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dichalcogenides (TMDs) have emerged as 
promising candidates for future nanoelec-
tronics owing to their ultrathin structure, 
high intrinsic carrier mobility, and high 
on/off current ratio.[6–8] Among the known 
TMDs, tungsten disilfide (WS2), which 
exhibits a transition from an indirect 
(1.4 eV) to a direct (2.1 eV) bandgap when 
cleaved into a monolayer,[9] is a promising 
candidate for electronic device applica-
tions. WS2 also exhibits strong spin-orbit 
interactions, which enable spintronics and 
valleytronics.[10] Recently, several FETs fab-
ricated with WS2 as the channel material 
have performed low contact resistance and 
high field-effect mobility.[11–13]

A current challenge in achieving high-
quality electronic devices is the contact 
resistance, which reduces the mobility as 
the Schottky barrier formation for charge 
injection significantly degrades the per-
formance of devices. The formation of 
a large Schottky barrier and Fermi level 
pinning have been attributed to various 

metal–TMD interactions.[14,15] Therefore, an effective tech-
nique for reducing the contact resistance requires the forma-
tion of metal-insulator-semiconductor (MIS) contacts through 
the inclusion of an ultrathin tunneling insulator layer[16–21] at 
the metal–TMD interfaces. For instance, the performance of 
MoS2 transistors has been enhanced with the incorporation of 

Transition metal dichalcogenides (TMDs) are of great interest owing to their 
unique properties. However, TMD materials face two major challenges that 
limit their practical applications: contact resistance and surface contamina-
tion. Herein, a strategy to overcome these problems by inserting a mono-
layer of hexagonal boron nitride (h-BN) at the chromium (Cr) and tungsten 
disulfide (WS2) interface is introduced. Electrical behaviors of direct metal–
semiconductor (MS) and metal–insulator–semiconductor (MIS) contacts with 
mono- and bilayer h-BN in a four-layer WS2 field-effect transistor (FET) are 
evaluated under vacuum from 77 to 300 K. The performance of the MIS con-
tacts differs based on the metal work function when using Cr and indium (In). 
The contact resistance is significantly reduced by approximately ten times 
with MIS contacts compared with that for MS contacts. An electron mobility 
up to ≈115 cm2 V-1 s-1 at 300 K is achieved with the insertion of monolayer 
h-BN, which is approximately ten times higher than that with MS contacts. 
The mobility and contact resistance enhancement are attributed to Schottky 
barrier reduction when h-BN is introduced between Cr and WS2. The depend-
ence of the tunneling mechanisms on the h-BN thickness is investigated by 
extracting the tunneling barrier parameters.
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1. Introduction

In recent years, 2D materials have attracted significant atten-
tion owing to their unique properties and potential in various 
nanoelectronic applications such as field-effect transistor 
(FETs)[1–3] and logic circuits.[4,5] Among them, transition metal 
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a single-atom-thick h-BN as the tunneling layer. With this MIS 
structure, the Schottky barrier was considerably lowered from 
158 to 31 meV, and a low contact resistance was achieved.[16] 
Recently, the contact resistance of p-type MoTe2 was improved 
by covering it with monolayer WS2 to form tunneling con-
tacts.[22] Among these insulating layers, h-BN is more advanta-
geous as it can hinder the interface states that cause Fermi level 
pinning by breaking the metal–TMD contacts and can reduce 
the work function of the transitional metal.[17]

In this study, we investigated the effect of the metal work 
function on the performance of MIS-structured few-layer WS2 
transistors using Cr and In as electrodes. We also compared 
the dicrect metal-semiconductor (MS) and MIS contacts of 
the devices by inserting mono and bilayer h-BN as tunneling 
barriers at the metal–WS2 interfaces. The electrical character-
istics of the few-layer WS2 FETs were evaluated at tempera-
tures ranging from 77 to 300 K. In particular, the MIS contacts 
of the Cr electrodes and the monolayer h-BN tunneling bar-
rier showed remarkably high mobility. This improvement was 
attributed to the insertion of the single-atom-thick h-BN layer, 
which can lower the Schottky barrier height (SBH). Moreover, 
the electrical properties of MIS contacts with mono and bilayer 
h-BN thicknesses were compared to clarify the effect of h-BN 
on the device performance in terms of mobility, contact resist-
ance, and tunneling barrier.

