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Abstract
It becomes clear that, in two-dimensional (2D) materials-based devices, sheet resistances
underneath electrodes change due to a metallic contact, leading to substantial errors in
determining a transfer length. Thus, the extraction of transfer length and corresponding contact
resistivity must be revisited to assess the performance of 2D devices. In this study, we present the
three different approaches of determining the contact resistivity in 2DWSe2 field effect transistors
for the first time by theoretical analysis using the resistive network model as well as electrical
measurements using the contact-end resistance and transfer length methods, based on the
followings: (a) contact resistance multiplied by transfer length (RcfW · LTk), (b) integrated contact

resistance (
L
∫
0
R(x) ·Wdx), and (c) contact resistance raised to a constant power (RcfW)α). These

different extraction methods give rise to almost identical transfer length and contact resistivity,
validating our model and its accuracy from the results obtained by using various contact metals
and plasma doping conditions. This work serves as a foundation for future research on the
determination of physical parameters responsible for the carrier transport at the metallic contact
interface in 2D semiconductor devices.

List of physical quantities

Rsk Sheet resistance under metal,
Rsh channel sheet resistance,
LTk transfer length from this study,
LT transfer length from conventional

transfer length method,
L contact length,
ρck contact resistivity,
W channel width,
d channel length,
RT total resistance,
Rcf contact resistance at front-edge,
Rce contact resistance at rear-edge,
ID drain current,
I0 current at front-edge of contact

(≡ I(x= 0)).

1. Introduction

Two-dimensional (2D) transition metal dichalco-
genides (TMDs) are promising candidates as semi-
conducting materials to realize post-Si electronic
devices because of their atomically thin dimensions,
sizable electrical band gap, and good semicon-
ductor performance [1]. However, the realization
of TMD-based devices such as field-effect tran-
sistors (FETs) is severely limited by the presence
of high contact resistance [2]. While contact res-
istance is typically treated as a constant parasitic
series resistance in conventional bulk devices, con-
tact resistance in TMDs dominates the device beha-
vior and complicates the understanding of the car-
rier transport in TMD-based devices. Thus, accurate
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extraction of contact parameters is essential to under-
stand the electrical properties in 2D materials and
advance the development of their high-performance
devices.

The transfer length method (TLM) is introduced
by Shockley [3] to measure the contact resistance in
semiconductor devices, and it is very frequently used
even for recently studied 2D devices. This method
assumes that the channel sheet resistance is constant
regardless of the location of the channel material,
and whether or not the metal is covered [4–8]. The
assumption is reasonable for intrinsic bulk semicon-
ductors because current flow occurs much deeper
in the channel away from the surface, giving rise to
similar values of channel and contact sheet resist-
ances. The alloyed ohmic contacts or silicide con-
tacts, however, result in different channel and con-
tact sheet resistances so as to require an alternative
analytical model such as trilayer TLM for accurate
extraction of contact parameters [9]. Likewise, in 2D
TMD-based devices, the sheet resistance underneath
the metal dramatically changes due to the device
processing-induced damage and depletion or accu-
mulation of mobile charge carriers which are attrib-
uted to ultrathin nature of 2D materials [2, 10, 11].
Therefore, a modified resistance model and a com-
plementary measurement that differently takes into
account the sheet resistance under metals to ana-
lyze the contact are required for 2D TMD-based
devices.

In this study, a modified resistive network model
is introduced which considers the sheet resistances of
themetal-covered area and the non-covered area to be
different. Although this model is similar to the stand-
ard TLM model [12, 13], the sheet resistance under
the metal is specified as Rsk in this study, in con-
trast to the usual channel sheet resistance, Rsh. Since
only a few recent studies have investigated this model
with considering those sheet resistances [11, 14–16],
we briefly recall the derivations of the relevant key
equations here. The resistance distribution equation,
R(x), is derived to show the distribution of the con-
tact resistance in the contact area. To obtain the con-
tact resistivity (ρck) (defined by the contact resist-
ance multiplied by the contact area) of WSe2 FETs,
the transfer length is calculated using both TLM and
contact-end resistance method (ERM) [11, 15, 17].
Using the proposed model and electrical measure-
ments, we suggest three different deterministic ways
of contact resistivity in 2D devices which find that the
contact resistivity and transfer length are dramatically
changed when the WSe2 is doped and contacted with
different metals. More importantly, it reveals a gen-
eral relationship between contact resistance and con-
tact resistivity which has not been addressed clearly
in previous studies. Finally, we demonstrate that the
calculated transfer length by our extraction meth-
ods becomes similar to the value obtained from the
conventional TLM only when Rsh ≈ Rsk while it is

significantly deviatedwhenRsh ̸= Rsk, supporting our
claims described above.

