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R
ecently, two-dimensional (2D) semi-
conductors have drawn considerable
attention as strong candidates for

next-generation electronic and optoelec-
tronic devices such as transistors, barristors,
and photosensors owing to their exotic
properties.1�7 Transition metal dichalco-
genides (TMDs) provide fine bandgap ten-
ability: the various TMDs not only allow a
wide bandgap range, but also enable the
bandgap to be tuned according to the TMD
thickness.8,9 Highly stable excitons also
show promise for improving optoelectronic
devices.10 In addition, subnanometer thick-
ness and flexibility of the TMDs would open
new applications.11�15 Among the TMDs,
WS2 is uniquely interesting for barristor de-
vices because its conduction band seems
aligned to the Dirac point of graphene, and
therefore, the current between graphene
and WS2 can easily be turned on and off by
modulating the graphene's work function.1,4

However, the fundamental properties of
thematerial for electronic and optoelectronic

applicationhavenot yet been fully addressed.
For example, owing to the large exciton-
binding energy, the bandgap of monolayer
WS2 has been highly controversial;the
experimental ones span from 2.14 eV
(IL-gating method) to 2.9 eV (absorption/
reflectivity measurement); the theoretical
ones do from 1.55 eV (ab initio) to 3.11 eV
(self-consistent GW0, scGW0).

8,10,16,17 Re-
cently, two-photon excitation spectroscopy
along with GW plus Bethe-Salpeter equa-
tion (GW-BSE) theory measured 2.7 eV.18�20

However, optical absorption/reflectivity
measurement and self-consistent GW0 cal-
culation reports greater bandgap;2.9
and 3.11 eV, respectively.10,17 In contrast,
IL-gating method reports smaller ones;
2.14, 1.82, and 1.4 eV for monolayer, bilayer,
and bulk WS2, respectively, and scanning
tunneling spectroscopy (STS) has not been
applied forWS2 but for MoS2 andMoSe2.

21,22

In addition, band alignment, another materi-
als property critically affecting the device
performance, has not yet been investigated.
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ABSTRACT The optical constants, bandgaps, and band align-

ments of mono-, bi-, and trilayer WS2 were experimentally

measured, and an extraordinarily high dependency on the number

of layers was revealed. The refractive indices and extinction

coefficients were extracted from the optical-contrast oscillation for

various thicknesses of SiO2 on a Si substrate. The bandgaps of the

few-layer WS2 were both optically and electrically measured,

indicating high exciton-binding energies. The Schottky-barrier

heights (SBHs) with Au/Cr contact were also extracted, depending

on the number of layers (1�28). From an engineering viewpoint, the bandgap can be modulated from 3.49 to 2.71 eV with additional layers. The SBH can

also be reduced from 0.37 eV for a monolayer to 0.17 eV for 28 layers. The technique of engineering materials' properties by modulating the number of

layers opens pathways uniquely adaptable to transition-metal dichalcogenides.

KEYWORDS: tungsten disulfide . transition-metal dichalcogenide . bandgap . band-alignment . Schottky barrier

A
RTIC

LE



KIM ET AL. VOL. 9 ’ NO. 7 ’ 6854–6860 ’ 2015

www.acsnano.org

6855

The refractive index (n) and extinction coefficient (k)
have beenmeasured for bulk WS2 but not for few-layer
WS2.

23 In the present study, essential materials proper-
ties for the electronic and optoelectronic applications
of mono-, bi-, and trilayer WS2 were measured. The
optical constants (n and k) were precisely obtained
from contrast oscillation, depending on thickness of
the SiO2 on Si substrates. The bandgap of the few-layer
WS2 was electrically measured and, as a result, a large
exciton-binding energy was experimentally estimated.
In particular, its unusually high dependency on the
thickness was discovered: a single layer yields extra-
ordinarily different material properties. In addition,
Schottky-barrier reduction with the thickness was
observed, leading to band alignment for the mono-,
bi-, and trilayer WS2.

24

RESULTS AND DISCUSSION

Location of Few-Layer WS2. The low optical contrast of
2Dmaterials should bemaximized before thematerials
are located by optical microscopy.25�27 Figure 1a
shows the calculation of the contrast of the WS2
monolayer. Similarly to other 2Dmaterials, the contrast
exhibits an oscillation depending on the thickness of
the SiO2 on the Si. While only a positive contrast (flakes
darker than SiO2) is observed for the monolayer
graphene,25 a negative contrast (flakes brighter than
SiO2) is expected for ∼120 nm SiO2/Si, similarly to the
case of h-BN.26 The maximum contrast is more than
double that of monolayer graphene for 600 nm-
wavelength light on 300 nm SiO2, whereas the
minimum-negative contrast is almost 0.1 for 750 nm
light. Therefore, 90 nm SiO2/Si was selected to locate

