
FULL PAPER
www.afm-journal.de

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1807338 (1 of 8)

Ohmic Contact in 2D Semiconductors via the Formation 
of a Benzyl Viologen Interlayer

Dewu Yue, Changsik Kim, Kwang Young Lee, and Won Jong Yoo*

The fabrication of a polymeric Ohmic contact interlayer between a metal 
and a 2D material using solution-processed benzyl viologen (BV) is reported 
here. Predoping of the polymer alters the contact surface to obtain electron-
doped materials with ultrahigh work functions that significantly enhance 
the current density across the contact and reduce the contact resistance 
and Schottky barrier height. The fabrication of solution-processed polymeric 
contacts for the preparation of high mobility MoS2, WSe2, MoTe2, and BP 
(black phosphorous) FETs with significantly lowered contact resistance is 
demonstrated. Ohmic contacts are achieved and produce 3-, 700-, 3000-, 
and 17-fold increases in electron mobilities, respectively, when the bottom 
gate voltage is 10 V compared to those respective materials alone. Ambi-
polar and p-type 2D material based FETs could, therefore, be transformed 
into n-type FETs. Most importantly, the devices exhibit excellent stability in 
both ambient and vacuum.
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and this motivates to study 2D interface 
processes formed with metallic electrodes, 
e.g., phase-engineering the graphene 
contacts and edge contacts.[6,9] These pro-
cesses are complex, however, require high 
vacuum, high temperature, or exposure of 
the interfaces to highly energetic plasma 
particles.

Meanwhile, researchers have focused 
on the development of high-performance 
2D semiconductors with pristine charac-
teristics, such as p-type BP contacts with 
aluminum,[8] or n-type MoS2 contacts with 
the low work function metal scandium,[7] 
because p- and n-type field-effect transis-
tors (NFET and PFET) must be integrated 
to prepare complementary 2D-based elec-
tronics. To accomplish this objective, polar 
transitions and the mechanism under-
lying effective carrier injection must be 

explored. And it is obvious that Ohmic contact is very essen-
tial to realize high-performance devices, while BP, WSe2, and 
MoTe2 n-type devices with a high mobility have rarely been 
reported.

Doped polymeric materials that form Ohmic contacts 
have been studied recently in the context of conventional 
semiconductors.[10–13] But, solution-processed polymeric con-
tacts have not been used in 2D semiconductors until now. In 
this work, we propose the use of a polymeric Ohmic contact 
using benzyl viologen (BV) as the interlayer between the metal 
and the 2D material. Low-resistance Ohmic contact MoS2, 
WSe2, MoTe2, and BP transistors were prepared. Predoping the 
buffer layer enhanced electron injection so as to increase signif-
icantly the mobility of the respective devices prepared without 
the interlayer, rendering the high-performance polymeric 
Ohmic contact devices which enabled n-type polar transitions.

2. Results and Discussion

2.1. Matrix of Experiments

In Table 1, we show a list of experiments performed for dif-
ferent 2D materials for various purposes. In order to demon-
strate that our new process can be applied universally to various 
2D materials, we show the basic electronic performance of the 
FET devices prepared by using four typical 2D materials: MoS2, 
WSe2, MoTe2, and BP. Using the obtained electrical charac-
teristics, we wish to explain the carrier transport mechanisms 
in MoS2, MoTe2, and BP, which show n-type, ambipolar, and 

2D Semiconductors

1. Introduction

Transition metal dichalcogenides (TMDs) have graphene-like[1] 
properties, including a relatively high carrier mobility[2,3] and 
good chemical and thermal stabilities, while they are more 
advantageous than graphene in that they provide a sizable  
band gap.[4] However, the development of 2D-based elec-
tronic devices faces significant challenges associated with the 
Schottky barrier (SB) and large contact resistance (Rc) between 
the metals and the materials.[5,6] That is, electrical performance 
of 2D semiconductor devices can be limited by the properties 
of the electrical contact between the electrode and the semicon-
ductor surface, requiring good Ohmic contact. These signifi-
cantly limit the intrinsic transport properties of 2D materials 
in most cases. Achieving Ohmic contacts in 2D semiconductor 
devices requires a contact metal with high and low work func-
tions to inject holes and electrons, respectively, and therefore 
metal work function engineering[7,8] has been studied in 2D 
research groups. However, Fermi level pinning is found to be 
very active typically between the metal and the 2D material, 
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p-type FET respectively. Note that WSe2 and MoTe2 FETs are 
typically known as ambipolar devices.