2. Experimental section

2.1. Fabrication ofWSe2 FETs (undoped, n-type)
We prepared thin (<six layer (6L)) WSe2 on silicon
dioxide (SiO2) substrate by mechanical exfoliation
and coated the poly(methyl methacrylate) A6 950
(Microchem) on the exfoliated sample at 4000 rpm
followed by annealing for 90 s at 180 ◦C. Electrode
patterns were formed by electron beam lithography
followed by a development process using a solution
consisting of isopropyl alcohol (IPA): deionized (DI)
water= 3:1 at 4 ◦C. The patterned structure was then
rinsed with IPA for 30 s and dried by N2 gas blowing.
Next, themetals (indium/gold, In/Au)were deposited
by electron beam deposition (EBD). EBD was per-
formed at a base pressure of 5× 10−8 Torr, a working
pressure of 2 × 10−7 Torr, and deposition speeds of
0.2 Å s−1 for In and 1 Å s−1 for Au. The samples were
then rinsedwith acetone for 1.5 h for a lift-off process,
followed by IPA rinse for 1 min and N2 gas blowing.

2.2. Oxygen plasma treatments forWSe2 FETs
(doped, p-type)
Oxygen plasma was used to treat WSe2 to induce p-
type doping. The plasma source was designed to gen-
erate inductively coupled plasma and operated at a
radio frequency of 13.56MHz, a power of 50W, a base
pressure of 5.0× 10−6 Torr, and aworking pressure of
30 mTorr. The plasma treatment time was 200 s. The
next step was the deposition of metals (indium and
palladium (Pd)) to formmetal electrodes of FETwith
the same process condition used for n-type device.
Here, the In/Au contact and the Pd/Au contact were
formed separately. Additional oxygen plasma treat-
ment for 200 s after lift-off process was conducted to
recover the oxidation effect of the channel.

2.3. Focused ion beam (FIB) processing
Real time FIB processing was conducted by using
scanning electron microscope. Its resolution was
4 nm at 30 kV, the maximum probe current dens-
ity was larger than 30 A cm−2, and the maximum
probe current was 20 nA. A 1 µm thick amorphous
carbon was covered the top of the sample to protect
against the electron beam generated from a transmis-
sion electron microscope (TEM).

2.4. TEM and energy dispersive x-ray spectroscopy
(EDS)
For TEM (Cs corrected high-resolution TEM,
HRTEM) and EDS, a lattice resolution of 0.2 nm
and an accelerating voltage of 200 kV were used.
Beam emission was conducted by a Schottky emis-
sion source.

2.5. Electrical property measurements
An Agilent 4155C (Keysight technologies, USA)
semiconductor analyzer and a M6VC probe
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Figure 1.Modified resistive network model and current/voltage distributions. (a) Schematic diagrams to illustrate the current
flowing in a heavily doped Si FET and an undoped 2D material FET. (b) Resistive network model of a metal-2D semiconductor
junction. (c) Current and voltage distributions underneath the metal. The LTk is assumed to be shorter than the L, and as the LTk
decreases, the current and voltage decrease more rapidly.

station (MSTECH, Korea) were used to meas-
ure electrical properties under vacuum condition
(<10−3 Torr).

3. Results and discussion

When a heavy doping is applied under the electrodes
in conventional silicon (Si) FETs, a transfer length
(LTk) is usually extended to a contact length (L), as
shown in the left side diagram in figure 1(a). Then,
a drain current (ID) decreases linearly as a function
of the distance under the contact, proportional to
the resistance at a metal to semiconductor junction
due to negligible Rsk, reducing the current crowding
effect. However, the current is crowded near the front
edge of metal for undoped 2D material FETs, res-
ulting in LTk ≪ L. Furthermore, Rsk is not negligible
sinceRsk ̸= Rsh due to fabrication processing-induced
damages [18]. Thus, we established a modified resist-
ive network model by treating the Rsk as a combined
resistance network of sheet resistance and contact res-
istance. For the model, we assumed that the gate bias
uniformly dopes the material and the interlayer res-
istance between adjacent 2D layers is negligible unlike
thick multi-layered 2D materials as thin WSe2 flakes
(<6L)were used [19]. Figure 1(b) illustrates the resist-
ive networkmodel. This equivalent circuit is obtained
by dividing the structure into small sections of length
∆x, so that the contact resistance, R1, and the sheet
resistance, R2, are given by R1 = ρck/(W ·∆x) , R2 =

Rsk ·∆x/W, where ρck is the contact resistivity of the
metal-semiconductor interface in the unit of kΩµm2,
Rsk is the sheet resistance of the semiconductor layer
under the metal contact in the unit of kΩ sq.−1, and
W is the width of the channel.

