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Charge Carrier Mobility and Series Resistance Extraction in 
2D Field-Effect Transistors: Toward the Universal Technique

Yu-Chieh Chien, Xuewei Feng, Li Chen, Kai-Chun Chang, Wee Chong Tan, Sifan Li, 
Li Huang, and Kah-Wee Ang*

2D semiconductor field-effect transistors (2D FETs) have emerged as a 
promising candidate for beyond-silicon electronics applications. However, 
its device performance has often been limited by the metal-2D semicon-
ductor contact, and the non-negligible contact resistance (RSD) not only 
deteriorates the on-state current but also hinders the direct characteri-
zation of the intrinsic properties of 2D semiconductors (e.g., intrinsic 
charge carrier mobility, μint). Therefore, a proper extraction technique 
that can independently characterize the metal-2D semiconductor con-
tact behavior and the intrinsic properties of a 2D semiconducting layer 
is highly desired. In this study, a universal yet simple method is devel-
oped to accurately extract the critical parameters in 2D FETs, including 
characteristic temperature (To), threshold voltage (VT), RSD, and μint. The 
practicability of this method is extensively explored by characterizing the 
temperature-dependent carrier transport behavior and the strain-induced 
band structure modification in 2D semiconductors. Technology computer 
aided design simulation is subsequently employed to verify the precision 
of RSD extraction. Furthermore, the universality of the proposed method is 
validated by successfully implementing the extraction to various 2D semi-
conductors, including black phosphorus, indium selenide, molybdenum 
disulfide, rhenium disulfide, and tungsten disulfide with top- and bottom-
gated configurations.
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1. Introduction

Contact resistance (RSD) is an essential 
parameter in modern electronic devices that 
predominantly governs the electrical perfor-
mance. Several semiconducting materials 
have been deemed as promising candidates 
for future technology nodes due to their 
attractive electronic and physical proper-
ties. For instance, 2D semiconductors serve 
as a performance booster for high-density 
device integration in silicon back-end-of-
line (BEOL) due to their atomically thin 
nature that is ideally immune to the sur-
face scattering effect.[1–3] The potential to 
realize wafer-scale integration of 2D semi-
conductors in field-effect transistors (FETs) 
has been recently demonstrated by several 
research groups.[4–7] Although 2D semicon-
ductors manifest several fascinating prop-
erties, the electrical performance has been 
experimentally proven less competitive 
than those predicted from ab initio calcula-
tions.[8–10] One of the main reasons arising 
from the considerable effect of RSD, which 
hinders the carrier transport through the 
semiconducting channel and deteriorates 

the on-state drain current (ID). Additionally, the non-negligible 
RSD effect increases the difficulty of probing the intrinsic proper-
ties in 2D semiconductors, such as the intrinsic charge carrier 
(μint), which hampers the understanding of the underlying device 
physics of 2D FETs. Accurate characterization of 2D FETs is, 
however, non-trivial to further improve its electrical performance 
and to realize the practical applications based on 2D materials.

To unveil the fundamental device parameters in 2D FETs 
(i.e., μint), one has to explicitly account for the RSD effects in the 
extraction procedure. The transfer length method (TLM) is an 
intuitive approach that can be utilized to separately determine 
the RSD and μint from the total resistance (Ro) versus channel 
length (Lch) plot. Linear regression is subsequently performed 
where the RSD and μint can be extracted by the y-intercept  
and slope, respectively.[11] Although TLM has been widely 
adopted in characterizing FETs, this method explicitly assumes 
an identical contact behavior and a uniform film quality of the 
semiconducting layer across the test structures, which could 
sometimes be challenging for 2D FETs. A large set of devices 
with various Lch conditions is typically required to produce reli-
able extraction results. Indeed, recent studies have suggested 
that the erroneous extraction could be easily introduced by TLM, 
and additional steps are required to preserve its accuracy.[12–14] 
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To facilitate the extraction, one may prefer to extract RSD and μint 
from a standalone device that can effectively avoid the extraction 
error while simultaneously study the device-to-device variation.