The original performance of MoS2 devices is typical n-type, 
therefore, we can expect very low contact resistance from them, 
when BV is used as a strong n-type dopant. Furthermore, we 
wish to show details of MoS2 FETs on thickness dependency 
properties, Raman spectroscopy measurement to show the 
BV effects on the surface, and surface analysis by X-ray photo-
electron spectroscopy (XPS) to confirm the BV covered on the 

top. Very importantly, we investigate temporal shifts in I–V and 
I–t characteristics for the purpose of demonstrating the excel-
lent air stability because of BV encapsulation.

2.2. MoS2

Figure 1a,b shows step-by-step schematic diagrams of 2D device 
processing and a final structure with the BV contact which is 
developed here. After transferring the exfoliated materials to 
the substrate, BV was spin-coated under an Ar atmosphere in a 
glove box, then heated on a plate at 100 °C for 10 min to activate 
doping. Figure S1 (Supporting Information) plots the XPS 
results obtained before and after BV treatment, confirming that 
the BV interlayer formed the top layer. Electron beam lithog-
raphy (EBL) and electron beam deposition (EBD) completed the 
preparation of the polymeric contact devices. The transfer curves 
obtained from the polymeric contact and pristine devices are 
shown in Figure 1c with different channel lengths. After doping 
with BV molecule, the characteristic curves changed drastically. 
The gate dependence of current was nearly diminished for the 
same VBG range and the density of electrons can be extracted as
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Table 1. Matrix of experiments.

MoS2 WSe2 MoTe2 BP

I–V properties * * * *

Contact resistance * * * *

Carrier transport mechanism * * * *

Thickness dependency * – – –

Raman spectroscopy * – – –

Surface analysis by XPS * – – –

Temporal degradation * * *

Figure 1. Characteristics of the pristine contact and BV polymeric contact MoS2 devices. a,b) Schematic diagram showing the process of BV polymeric 
contact MoS2 transistor. c) Transfer curves for various channel lengths, collected from pristine contact and BV polymeric contact MoS2 transistors. 
d) Raman spectroscopy mapping image of a single MoS2 flake before and after forming the BV interlayer. e) Raman spectra collected from a pristine 
MoS2 surface and a BV covered surface. Peak shifts in E2g and A1g demonstrated n-doping prior to treating the contact.
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µ=( / )2D ds ch ch BGn I L qW V  (1)

1/ / / /ox D BG ch ch SDC d I d V L W Vµ( )( ) ( ) ( )= × ×  (2)

where Lch and Wch are channel length and width, 
Cox = 1.15 × 10−8 F cm−2 for 300 nm SiO2., q is the electron 
charge, and µ is the field-effect mobility. The extracted values of 
µ and n2D after the BV treatment are 38 cm2 V−1 s−1, 1012 cm−2 
at VBG = −30 V. The pristine MoS2 devices displayed typical 
n-type performances with on and off states, as reported.[7,14,15] 
The MoS2 surfaces in devices prepared with predoped con-
tact regions[16] were compared with those of the doped devices 
using Raman spectroscopy. Figure 1d plots the MoS2 surface 
conditions in the pristine and the BV-treated. The E2g and A1g 
peaks shifted, as shown in Figure 1e, demonstrating n-doping, 
as reported in previous studies.[16,17] n-Doping increased the 
carrier concentration, resulting in the disappearance of the 
off-state.