Using Kirchoff ’s voltage and current laws as
well as the second order differential equation
(see figure S1 available online at (stacks.iop.org/
2DM/8/045019/mmedia)), the current distri-
bution as a function of x can be expressed
as:

I(x) =−I0

[
coth

(
L
LTk

)
sinh

(
x
LTk

)
− cosh

(
x
LTk

)]
.

(1)

Here, the transfer length, LTk =
√
ρck/Rsk [3], and

the current, I0 enters the contact region then splits
horizontally and vertically along the semiconductor
channel under the metal until it becomes zero at
the contact end (I(L) = 0). The upper graph in
figure 1(c) shows the current distribution obtained
from equation (1) and the LTk is found to affect the
distribution.

Since dI/dx=−V(x) ·W/ρck (refer to figure S1),
the voltage distribution function, V(x) is given as
follows,

V(x) =
ρck

WLTk
I0

[
coth

(
L

LTk

)
cosh

(
x

LTk

)
− sinh

(
x

LTk

)]
.

(2)

3

https://stacks.iop.org/2DM/8/045019/mmedia
https://stacks.iop.org/2DM/8/045019/mmedia


2D Mater. 8 (2021) 045019 I Moon et al

Figure 2. Analysis of contact resistance distribution by the TLM and ERMmeasurements. (a) Schematic circuit diagrams of TLM
and ERM. (b) TLM graph of undoped WSe2 FET with In/Au contacts. (c) Contact resistance obtained from TLM and ERM
(VG =−60∼ 60 V). (d) Simplified resistive network model with two boundary conditions, R(0) = Rcf and R(L) = Rce.
(e) Contact resistance distribution in the contact area (x= 0 to L).

V(x) also tends to decrease exponentially as the x
value increases, and the slope changes according to
LTk (figure 1(c), lower graph). From the relationship
R(x) = V(x)/I0 [20], the contact resistance distribu-
tion function, R(x) is expressed as:

R(x) ·W=
ρck

LTk
·
[
coth

(
L

LTk

)
cosh

(
x

LTk

)
− sinh

(
x

LTk

)]
.

(3)

This R(x) distribution will be used to extract the
transfer length and contact resistivity in the following
derivations.

Now, we conduct electrical measurements using
TLM and ERM to get boundary conditions of the
R(x) (figure 2(a)). Typically, TLM plot determines
the Rsh and the front contact resistance (Rcf) from
the slope and y-intercept with extrapolation, respect-
ively. Here, we use Rcf instead of Rc to specify that
it is from the contact front edge. The corresponding
values can be obtained from RTW= Rshd+ 2RcfW,
where RT is the total resistance and d is the channel
length. The TLM plot of the In/Au contacted WSe2
FET shown in figure 2(b) results in Rsh = 38 kΩ sq.−1

and RcfW= 36.5 kΩ µm at VG = 60 V. We also
measure the contact resistance at the rear edge of the
contact (Rce) by ERM (figure 2(a), lower diagram).
When the voltage difference (∆V) between electrode
#2 and #3 ismeasuredwhile the ID flows between elec-
trodes #1 and #2, Rce can be calculated by Rce ·W=
∆V/ID ·W. Since ERM can be performed by using
only three electrodes, we measured five different sets

of electrodes (the measured results were nearly sim-
ilar), and an averaged value was used for further cal-
culations. Figure 2(c) shows the measured two differ-
ent contact resistances (RcfW and RceW) as a func-
tion of back-gate bias. The detailed device informa-
tion such as cross-sectional schematic, optical micro-
scopic image, and transfer/output characteristics are
shown in figure S2, and the device fabrication process
is described in the section 2.