Several techniques, including resistance extrapolation, 
asymptotical behavior, Y-function, H-function, and F-function 
methods, have been developed to characterize the essential 
parameters from a standalone bulk semiconductor FET, but 
less effort has been made in 2D semiconductors.[15–22] In addi-
tion, the applicability of these methods to 2D FETs has not been 
systematically verified.[18] For instance, the analytical expression 
of the intrinsic charge carrier mobility has been explicitly mod-

eled as 
1 ( )

int
LF

o G TV V
µ µ

θ
=

+ −
 in the Y-function method, where 

μLF is the low-field mobility and θo is the first-order mobility  
attenuation factor. This μint expression is, however, valid only 
when i) defect-affected transport behavior is fully negligible, and 
ii) phonon/surface scattering events are the only dominating fac-
tors that determine the carrier conduction through the semicon-
ducting channel. On the other hand, a power-law μint expression, 
μint  = μo(VG  − VT)γ has been employed in the integration-based 
techniques, namely the H- and F-function methods.[19–22] This 
power-law expression is first derived for hydrogenated-amorphous 
silicon thin-film transistors (a-Si:H TFTs), in which the mobility 
enhancement factor, γ, can be correlated to the tail-distributed 
trap states in the forbidden band.[23] It has also been argued that 
the carrier hopping mechanisms can be precisely reflected by γ in 
organic semiconductors.[24,25] Although the power-law μint expres-
sion seems to be a general form for bulk semiconductors, its 
applicability to 2D semiconductors is yet to be verified.

Given that a wide variety of 2D materials are available for 
semiconducting channels, it is imperative to establish a generic 
extraction method that can precisely capture the intrinsic proper-
ties of these 2D semiconductors. A universal method for para-
meter extraction in 2D FETs is, therefore, developed in this work. 
The concept of the F-function method is employed, in which 
the characteristic temperature (To), threshold voltage (VT), RSD, 
and μint can be accurately extracted.[20,21] It is demonstrated that 
the proposed method is capable of characterizing the tempera-
ture-dependent carrier conduction mechanisms and the strain-
induced band structure modification in 2D semiconductors. Dif-
ferent extraction techniques are compared with the best accuracy 
achieved by the proposed method. The precision is systematically 
verified by technology computer aided design (TCAD) analysis, 
and the simulation results show that not only a high resolution 
of RSD extraction can be attained, but the other extracted param-
eters (To, VT, and μint) are practically immune to the presence of 
substantial RSD effects. Moreover, the universality of the proposed 
extraction method is validated by adequately implementing the 
extraction procedure to various 2D semiconductors with top- 
and bottom-gated configurations. This study offers an accurate 
yet simple method to probe the metal-2D semiconductor contact 
behaviors and the intrinsic properties in 2D FETs.

2. Universal Extraction Method

2.1. Power-Law Mobility Expression

The key aspect that determines the precision of extraction 
results is the presumption of the mobility expression as a 

function of gate voltage (VG). A universal mobility expression 
is highly desired to accommodate complex conduction mecha-
nisms in 2D semiconductors. A versatile power-law mobility 
expression is, therefore, utilized to model the intrinsic charge 
carrier mobility (μint) in 2D semiconductors, as shown in  
Equation (1).

int o G TV V mVx xµ µ ( )= − − γ
( ) 	 (1)

where μo is the prefactor, VT is the threshold voltage, Vx is the 
additional voltage drop at any given point x in the channel from 
the applied drain bias (VD), and γ is the mobility dependency 
factor. If γ > 0, the carrier conduction is dominated by tail-dis-
tributed traps (TDTs) and/or variable range hopping (VRH), 
whereas the transport behavior is mainly governed by surface 
and/or phonon scattering effects if -1 > γ > 0.[23–27] Note that 2D 
FETs mostly operate in the accumulation mode, meaning that 
the depletion capacitance is negligible, so Equation  (1) can be 
further simplified as m = 1.[28]