The polymeric contact devices were characterized by meas-
uring the contact resistance (Rc) as key parameter for exami-
ning the contact properties. We quantified Rc in the polymeric 
contact devices using the transfer length method (TLM).[18–20] 
Figure 2a shows the y-intercept of the linear fit to the total 
resistance as a function of the channel length. The values of 
Rc for both structured devices were extracted. The channel 
lengths were 1, 2, 3, and 4 µm. Figure 2b shows Rc versus the 

back gate voltage measured from the pristine and BV contact 
MoS2 devices, in which Rc was largely reduced. The polymeric 
contact device was characterized as having an Rc = 1.2 kΩ µm 
at VBG = 40 V, significantly lower than the 7 kΩ µm value 
obtained from the conventional device. These results con-
firmed that the BV buffer layer improved the contact condi-
tions and increased hole injection between the metal and the 
2D material. Qualitatively consistent results were observed 
from the BV contact devices prepared with different thick-
nesses. Figure 2c shows Rc obtained from BV polymeric con-
tact MoS2 devices of different thicknesses. The 12 nm thick 
MoS2 devices showed the best contact performance due to 
Thomas–Fermi charge screening and interlayer resistive cou-
pling.[15,21] The experimental information obtained from other 
BV contact devices (#2–7) is presented in Figures S2 and S3 
(Supporting Information).

2.3. WSe2

Furthermore, we check the stability of our BV contact devices. 
Figure 3a,b shows the contact transition from Schottky to 
Ohmic contact in WSe2 devices. The high properties of our 
devices can be maintained in the air after exposure around 
100 h. Figure 3c,d shows transfer and output curves after 
exposure in the air for 100 h, which indicates the excellent air 
stability of our devices.

Adv. Funct. Mater. 2019, 29, 1807338

Figure 2. Rc in MoS2 devices. a) Rc obtained using the TLM method by linear fitting Rtotal versus the channel length. b) Rc versus the back gate voltage 
measured from the pristine and BV contact MoS2 devices in which Rc was largely reduced. c) Rc obtained from BV polymeric contact MoS2 devices of 
different thicknesses.



www.afm-journal.dewww.advancedsciencenews.com

1807338 (4 of 8) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

2.4. MoTe2

The mechanism underlying the carrier transport behavior 
at the metal–semiconductor interface was explored using 
tunneling and thermionic emission data.[22,23] Figure 4a,d 
shows the output curves obtained from pristine and BV con-
tact MoTe2 FETs. Transfer curves can be observed from 
Figure S4 (Supporting Information). As the source–drain bias 
(VS-D) increased, the electron current increased nonlinearly, indi-
cating that a large Schottky barrier formed between the metal 
and the MoTe2 layers. Other devices were tested to confirm 
the high Rc in pristine MoTe2, as shown in Figures S5 and S6  
(Supporting Information). Here, we show Figure 4b,c,e,f, which 
were obtained from the points (b), (c), (e), and (f) of the transfer 
curves in Figure S4 (Supporting Information), respectively. 
The IS-D–VS-D characteristics could be modeled using the Rich-
ardson–Schottky equation, as shown below[18,20,24]
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Here, ϕB is the schottky barrier height (SBH). Figure 4b 
shows that Ln(Id) was linearly related to Sqrt(Vd). The Schottky 
emission was understood as being the main electron transport 
mechanism in the subthreshold region around −10 V. The 
measurement and calculation were conducted from the pris-
tine MoTe2 shown in Figure S4a (Supporting Information). 
The insets show the band diagrams for electron transport, in 
which electrons were not significantly injected from the metal 
to the 2D materials due to the high SBH. The inset in Figure 4a 
shows the pristine structure and the simplified equivalent 

circuit. Here we expect the large coupling length between the 
metal and MoTe2 which is attributed to the strong van der Waals 
capacitance without dangling bonds.[6,25] By contrast, the inset 
in Figure 4d shows the BV contact structure, in which BV pre-
doping occurred on the contact surface, where we expect that 
the high carrier density in the contact surface reduced the car-
rier coupling length, unlike what is observed in a van der Waals 
contact.[10,26] Thus, Rc in our BV contact structure was smaller 
than the corresponding value in a pristine contact structure.