the few-layer WS2 flakes, as shown in Figure 1b, and
then, the flakes' thicknesswas confirmedby atomic force
microscopy (AFM) and Raman spectroscopy, as shown in
Figure 1b�f. Figure 1c shows a three-dimensional (3D)
mapping measured by AFM. Here, the line profile
confirms that the thickness of the first layer on the
SiO2 measures 0.9 nm, and that of the second and later
layers measures 0.65 nm. The van der Waals force
between the WS2 layers could be stronger than the
force between the WS2 and SiO2; for the former, the
layers' surfaces are atomically flat, and the periodicities
are perfectly matched with each other. This discrep-
ancy could also originate from impurities (N2, O2, Ar,
or H2O) between the SiO2 and WS2.

28 Figure 1e shows
Raman spectra, which are widely used to determine
the number of layers of 2D materials.29�31 While the
A1g peak at 420 cm

�1 has a very small dependence on
the number of layers, the second-order Raman mode
of two longitudinal acoustic phonons at the M point
(2LA(M) at 350 cm�1) is the most prominent fea-
ture.30,32 The intensity ratio of the 2LA(M) peak to the
A1g peak exhibits a clear dependence on the number of
layers.32 The change in this ratio is consistent with the
AFM and previous reports.30

Refractive Index and Extinction Coefficient. The optical
constants (n and k) were precisely obtained as shown
in Figure 2, using the inverse of the process for cal-
culating the contrast oscillation shown in Figure 1a.
Four flakes of the few-layer WS2 were observed on the
90 nm SiO2, whose thicknesses were confirmed as
described in Figure 1. Then, the flakes were transferred
to various thicknesses of SiO2/Si (Supporting Informa-
tion Table S1). The contrast oscillation with respect to

Figure 1. Location of few-layer WS2 and identification of thickness using AFM and Raman spectroscopy. (a) Optical-contrast
map of monolayer WS2 depending on thickness of SiO2 and wavelength of light, with n as 3�3.15 and k as 1.04�0.44,
depending on the wavelength,23 and thickness of the monolayer as 0.65 nm. (b) Optical-microscopy image of WS2 flake on
90 nm SiO2/Si, where scale bar represents 10 μm. (c) 3D AFM image of same flake, where mono-, bi-, and trilayer WS2 are
clearly shown. (d) Linearly fitted thickness ofWS2, where thickness of single layer is 0.69 nm, and first layer has extra thickness
of 0.22 nm. (Inset) Height profile measured using AFM. (e) Raman spectroscopy using 514.4 nm-wavelength laser. (f) 2LA(M)/
A1g(Γ) intensity ratio, where intensity ratio decreases with thickness and is saturated around 0.5 for bulk WS2. Additional
peaks are observed because of the resonance effect.
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the SiO2 thickness is shown in Figure 2b�d, where the
oscillation is fitted to the result with n as 3.09, 3.12, and
3.20 and k as 0.30, 0.39, and 0.53 for themono-, bi-, and
trilayer WS2, respectively (Figure 2e). The increase in
n with the thickness reflects the decrease in the band-
gap (S2).

Bandgap and Exciton-Binding Energy. We now consider
the bandgap of the mono-, bi-, and trilayer WS2. While
the photoluminescence (PL) is widely used to measure
the bandgap of 3D semiconductors,33 its application
to 2D semiconductors requires meticulous care, as
ab initio calculations predict stable excitons with a
binding energy as high as 0.5�1 eV for few-layer
TMDs.10,18,19,34,35 Figure 3a shows the measurement
of the optical bandgap using the PL spectra of the few-
layer WS2. Two peaks are observed in the PL spectra: at
630 nm (2.0 eV) and around 720�810 nm (1.5�1.7 eV).
The peak at 630 nm corresponds to the energy of the A
exciton in WS2,

36 whose peak positions do not clearly

depend on the number of layers. On the other hand,
the other peaks in the range of 1.5�1.7 eV arise from
the indirect bandgap of the few-layer WS2, whose peak
positions clearly depend on the number of layers,
owing to the change in the electronic band structure
as a function of the thickness.37 Figure 3b shows one of
the WS2 devices fabricated to electrically measure the
bandgap andband alignment. Ionic liquid (IL) was used
as the gate dielectric because its capacitance is high
enough to directly extract the bandgap from the ap-
plied gate voltage (Supporting Information Figure S2).38

The transfer characteristics of the representative devices
are shown in Figure 3c. Themono-, bi-, and trilayerWS2
have threshold voltages of �1.42, �1.37, and �1.51 V
for the hole side and 2.07, 1.87, and 1.34 V for the
electron side, respectively, at VD = 100 mV. The differ-
ences between the two threshold voltages correspond
to the bandgaps of 3.49, 3.22, and 2.76 eV for mono-
layer, bilayer, and trilayer WS2 devices, respectively.