Since RcfW and RceW provide boundary condi-
tions when x= 0 and L (figure 2(d)), respectively,
equation (3) can be used to obtain analytical formula
for RcfW and RceW given by,

R(0)W=
ρck
LTk

· coth
(

L

LTk

)
= RcfW, (4)

R(L)W=
ρck
LTk

· 1

sinh
(

L
LTk

) = RceW. (5)

Finally, a simplified expression for LTk in terms of
RcfW and RceW can be obtained by using equations
(4) and (5) as follows,

LTk =
L

acosh
(

RcfW
RceW

) . (6)

Then LTk ≪ L, coth
(

L
LTk

)
≈ 1; therefore, equation

(4) can be simplified as,

ρck = RcfW · LTk. (7)
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Figure 3. Contact resistance distribution and relationship between contact resistance and contact resistivity. (a) Contact resistance
distribution of (a) undoped and (b) p-doped WSe2 FETs prepared via oxygen plasma treatment. For the p-doped device, different
contact metals (In/Au or Pd/Au) were used. (c) Relationship between the contact resistance and the contact resistivity which
shows a power law distribution.

As we measured from TLM and ERM, RcfW and
RceW are 36.5 kΩ µm and 0.4 kΩ µm at VG = 60 V,
respectively, as shown in figure 2(c). In addition, LTk
and ρck are obtained as 0.23 µm and 8.3 kΩ µm2 by
using equations (6) and (7), respectively. These LTk
and ρck are used to analyze the contact resistance dis-
tribution in the contact area as shown in figure 2(e).

Next, to validate the above formulas, we propose
different approaches to determine ρck. The ID is sup-
posed to flow from the front edge to the rear edge
of contact area (the entire contact area) as shown in
the upper graph in figure 1(c). Therefore, we calculate
the contact resistivity across the entire contact area at
which the current flows. Figure 3(a) shows the calcu-
lated graph of R(x) ·W as a black solid line which is
obtained by equation (3), and the contact resistivity
is represented by the integrated area of the plot (black
striped area), which is expressed as follows [21],

ρck =

Lˆ

0

R(x) ·Wdx. (8)

The detailed derivation of equation (8) is explained
in figure S3. In contrast to the contact resistivity of
the entire contact area, the specific contact resistivity
is also obtained using equation (7) (the green box in
figure 3(a)) by assuming that the currentmostly flows
between x= 0 and x= LTk [11, 14, 17, 22]. It should
be noted that the values obtained from these two dif-
ferent ways are found to be very close to each other
(∼8.3 kΩ µm2) [14, 23]. In other words, the specific
contact resistivity well reflects the contact resistivity
of the entire contact area, confirming that the ID is
crowded within the transfer length.

Till now, we analyzed the contact resistivity of
undoped 2D FETs, however, the contact resistivity
varies when the channel is doped [24–27]. Thus, we

further analyze doped FETs in which the channel
under the electrode is heavily p-doped via oxygen
plasma treatments by forming an amorphous tung-
sten oxyselenide (a:WSexOy) on the surface (figure
S4). The cross-sectional TEM image reveals a self-
limiting nature of oxidation; in other words, it oxid-
izes only topmost layer of WSe2. The self-limiting
process enables the extraction of contact parameters
in ultrathin devices down to 2L as discussed later.
The cross-sectional schematic, electrical characterist-
ics (output and transfer characteristics), and fabric-
ation process for 6L WSe2 p-FET are illustrated in
figure S5 and section 2. The oxidized WSe2 p-FET
with In/Au contact changed its polarity to p-type,
and RcfW (83.8 kΩ µm from figure S6(a)) and RceW
(0.5 kΩ µm from figure S6(b)) were measured at
VG = −60 V, resulting in LTk and ρck of 0.21 µm
(from equation (6)) and 17.4 kΩ µm2 (from equation
(7)), respectively. Here, RceW hardly changes after
doping (0.4→ 0.5 kΩ µm), because the current flow-
ing around the contact end edge is close to zero
regardless of doping (see the model in figure 1(b) and
current distribution in figure 1(c)). In figure 3(b), the
distribution of contact resistance is indicated by a red
solid line. Similar to the previous result for undoped
device, both the integral value of the solid line and the
RcfW · LTk are about the same (17.4 kΩ µm2).

It is known that the work-function of metal also
affects the contact resistivity [28, 29]. Since In has
work-function as low as 4.0 ∼ 4.1 eV [4], a high
hole Schottky barrier is formed when contacted to p-
doped WSe2. Therefore, we used a high work func-
tion metal (Pd, 5.1 ∼ 5.6 eV [29, 30]) as the contact
metal to further reduce the contact resistivity of the
p-dopedWSe2 FET. As shown in the blue solid line in
figure 3(b), the ρck is around 15× smaller than that of
the In/Au contacted device since both the RcfW and
RceW of the p-dopedWSe2 device with Pd/Au contact

5
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Table 1. The key resistance and transfer length values for 6L WSe2 FETs.