The red line in the inset indicates the band diagram in the 
contact area, and the black circle indicates the carrier type. The 
inset of Figure 4b shows the band diagram for electron trans-
port, in which electrons were not significantly injected from 
the metal to the 2D materials due to the high SBH. However, 
inset of Figure 4e shows increased current injection between 
the metal and MoTe2, caused of predoping occurred in the 
BV contact region. A low current level of around 10−9 A for 
electrons was measured, as shown in Figure 4a, consistent 
with Figure S4a (Supporting Information). Electron and hole 
transport branches in both contacts are shown in Figure S4a 
(Supporting Information). The BV-contacted MoTe2 devices 
displayed a comparable transport performance, as shown in 
Figure 4d. The linear characteristics in the output curve indi-
cated Ohmic-like behavior. The presence of direct tunneling 
was supported by fitting a linear model to a plot of ln(Id/Vd

2) 
versus ln(1/Vd), indicating lower values of Rc and the SBH. 
Differences in the band diagrams are shown in the insets of 
Figure 4b,e, respectively. Predoping occurred in the BV con-
tact region, which increased current injection between the 
metal and MoTe2. The current level was increased to 10−6. In 
short, electron transport proceeded through the high SBH in 
pristine MoTe2 FETs via Schottky emission. However, with the 
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Figure 3. Ohmic contact and excellent air stability of WSe2 devices. a) Schottky contact can be clarified from the output performance. b) By using the 
BV polymer contact, Ohmic contact were achieved in WSe2 devices. Panels (c) and (d) show excellent air stability after exposure in the air around 100 h.
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help of polymeric BV contact, a large number of electrons were 
injected from the metal into the materials, resulting in direct 
tunneling.

The hole transport mechanism differed from the elec-
tron transport mechanism in the pristine MoTe2 devices. 
While electrons were transported through the high SBH, holes 
were transported via direct tunneling under the high back gate 
voltage. Direct tunneling in the electron transport branch was 
demonstrated in Figure 4c, as shown in the inset band diagram. 
Electrons could only pass easily through the barrier under appli-
cation of a high gate bias to the pristine MoTe2 devices if direct 
tunneling was activated. Direct tunneling occurred in the BV 
contacted devices. A current up to 10−6 A could be obtained, as 
shown in Figure S4 (Supporting Information), unlike the low 
current measured in pristine MoTe2 devices. Direct tunneling 
was observed, as shown in Figure 4f. The current increased by a 
factor of 30 compared to the current in the pristine device. These 
results confirmed that the BV interlayer contact underwent pre-
doping, which increased the carrier density. In the meantime, 
both Rc and SBH were reduced, indicating a shift in the carrier 
transport from Schottky emission to direct tunneling.

2.5. BP

The changes in the surface conditions were characterized by 
preparing more BP transistors with BV contacts. Pristine BP 
FETs show p-type behavior due to atomic defects in the pristine 
BP.[27] We attempted to create polymeric BV contacts between 
the metal and BP to further study the predoping effects on the 
Fermi-level pinned surface. With the help of the BV interlayer, 
we readily modulated the pristine p-type BP transistors to obtain 

typical n-type behavior. Figure 5a plots the band diagram in the 
pristine state of the BP transistor. Figure 5b shows the transfer 
curve, which were collected from the pristine BP devices shown 
in the inset. In order to show the effect of our BV contact 
devices, two sets of devices were prepared to explore the carrier 
transport mechanism. The insets of Figure 5b,f show two dif-
ferent devices: a pristine BP device and a BV contact BP device, 
respectively. Then, we use BV to cover the channel region of 
two set devices. Figure 5a,c show the band diagram of the struc-
ture without BV contact before and after BV covering, which is 
corresponding to the performance of Figure 5b,d. Another set 
of the BV contact devices was interpreted by Figure 5e,g before 
and after BV covering. The corresponding results were shown 
in Figure 5f,h.