2. Results and Discussion

Figure 1a shows a schematic and false-colored scanning elec-
tron microscopy (SEM) image of the MIS-structured FET. The 

WS2/h-BN heterostructure was transferred on a Si wafer cov-
ered with a 285-nm-thick SiO2 film. WS2 is the channel material 
of this device, whereas monolayer h-BN serves as a tunneling 
barrier between the metal and WS2. Conventional mechanical 
exfoliation was performed to obtain multilayer WS2 and mono-
layer h-BN flakes on SiO2/Si substrates. The layers were then 
stacked using the dry transfer method in an argon (Ar) glove 
box, and electrodes were deposited using an electron-beam 
evaporator. The detailed fabrication process for the MIS-struc-
tured devices is illustrated in Figure S1 (Supporting Informa-
tion). An optical microscope image of the MIS-structured FET 
with Cr electrodes is shown in Figure S2 (Supporting Informa-
tion). The Raman spectra of the few-layer WS2 and monolayer 
h-BN are shown in Figure 1b,c, respectively. The Raman spec-
trum of WS2 exhibits two peaks: the E2g

1  peak at ≈349 cm–1, 
which corresponds to the in-plane vibrational motion of atoms, 
and the A1g peak at ≈416 cm–1, which is attributed to the out-of-
plane vibrational motion of the atoms. The findings thus con-
firm the presence of WS2 in the exfoliated flakes.[23] By contrast, 
the Raman peak at ≈1370 cm–1 observed in Figure 1c is associ-
ated with the monolayer h-BN.[24] The thicknesses of WS2 and 
h-BN were verified through atomic force microscopy (AFM), 
as shown in Figure  1d,e. The thickness of the WS2 flake is 
4.2 nm, confirming that it comprises four layers, whereas that 
of the h-BN flake is 0.51 nm, indicating that it is a monolayer.[17] 
The optical microscope image and AFM characterization of the 
device with In electrodes are demonstrated in Figure S3 (Sup-
porting Information). In our study, two-terminal measurements 
were performed in a high-vacuum probe station at pressures 
below 20 mTorr and at various temperatures to study the elec-
trical behavior of the MIS-structured device.
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Figure 1. a) Schematic and false-color SEM image of the MIS-structured device with monolayer h-BN as the tunneling layer. b,c) Raman spectrum of 
the few-layer WS2, h-BN/WS2 heterostructure (b) and monolayer h-BN (c) corresponding to the three points in the false-color SEM image. d,e) AFM 
characterization of WS2 and h-BN, respectively.
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Figure 2 shows the two-terminal current–voltage (I–V) char-
acteristics of the MS and MIS contacts with In and Cr at var-
ious gate biases. Based on the output characteristics of contacts 
with In electrodes presented in Figure  2a,b, the MS contacts 
exhibit ohmic behavior, whereas the MIS contacts show non-
linear behavior owing to the back-to-back Schottky diode-like 
structure. In contrast, when Cr is deposited as the electrodes, 
the MS contacts behave as Schottky contacts, indicating the 
formation of SBH between WS2 and Cr (Figure 2c). Moreover, 
the MIS contacts behave as ohmic contacts with a higher cur-
rent than that observed for the MS contacts, thus confirming 
their superior quality (Figure  2d). To explain these electrical 
characteristics, schematic band diagrams were plotted for 
each I–V curve. Assuming that the electron affinity of WS2  
(χWS2) equals 4.4  eV,[25] the work functions of In (ΦIn) and Cr 
(ΦCr) are 4.12 and 4.5 eV, respectively.[26] When In is deposited 
onto WS2, there is no oxidation or indium sulfide formation, 
distortions, or strain at the metal–semiconductor interface or 
within the 2D TMD materials; thus, defect-induced gap states 
can be avoided.[27] Ohmic-like transport is observed as a result 
of the strong density of in-gap states in the case of MS con-
tacts with In electrodes.[28] However, when monolayer h-BN is 
inserted, there is a gap between In and WS2, which results in 
SBH formation. Due to the occurrence of the SBH and the tun-
neling resistance of the h-BN, the performance of MIS contacts 
with In electrodes degrades and exhibits nonlinear behavior. 
In the case of Cr electrodes, the metal electron wave function 
penetrates the semiconductor at the MS junction, in accord-
ance with the metal-induced gap states (MIGS) theory.[29,30] It 
charges the interface states of the semiconductor, forming a 
high Schottky barrier. When a thin h-BN layer is inserted, it 
attenuates the metal electron wave function prior to penetrating 
the semiconductor, which reduces the SBH. This single-atom-
thick h-BN can improve the possibility of quantum tunneling. 
Another mechanism for the reduction in the SBH is the dipole 
formation at the h-BN/WS2 or Cr/h-BN interfaces. The dipole 
at the interface of h-BN and WS2 results from the difference in 

charge neutrality levels between h-BN and WS2. The dipole at 
the Cr/h-BN interface is formed by the charge transfer between 
the Fermi level of Cr and charge neutrality of h-BN. Interfa-
cial dipoles of opposite polarity prevent the intrinsic Fermi 
level from moving toward the charge neutrality level and neu-
tralize the charges at the interface, leading to a reduction in the 
SBH.[21,31] Therefore, the MIS contacts with the Cr electrodes 
exhibit superior performance as opposed to the same contacts 
using In electrodes and the MS contacts with Cr electrodes. 
This observation is attributed to the removal of defect states at 
the MS interface.

