
of comparison, PEDOT:PSS was spin-coated at 4000 rpm for 30 s and 
annealed at 150 °C in air for 15 min. A 40 nm thick layer of  N , N ′-Di(1-
naphthyl)- N , N ′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB) was used as 
a hole transport layer. A 30 nm thick layer of tris-(8-hydroxyquinoline)
aluminum (Alq 3 ) was used as a host layer. The emitting layer was 
comprised of 2,3,6,7-tetrahydro-1,1,7,7,-tetramethyl-1H, 5H, doped with 
5% 11H-10-(2-benzothiazolyl)quinolizino[9,9a,1gh]coumarin (C545T). 
A 5 nm thick bathocuproine (BCP) was employed as the hole-blocking 
layer. Finally, a 25 nm thick layer of Alq 3  was used as the electron 
transport layer. All layers were deposited using a vacuum of about 
2 × 10 −6  Torr and a deposition rate of 1 Å s −1 . Finally, a 1 nm thick layer 

of LiF and a 100 nm thick layer of Al were thermally deposited. The 
OLED device structure is illustrated in Figure  1 . 

  Characterization : A Keithley 2622A source meter was used in 
conjunction with a MINOLTA CS100A luminance meter to measure 
the current–voltage–luminance characteristics and Commission 
Internationale de l’Eclairage (CIE) chromaticity coordinates of the 
OLED devices produced. UV–vis absorption spectra (V-670 UV–vis 
spectrophotometer) were measured to confi rm the optical properties 
of the TMDs. Contact mode AFM (XE-100/PSIA) was used to 
determine the thicknesses of the exfoliated TMD nanosheets. XRD 
pattern (D8-Advance/Bruker-AXS) and TEM (JEOL-2100F, Japan) 
images were obtained to measure the structure and sizes of the TMD 
nanosheets. SRPES experiments were also performed in an ultrahigh-
vacuum chamber (base pressure of ≈10 −10  Torr) at the 4D beam line 
of the Pohang Acceleration Laboratory. The onset of photoemission, 
corresponding to the vacuum level at the surface of a TMD nanosheet, 
was measured using an incident photon energy of 90 eV and a negatively 

 Figure 7.    The a) current density–voltage, b) luminance–voltage, c) luminance effi ciency–current density, and d) power effi ciency–current density char-
acteristics of OLEDs with six different types of OLEDs.

  Table 1.    The summary of OLEDs characteristics. 

Turn-on voltage 
[V] a) 

Luminance max  
[cd m −2 ]

Luminance effi ciency max  
[cd A −1 ]

Power effi ciency max  
[lm W −1 ]

CIE1931 coordinates 
[ x ,  y ]

PEDOT:PSS 3.95 21 400 13.12 6.22 (0.30, 0.66)

MoS 2  UVO 4.4 18 900 12.01 3.43 (0.31, 0.64)

WS 2  UVO 4.35 19 300 12.44 3.55 (0.30, 0.65)

TaS 2  UVO 4.3 18 400 12.66 4.77 (0.30, 0.65)

MoS 2 7.3 14 400 8.71 2.17 (0.30, 0.65)

WS 2 8.8 7050 5.74 0.97 (0.30, 0.65)

TaS 2 12.8 6840 9.04 2.07 (0.30, 0.65)

    a) Turn-on voltages at 10 cd m −2 .   
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biased sample. Results were corrected for charging effects using a Au 
internal reference.  
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