When we compare I–V characteristics of the pristine BP 
FETs shown in Figure 5b and those of the doped BP FETs 
shown in Figure 5d, we can clearly get the different current 
level in both electrons and holes branches. In pristine state, 
the holes transport easily, however, electrons flow with diffi-
culty, as shown from the band diagram of Figure 5a. So, the 
hole current level is high whereas electron current level is low, 
indicating the typical p-type performance. When BV is doped 
on the surface, it supports more electrons to BP, so the Fermi 
level shifts up near to middle position of the bandgap of BP, as 
shown in Figure 5c. The holes transport less than pristine state, 
leading to the decrease of the maximum current. Electrons 
transport more than pristine, so the maximum electron current 
increases, resulting in the ambipolar performance shown in 
Figure 5d. BV doping of the channel region only converted the 
pristine BP device from a p-type device to an ambipolar device 
because BV doping occurred at the surface of the channel 
region.[16,28] By contrast, BV doping of the polymeric BV contact 
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Figure 4. Output behavior and switching mechanism for the BV polymeric contact MoTe2 device. a,d) Output curves collected from pristine and BV 
contact MoTe2 FETs. Comparable Ohmic-like transport behavior was obtained from the BV contact transistor. The insets show the device structure and 
the equivalent circuit. b,e) Linear fits of the Schottky emission and direct tunneling, as a function of the output curves obtained from the pristine and 
BV contact devices, respectively. The corresponding band diagrams in the contact area are shown in the inset. c,f) Linear fits of the direct tunneling of 
electron transport in both cases. In the BV contact devices, the electron current was much higher than in the pristine device, indicating that BV induced 
more electron injection. The corresponding band diagrams of the contact area are shown in the inset.
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device produced very different behavior. The p-type BP devices 
were converted to n-type with the help of n-type predoping on 
the contact surface. Figure 5h shows typical n-type behavior 
observed in our BV contact BP devices. The different transitions 
are shown in Figure 5a,e, and c,g. Figure 5a shows the band 
diagram of the pristine BP device, in which the Fermi level was 
aligned near the valence band, showing typical p-type behavior. 
When the BP surface is doped with BV, BV provides more elec-
trons to BP, shifting the Fermi level up near to middle posi-
tion of the bandgap, as shown in Figure 5e. Figure 5c shows 
the state when BV covers the surface of pristine BP. Figure 5d 
shows the corresponding ambipolar performance after the BP 
surface is doped with BV. By contrast, the BV contact intro-
duced n-doping in the contact region, which induced more 
electron injection. A contact structure consisting of metal, BV, 

and BP aligned the Fermi level near the middle of the bandgap, 
consistent with previous studies.[10,16,29,30] Figure 5e shows the 
band diagram of the BV contact structure. Application of BV 
dopants to the channel regions in both cases produced different 
behaviors: the Fermi levels were upshifted to the conduce band. 
The different surface conditions in the BV contact BP devices 
raised the Fermi level near the conduction band, displaying 
n-type behavior. Figure 5c,g shows the different band diagrams 
in both cases after BV treatment. In Figure S8 (Supporting 
Information), we further analyze how the gate voltage of cur-
rent minimum is shifted by the contact and channel doping for 
deep understanding.

The band diagram, Rc, and SBH were quantitatively ana-
lyzed. Figure 5a shows the band diagram in the absence of a 
BV contact. The band diagram of a device prepared with a BV 

Figure 5. Comparison of band diagrams and transfer curves of BP FETs with BV doping. a,b) Band diagram and transfer curve of the pristine BP 
device. e,f) Band diagrams obtained from the pristine and BV contact devices in which predoping effects increased the Fermi level near the conduce 
band. Panels (c) & (d) and (g) & (f) show band diagrams after BV treatment in both cases. Because predoping was applied to the contact region, the 
Fermi level could be easily tuned near the conduction band, corresponding to panels (d) and (h). Panels (d) and (h) show the ambipolar and typical 
n-type behavior of the BP FETs.
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interlayer contact, as shown in Figure 5e, was distinct. Based 
on our previous explanation, EFn1 − Ev1 < EFn2 − Ev2, where EFn1 
is the Fermi level in Case A, Ev1 is the valence band in Case A, 
EFn2 is the Fermi level in Case C, and Ev2 is the valence band in 
Case C. The pristine structure is labeled Case A here, and the 
polymeric BV contact structure is labeled Case C. The Fermi 
level at the metal–BP interface was pinned near the valence 
band, resulting in a large Schottky barrier for hole transport. 
The barrier could be described as[31]