The contact resistance of MIS contacts is mainly defined 
based on the tunneling resistance and Schottky barrier.[21,31–33] 
The SBH can be lowered by inserting an ultrathin h-BN, but 
this increases the tunneling resistance. A thick h-BN results 
in significant tunneling resistance, which decreases the cur-
rent flow. To determine the optimal h-BN thickness, the device 
performance at different h-BN thicknesses was evaluated at 
various temperatures using the transfer curves and extracted 
SBHs presented in Figure 3. As illustrated in Figure 3a–c, the 
transfer curves of the device are typical of n-type WS2. As the 
temperature decreases from 300 to 77 K, the current reduces 
significantly, which means that the decrease in the charge car-
rier is due to a reduction in the thermal energy. Moreover, with 
the insertion of h-BN, the on/off ratio of the device is improved 
compared to that of the MS contacts (Figure S4, Supporting 
Information). The superior performance of MIS contacts is 
a consequence of the reduced effects of tungsten and sulfide 
vacancies in WS2 when an h-BN tunneling layer is inserted into 
the junction between Cr and WS2.

To further understand the SBH of the contact, Arrhenius plots 
(Figure S5, Supporting Information) were studied and used to 
extract SBH (ΦB). In a Schottky barrier device, the current in the 
subthreshold region is mainly defined by the thermally assisted 
tunneling and thermionic emission current.[34–36] In accord-
ance with the thermionic theory, when the gate bias is below  
the flat-band voltage, the current can be described as follows
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Figure 2. Output characteristics of the MS and MIS contacts with monolayer h-BN. a–d) Top panel: ID–VD curves of MS and MIS contacts with In (a,b) 
and Cr (c,d) electrodes at 300 K under different gate biases, respectively. Bottom panel: energy band diagrams for each type of contact. In the case of In 
electrodes, the MS contacts behave as ohmic contacts whereas the MIS contacts show nonlinear behavior owing to the SBH formation and tunneling 
resistance of the h-BN. In the case of Cr electrodes, the SBH is significant because of the MIGS penetration, but when a monolayer h-BN is inserted, 
the SBH is reduced because of the minimization of MIGS penetration and dipole formation.
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where ID is the current through the device, A*
2d is the 2D 

equivalent Richardson constant, T is the absolute tempera-
ture, q is the charge of an electron, kB is the Boltzmann con-
stant, and VD is the applied drain-to-source bias of 0.1 V.[19,35,36] 
When the gate bias (VG) is smaller than the flat-band voltage 
(VFB), the current through the device is dominated by the ther-
mionic emission current. When VG is higher than VFB, both 
components contribute to the current flow, which is not con-
sidered in thermionic emission theory. This results in a non-
linear behavior. When VG equals VFB, ΦB can be accurately 
extracted from the slope, because the thermally assisted tun-
neling current becomes negligible. Therefore, to accurately 
determine ΦB based on the thermionic emission theory and 
diode (Equation  1), ΦB must be determined under the flat-
band voltage condition (VG = VFB). ΦB was initially plotted as 
a function of the gate voltage for different h-BN thicknesses, 
as shown in Figure 3d–f. As VG increases above VFB, the tun-
neling current component dominates, and the plot deviates 
from its linear relationship. Therefore, the accurate ΦB value 
obtained under flat-band voltage conditions for the MS contacts 
is 40.85 meV (Figure 3d). The ΦB values of the MIS contacts are 
20.99 and 24.17 meV for the mono and bilayer h-BN, respec-
tively, which are twice lower than those of the MS contacts 
(Figure 3e,f). These findings indicate that the insertion of h-BN 
reduces the SBH of the device.