Figure 2. Extraction of n and k for few-layer WS2 from their contrast oscillation on SiO2/Si substrates of various thicknesses.
(a) Optical images of few-layer WS2 on 2.9, 90, 141, 180, 220, 252, 281, and 302 nm SiO2/Si substrates (clockwise from upper-
left image) using 620 nm-wavelength bandpass filter, where black, red, and blue dots correspond to mono-, bi-, and trilayer
WS2, respectively, and star, diamond, square, and triangle indicate the four flakes transferred to the various substrates.
(b�d) Measured optical contrasts for mono-, bi-, and trilayer WS2, respectively, on various substrates, along with best-fitted
oscillations (solid lines),25where color and shape symbols have same meaning as in optical images in (a). (e) Extracted n and
k of few-layer WS2.
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Asmentioned earlier, the bandgap ofmonolayerWS2 is
still controversial. Calculated bandgaps span 2.41�
3.11 eV; experimentally measured ones span 2.7�
2.91 eV, excluding initial studies.10,16,17,19,39 While
our measurement of monolayer WS2 is much greater
than themeasurement by two-photon excitation spec-
troscopy along with GW-BSE theory, it is only 10%
greater than self-consistent GW0 calculation for un-
strained WS2 monolayer. Still, more study including
IL-gating method and STS measurement should be
conducted to discover the bandgap of the few-layer
WS2.

21,22

The exciton-binding energy originates from the
Coulomb interaction between the electrons and the
holes of the excitons and therefore was measured
using the difference between the electricallymeasured
bandgap (open squares shown in Figure 3d) and
optically measured exciton energy (solid squares
shown in Figure 3d). Therefore, the upper bound of
the exciton-binding energies for mono-, bi- and trilayer
WS2 is estimated to be as large as 1.52, 1.45, and 1.20 eV,
respectively. These energies not only are far greater
than that of 3D semiconductors (<tens of meV), but
are even greater than that of semiconducting carbon
nanotubes (CNTs) (∼0.4 eV). This originates from 2D
nature of enhanced e�h coupling from the strong
confinement in the few-layer WS2. Therefore, the bind-
ing energy decrease as the number of layers increases.

SBH and Band Alignment. Next, the SBH (ΦB) was
measured between the WS2 (monolayer 1 to 28 layers)
and metal (Au/Cr) both the variable- (Figure 4a�d)
and fixed-temperature methods (Figure 4e).35 For the

former, the I�V characteristics of layered WS2 FETs are
measured at various temperatures (260�380 K). To
derive the saturation current (I0), we use the approx-
imation in eq 1 for qV . kBT.

40

I

I0
¼ eqV=kT � 1 � eqV=kT (∵ qV . kT)

ln(I) ¼ q

kT
V þ ln(I0)

(1)

An intercept, ln(I0), can be extracted from the plot
of ln(I) versus VD, as shown in Figure 4a�c. The SBH is
determined from the slope of ln(I0/T

2) versus 1/T; A* is
from the intercept, as described in eq 2.

I0 ¼ AA�T2e�ΦB=kT

ln(I0=T2) ¼ lnAA� �ΦB

k

1
T

(2)

Themonolayer exhibits the highest slope of 0.36 eV
between the WS2 and Cr/Au contact. As the number of
layers increases, the SBH decreases;0.34, 0.30, 0.27,
0.22, 0.18, and 0.17 eV for 2-, 3-, 5-, 7-, 19-, and 28-layer
WS2, respectively;owing to the increase in the elec-
tron affinities of the WS2 with the thickness.9 A* also
decreases with the number of layers as shown in
Supporting Information Figure S3.

For the latter, the SBHs were extracted from the
diode equation, as shown in eq 3.

ID ¼ AA�e�qΦB=kT (eqVD=kT � 1)
or

ΦB ¼ kT

q
ln

AA�(eqVD=kT � 1)
ID

 !
(3)

Figure 3. Measurement of bandgap ofmono-, bi-, and trilayerWS2. (a) PLmeasurement of few-layer and bulkWS2. (b) Optical
microscopy image of one of the fabricated devices, used to measure electrical properties. Scale bar represents 10 μm.
(c) Drain-current modulation with ionic-liquid (IL) gating to electrically measure bandgap. (d) Electrical and optical bandgaps
of mono-, bi-, and trilayer WS2.
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The difference in the SBH (ΔΦB) between mono-
and few-layer WS2 can be precisely extracted by divid-
ing the diode current of the few-layer WS2 by that
of the monolayer as shown in eq 4, where we com-
pare the drain currents of the mono- and few-layer
WS2 at the same bias voltage using the previously ex-
tracted A*.