Ø Ø Ø 1gs m s 0 gsλ χ λ( )( )= − + −  (4)

where λgs is the gap states parameter, Øm is the metal work 
function, χs is the electron affinity of the semiconductor, and  
Ø0 is the charge neutrality position. The barrier height 
could not be efficiently modulated by varying the work func-
tions of the contact metals due to Fermi level pinning of the 
metal-to-TMD interface.[27,32] Surface modulation and an 
interlayer contact were required. In the pristine BP devices 
prepared without a BV interlayer contact, it was harder for 
the holes to inject from the metal to the semiconductor 
because the thermionic current exponentially decreased with 
increasing barrier height. The Fermi level alignment decreased 
the SBH in the BV interlayer contact devices relative to the 
value in the pristine device: ØB2 < ØB1. Because the Schottky 
barrier is closely related to Rc, log(Rc) ∝ SBH, Rc between the 
metal and semiconductor was necessarily small[18] when SBH 
was small. Once the tunneling current dominated the current 
through the metal–semiconductor junction, electron injection 
through the barrier became easier. As a result, Rc decreased 
significantly after the BV interlayer contact was formed. The 
molecular interlayer contact is likely to be applicable to other 
TMDs as long as chalcogenide element vacancies are present. 
In short, the BV interlayer contact modulated the surface con-
ditions to predope the BP FETs, and both Rc and SBH were 
largely reduced.

2.6. Comparison of Mobilities of 2D Devices before  
and after BV Doping

It is obvious that large Rc and Schottky barrier limit the elec-
trical performances of 2D materials in contact with a metal. 
The surface conditions were, therefore, modulated and con-
tact engineering was implemented to achieve high-perfor-
mance 2D FETs. In this work, a polymeric BV contact between 
the metal and the 2D materials reduced Rc and the SBH in 
the MoS2, WSe2, MoTe2, and BP FETs. Figure 6 compares the 
mobilities in the MoS2, MoTe2, and BP devices in normal and 
polymeric contact structures. The mobilities were obtained 
according to Equation (2). The transistor characteristics of 
MoS2, WSe2, MoTe2, and BP are shown in Figures 1 and 3, 
and Figures S4 and S5 (Supporting Information), respectively. 
Based on the transistor characteristics, we plotted Figure 6. 
BV treatment enhanced the mobility by factors of 3, 700, 3000, 
and 17 at VBG = 10 V and 4, 20, 16, and 13 at VBG = 40 V 
for the MoS2, WSe2, MoTe2, and BP polymeric contact FETs, 
respectively.

3. Conclusion

We demonstrated that the BV polymeric contact between the 
metal and 2D materials reduced Rc and the SBH. Carrier trans-
port in the 2D FETs was enhanced by BV predoping, resulting 
in significant increases in electron mobilities for all the tested 
MoS2, WSe2, MoTe2, and BP devices. A transition from Schottky 
emission to direct tunneling was observed in the chemically 
surface-engineered devices. Air stability performance was dis-
covered in our devices. A quantitative analysis of the band dia-
gram, Rc, and SBH, revealed that predoping of the BP FETs 
induced n-type behavior from p-type devices. We successfully 
fabricated a simple and stable polymeric contact structure that 
displayed excellent device characteristics for future applications 
in complementary electronic transistors.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
This work was supported by the Global Research Laboratory (GRL) 
Program (2016K1A1A2912707) and Global Frontier R&D Program 
(2013M3A6B1078873), both funded by the National Research 
Foundation of Korea (NRF).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
2D semiconductors, benzyl viologen interlayers, contact resistance, 
mobility engineering, unipolar transistors

Received: October 17, 2018
Revised: December 7, 2018

Published online: January 2, 2019

Figure 6. Increases in the mobilities of the 2D MoS2, BP, MoTe2 and 
WSe2 devices. Significant increases in electron mobilities were observed 
for the MoS2, BP, MoTe2, and WSe2 devices prepared with BV contacts, 
compared to without them.
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