For an in-depth comparison of the electrical properties of 
MS and MIS contacts, the field-effect mobility μFE was obtained 
using the following equation:
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where Cox is the oxide capacitance of 12.1 nF cm−2, W and L are 
the channel width and length of the device, respectively, gm is 
the transconductance, defined as dID/dVG and VD is the applied 
drain voltage of 0.1  V. As illustrated in Figure 4a, the mobili-
ties of the contacts with mono and bilayer h-BN were extracted 
from 77 to 300 K. The temperature dependence of the mobility 
can be described by the power law μFE ≈ Tγ, which indicates a 
difference in the electron transport mechanism. The mobility 
curves of all the contacts show similar trends and a consistent 
dependence on temperature. The value of the exponent γ was 
determined to be 1.87 for the MS contacts, 2.79 and 2.75 for the 
MIS contacts with mono and bilayer h-BN, respectively. Inter-
estingly, the mobility of the MIS contacts with monolayer h-BN 
was approximately ten times and three times higher than the 
MS and MIS contacts with bilayer h-BN, respectively, at every 
investigated temperature. The highest mobility of the MIS 
contacts with monolayer h-BN was 115.69 cm2 V–1 s–1 at 300 K. 
Moreover, In, a metal with a low work function, was used to 
investigate the effect of the work function of metals on the per-
formance of the device (Figure S6a,b, Supporting Information). 
The device with In shows a nonlinear behavior due to its back-
to-back Schottky diode-like structure, which results in a low 
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Figure 3. a–c) Temperature dependence of transfer characteristics of MS and MIS contacts with mono and bilayer h-BN. The transfer curves were 
recorded by sweeping the gate voltage while applying a fixed drain voltage VD = 0.1 V and measuring the drain current at different temperatures varying 
from 77 to 300 K. d–f) Extracted SBHs for different back gate biases when h-BN comprises zero, one, and two layers, respectively. The pink region 
indicates that the thermionic emission current is dominant, whereas the thermally assisted tunneling current dominates the blue region.
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mobility of ≈1.44 cm2 V–1 s–1 at 300 K (Figure S6d, Supporting 
Information). To understand the change in contact resistance 
due to the insertion of h-BN, the contact resistance owing to 
the MS and MIS contacts was evaluated using the Y-function 
(Ghibaudo) method,[37,38] as described in detail in the Sup-
porting Information. By using this method, the contact resist-
ance can be calculated accurately from two-terminal electrical 
measurements, as presented in Figure  4b. With monolayer 
h-BN, the contact resistance significantly reduced from 1.83 to 
0.18 MΩ μm and from 35.96 to 4.82 MΩ μm at 300 and 77 K, 
respectively. In the case of MS contacts, the contact resistance 
was dominated by the Schottky barrier. Introducing an ultrathin 
h-BN as a tunneling layer can reduce the Schottky barrier while 
maintaining low tunneling resistance owing to the atomic 
thickness. However, the contact resistance for the bilayer h-BN 
MIS contacts varied in the range of 1.19–15.89 MΩ  μm when 
the temperature decreased from 300 to 77 K; the contact resist-
ance was larger than that observed for monolayer h-BN. The 
change in the contact resistance was ascribed to the increase in 
tunneling resistance. In the case of thick h-BN layers, tunneling 
resistance plays a significant role and consequently dominates 
the measured contact resistance. Therefore, the monolayer 
h-BN is the most appropriate for MIS contacts to enhance the 
electrical properties of the devices.

Moreover, to gain further insight into the transport charac-
teristics of the four-layer WS2 with the MS and MIS contacts, 
we used the direct tunneling (DT) and Fowler–Nordheim tun-
neling (F–N) models. Although electrons are expected to be 
thermally excited to overcome the Schottky barrier owing to 
the thermionic emission mechanism, DT is more dominant 
at lower temperatures for an ultrathin barrier. In F–N, which 
mainly occurs at high biases, electrons can tunnel through a 
triangular shape of the barrier.[39] DT can be described as[40,41]

I
Aq V m

h d
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d m
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D

π= Φ − Φ
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where A is the electrical contact area, d is the barrier width, h 
is Planck’s constant, m* is the effective mass of an electron in 
the WS2 flake (0.33 mo,[42] where mo is the rest mass), and ΦB is 
the SBH.

F–N is described as[40,41]
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All the contacts exhibit a logarithmic relationship, which 
indicates that DT becomes significant in the devices, as 
shown in Figure S7 (Supporting Information). DT illustrates 
a linear behavior when ln(ID/VD