Φf:B �Φm:B ¼ ΔΦB

¼ kT

q
ln

Im:D

If:D

Af:D

Am:D

A
�
f:D

A�
m:D

eqVf:D=kT � 1
eqVf:D=kT � 1

 !

¼ kT

q
ln

Im:D

If:D

Af:D

Am:D

A
�
f:D

A�
m:D

 !

(4)

Thus, the ΔΦB values of 2- to 28-layer WS2 are
extracted from Figure 4a as �0.026, �0.056, �0.134,
�0.162, �0.237, and �0.337 eV (Figure 4f). The
measurement of ΦB according to the thickness
yields two important discoveries. First, the band
alignments;the energy difference of the conduc-
tion band or valence band among the few-layer

WS2;were estimated by comparing ΦB values. Sec-
ond, the Schottky barrier was reduced to ∼0.1 eV,
suggesting the possibility of an Ohmic junction for
thick WS2.

CONCLUSION

In conclusion, bandgaps of few-layer WS2 greater
than those from the initial reports8,16,36 were electri-
cally measured: 3.49 eV for the monolayer WS2, 3.22 eV
for the bilayer WS2, and 2.76 eV for the trilayer WS2.
Highly stable exciton states at room temperature were
discovered, whose binding energies are greater than
1 eV. The SBH at the WS2�Au/Cr junction can be
reduced by increasing the thickness of the WS2, from
0.37 eV for the monolayer to 0.17 eV for the 28-layer
WS2. Precisely extracted values for n and k also exhibit
unusual variation with the thickness. This discovery
suggests that the optical and electronic properties
of WS2, or generally TMDs, can be modulated by
changing the number of layers of WS2. Engineering
the material properties according to the number of
layers can be a novel pathway uniquely adaptable to
TMDs.

MATERIALS AND METHODS

Transfer of Few-Layer WS2 to Other Substrates. The WS2 flakes
were transferred using the mechanical-exfoliation method.
After locating the few-layer WS2 flakes, AFM (park systems)
is used to measure the thickness in noncontact mode
under ambient conditions. Then, the flakes were transferred
to other substrates with different thicknesses of SiO2

(2.9�302 nm) by the following steps.41 Optical images were
obtained using a Nikon eclipse LV150 with an optional optical

filter. The intensity of the image was obtained using ImageJ
software.

Raman and Photoluminescence (PL) Measurement. For Raman
and PL measurements, the 514.4 nm (2.41 eV) line of a
diode-pumped-solid-state laser was used as an excitation
source. The laser beam was focused onto the sample by a
50� microscope objective lens (0.8 Numerical Aperture), and
the scattered light was collected and collimated by the same
lens. The scattered signal was dispersed using a Jobin-Yvon
Triax 320 spectrometer (1200 grooves/mm for Raman,

Figure 4. Measurement of SBHs between Cr/Au electrode and WS2 for 1- to 28-layer WS2 at varying temperatures (a�d) and
room temperature (e). Logarithm plot of drain current as a function of drain voltage in (a) monolayer, (b) bilayer, and
(c) trilayer WS2 field-effect transistors. (d) Saturation current of WS2 at various temperatures (260�380 K), where slopes
decrease with thickness, as does SBH, as shown in (f). (e) Schottky current of 1- to 28-layer WS2 at room temperature. (f) Two
methods;fixed and variable temperature;result in barrier heights within errors, except for 28-layer WS2, where ΦB is
distinguishably lower for fixed-temperature method. Although the modeling for the junction with a low barrier, nearly an
Ohmic junction, has yet to be investigated clearly, the large discrepancy in ΦB of the 10-layer or thicker WS2 suggests the
transition from a Schottky to Ohmic junction.
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300 grooves/mm for PL measurements) and detected by a
thermoelectrically cooled, back-illuminated, deep-depletion
charge-coupled device detector. The laser power was
maintained below 0.2 mW to avoid the local heating effect.

Device Fabrication and Electrical Measurement. E-beam lithogra-
phy was used to define the patterns of the electrodes followed
by the development of the patterns using amixture ofMIBK and
IPA (MIBK 1:IPA 3). Using an e-beam evaporator, 20 nm Cr and
then 50 nm Au were deposited in a high vacuum (∼10�6 Torr).
The current�voltage characteristic of the devices was mea-
sured using a Keithley 4200 semiconductor parameter analyzer
in a high vacuum (∼10�6 Torr). The temperature was changed
from 260 to 380 K using liquid nitrogen. Light was blocked
to minimize the photocurrent effect due to the metal�WS2
junction. The IL was a mixture of 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide: [EMIM][TFSI] ionic liquid,
poly(ethylene glycol) diacrylate(PEG-DA) monomer, and 2-hy-
droxy-2-methylpropiophenone (HOMPP) at a ratio of 88:8:4
(w/w).42
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