Sample type VG (V) Metal Rsk (kΩ sq.−1) Rsh (kΩ sq.−1) LTk (µm) LT (µm) Rsk/Rsh

n-WSe2 (undoped) 60 In/Au 161 38 0.23 0.95 4.2
p-WSe2 (doped) −60 In/Au 404 28 0.21 2.99 14.4

Pd/Au 9 7.1 0.34 0.44 1.3

are considerably reduced (see figure S6). The reduced
contact resistivity of the Pd/Au contacts is attributed
to the reduced hole Schottky barrier height [31].

Finally, we obtain a general relationship between
ρck and RcfW as illustrated in figure 3(c). The RcfW
ranges from 3 to 2000 kΩ µm through the com-
bination of various effects such as the type of metal
(In or Pd), the electrostatic doping by sweeping VG

(−60 ∼ 60 V), and the charge transfer doping by
a:WSexOy. The logarithmic plot in figure 3(c) con-

firms a power law distribution as ρck = (RcfW)
0.853.

As aforementioned, our oxidation technique is self-
limiting in nature thus it allows us to achieve ultrathin
p-doped WSe2 devices down to 2L. Figure S7(a)
shows layer number (2, 4, 5, and 6L) dependent ρck
vs RcfW curves showing an exceptionally wide range
fit in a power law distribution with exponent of 0.93.
Thus, we can simply predict the ρck from the meas-
ured RcfW, regardless of the type of contact metal,
the extent of gate field effect, the layer numbers, and
the presence of channel doping. When we replot the
other groups’ experimental data as ρck vs RcfW for
mono- and multi-layer graphene FET extracted from
the same method used in this study, we find that the
data also follow the power law with exponents of 0.71
and 0.59, respectively (see figure S7(b)) [11, 15]. As
a result, we believe that this power law trend can be
universally applied for any 2D materials with differ-
ent exponents, enabling us to predict contact resistiv-
ity from contact resistance.

Besides the contact resistivity, we also compare
other key parameters obtained from the calculation
as shown in table 1 for the purpose of strengthen-
ing the validity of this study. The formulas used to
obtain those values are shown in figure S8. It is found
that Rsk and Rsh changes individually according to
the doping and the type of contact metal. Specifically,
when the contact metal is changed from In to Pd for
forming p-doped devices, Rsk is reduced by a factor
of 40 while Rsh is reduced by only a factor of 4. For
a p-doped 2L WSe2 device, the difference (Rsk/Rsh)
is even greater than the thicker devices as shown in
table S1, and therefore Rsk and Rsh must be used sep-
arately to extract the accurate transfer length and con-
tact resistivity, especially for ultrathin 2D devices. In
addition, the conventional transfer length (LT) meas-
ured from the x–intercept of the TLM plot is com-
pared to the LTk derived in this study. The difference
between the values of LT and LTk decreases as the
Rsk/Rsh approaches 1, and it increases as the Rsk/Rsh

increases. The equations explaining this relationship

are shown in the table below figure S8. Although TLM
is an effective method to simultaneously obtain Rsh

and Rcf, a considerable error in LTk extraction occurs
when Rsk ̸= Rsh. Therefore, our proposed method
using the resistance network model and the electrical
measurements by TLM and ERM enables an accurate
extraction of various contact resistance related para-
meters such as LTk, ρck, and Rsk to assess the device
performances of 2D FETs.

4. Conclusion

In this study, we proposed a modified resistance net-
work model for 2D FETs to analyze the spatial distri-
bution of contact resistance, R(x), to extract trans-
fer length and contact resistivity. With TLM and
ERMmeasurements, three different approaches were
suggested to determine contact resistivities, RcfW ·

LTk,
L
∫
0
R(x) ·Wdx, and (RcfW)

α, resulting in almost

identical contact resistivities. Furthermore, a general
relationship between contact resistance and contact
resistivity was obtained by varying the doping dens-
ity, the layer numbers, and the contact metals of
WSe2 FETs. Finally, our work enlightened the role of
Rsk/Rsh ratiowhenwe extract transfer length from the
conventional TLM measurement.
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