2) is plotted as a function of 
ln(1/VD) (Figure S7d–f, Supporting Information). In addition, 
there is no indication of the F–N mechanism, because F–N 
generally occurs at higher bias voltages. By following Equa-
tion 3, the barrier parameter (d ΦB ) can be determined from 
the fitting equation for DT (see Supporting Information). The 
tunneling barrier heights of the MS and MIS contacts are 
demonstrated in Figure 4c. The barrier parameter of the MS 
contacts was in the range of 0.10–0.11 meV−1/2 nm when the 
temperature decreased from 300 to 77 K. The barrier para-
meter of the MIS contacts was lower than that of the MS con-
tacts; it varied in the range of 0.08–0.09 and 0.09–0.10 meV−1/2 
nm for mono and bilayer h-BN, respectively, when the tem-
perature decreased from 300 to 77 K. From the above result, it 
is evident that the barrier parameter of the tunneling contacts 
is below that of the WS2 direct contacts at all temperatures, 
signifying that the insertion of h-BN prevents the forma-
tion of an interfacial barrier layer at the junction and lowers 
the SBH. However, the tunneling barrier of bilayer h-BN is 
higher than that of the monolayer h-BN, because a thicker 
h-BN yields a more significant barrier and tunneling resis-
tance. Therefore, monolayer h-BN is the most appropriate 
thickness to achieve a high-performance MIS-structured  
device.

To further investigate the effects of h-BN, we fabricated MIS-
structured devices with Cu (Φ = 4.7 eV) and Pd (Φ = 5.12 eV). 
The electrical characteristics of these devices are presented in 
Figure S8 (Supporting Information). Figure  5 demonstrates 
a comparison of the extracted SBHs (Figure  5a) and contact 
resistance (Figure  5b) of the MS and MIS contacts with dif-
ferent metal electrodes. In the case of Cr, Cu, or Pd, the SBH 
is reduced by the insertion of h-BN owing to the minimiza-
tion of MIGS penetration and dipole formation as discussed 
above, which results in a lower contact resistance of MIS con-
tacts compared to MS contacts. On the other hand, when In 
is used as an electrode, the electrical behavior of the MS and 
MIS contacts is opposite to that of the other metal electrodes 
because of the SBH and h-BN tunneling resistance. Therefore, 
depending on the metal work function, the MIS strategy can 
bring benefits or drawbacks to the contact quality. The exist-
ence of an additional insulating layer at the contact may not 
be favorable because it provides an additional barrier and tun-
neling resistance.

Small 2022, 2105753

Figure 4. Temperature dependence of a) mobility, b) contact resistance, and c) DT barrier of the device with MS and MIS contacts with mono and 
bilayer h-BN.
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3. Conclusion

In summary, we performed a comprehensive study on 
improving the electron mobility and contact resistance of four-
layer WS2 transistors by introducing monolayer h-BN as a tun-
neling layer between WS2 and Cr. Because the improvement 
of MIS-structured devices is dependent on SBH reduction, 
we studied the related mechanism and calculated the SBH for 
each contact. In addition, we compared the barrier parameters 
of the MS and MIS contacts with mono and bilayer h-BN to 
explain how h-BN improves the device performance. Our study 
provides an opportunity to understand the mechanism of SBH 
reduction, which can support the investigation of the electrical 
properties of TMD materials, in addition to improving the fun-
damental transport properties and enabling the realization of 
novel electronic device applications.

4. Experimental Section
Mono and Bilayer Tunneling Barrier WS2 FET Fabrication: During the 

preparation, 1 cm2 SiO2 (285  nm)/Si substrates were cleaned with 
an ultrasonic cleaning machine for 10  min in acetone and isopropyl 
alcohol, respectively. Multilayer WS2 flakes were mechanically 
exfoliated from bulk crystals (2D Semiconductors, Inc.) onto a SiO2/Si 
substrate. By using an exfoliation machine designed in the laboratory, 
the temperature, pressing force, and exfoliation time were controlled 
appropriately to obtain monolayer and bilayer h-BN from bulk crystals 
grown at the National Institute of Materials Science and Technology 
in Japan. The thicknesses of WS2 and h-BN were determined using an 
optical microscope, and then verified through atomic force microscopy. 
The dry transfer method was followed in an Ar glove box to stack the 
WS2/h-BN heterostructure on the SiO2/Si substrate. The next step was 
patterning via electron-beam lithography and deposition via electron-
beam evaporation (Korea Vacuum Tech. KVT-2004). The chosen metals 
for the electrodes were In or Cr and Au with a 10 nm:30 nm ratio. After 
device fabrication, the sample was annealed at 150 °C in Ar gas for 2 h 
(Nextron RTP-1200).

Device Characterization: Raman spectroscopy was performed 
to characterize the flakes by using a 532  nm laser under ambient 
conditions. The thicknesses of the WS2 and h-BN flakes were verified 
using AFM. The electrical properties of the device were evaluated under 
vacuum using a Keithley 4200-SCS parameter analyzer. The temperature 
was controlled using liquid nitrogen and a Hot Chuck controller MST-
1000H. The electrical data of the device was recorded using the Star 
Sagittarius program.
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from the author.
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