2.2. Generic Drain Current Equation

The drift-diffusion current equation is written as Equation (2.1), 
in which the diffusion current component can be neglected if 
the applied VD is sufficiently small (i.e., VD ≤ 0.1 V), as shown 
in Equation (2.2).
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By integrating Equation  (2.2) from source (x  = 0) to drain 
side of the channel (x = L) with the substitution of μint(x) and 
n(x), one can obtain Equation (3) as
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where W is the channel width, ID(x) is the drain current, and 
Cox is the oxide capacitance per unit area. If the RSD at source/
drain (S/D) is negligible, Vs and Vd can be simplified as 0 and 
VD, respectively. Additional voltage drop at the contact region 
has to be, however, accounted in the practical scenario where 
we assume that the total RSD is the sum of those at the source 
(RS) and drain (RD) regions with RS equals to RD. Accordingly, 
taking into consideration the specific mobility behavior and RSD 
effect, the generic drain current equation under thermal equi-
librium can be derived as shown in Equation (4).
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To facilitate the parameter extraction, it is necessary to apply a 
regional approximation that simplifies the generic drain current  
expression. Note that the intrinsic properties of 2D materials 
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can be best captured when operating 2D FETs under linear 
region. To this end, Equation (4) is approximated in which the 

sum of Vs 
2

D SDI R



  and Vd 

2
D

D SDV
I R

−



  is assumed to be much 

smaller than VG–VT. The binomial approximation can, there-
fore, be applied that reduces Equation (4) to
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The resultant Equation (5) resembles the mobility expression 
in the Y-function method but with an additional power term of γ.

2.3. Parameter Extraction Procedure

Y-function method (or ration method) has been commonly 
applied to extract μLF and RSD independently from a single 
device configuration, in which the mobility expression has been 

specifically modeled as 
1 ( )

int
F
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Lµ µ

θ
=

+ −
.[17,18] However, this 

expression may not be generally applicable to different mate-
rial systems, which subsequently makes the Y-function method 
questionable. In fact, by utilizing the generic drain current 
equation from Equation (5), one can obtain the universal form 
of Y-function as
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where gm is the transconductance defined as dID/dVG. Although 
the RSD effect can be eliminated by Y-function, Equation (6) is 
a linear function only when γ = 0, indicating that linear regres-
sion is not generally applicable. The concept of H-function, also 
known as the integration method, is subsequently employed for 
which the power-law function of Equation (6) can be reduced to 
a linear function as[19]
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By extrapolating the calculated H(Y) to VG, one can obtain 
the power term of γ from slope. The generic Y-function expres-
sion can be further linearized as Equation  (8), provided that γ 
has been determined from the slope of H(Y)–VG plot in the pre-
vious step.
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From Equation (8), μ0 and VT can be extracted from the slope 
and x-intercept of the linear regression of Y1/(1+0.5γ) against VG, 
respectively. Moreover, the RSD value can be estimated from 
Equation (5) since RSD is the only unknown parameter left, and 

μint can be ultimately determined without the influence of RSD 
effects.

The above derivation combines the advantage of ration 
(Y-function) and integration (H-function) methods that not 
only eliminates the RSD effect but preserves the linearity of the 
fitting function, which is desirable for the parameter extrac-
tion. In the following sections, the applicability of the present 
method will be comprehensively discussed and verified.

3. Results and Discussion

3.1. Characterization of the Temperature-Dependent  
Carrier Conduction

Temperature dependent measurement is one of the essen-
tial steps to assess the underlying device physics in 2D FETs, 
including carrier conduction through the semiconducting layer 
and at the metal-2D interface. It is crucial that the developed 
technique must be capable of characterizing the tempera-
ture effects on both channel and contact regions. In this sec-
tion, temperature-dependent measurements are performed 
using top-gated nanoribbon black phosphorus (NR-BP) FET 
to evaluate the applicability of the proposed method. An array 
(×9) of 200  nm wide of nanoribbons is formed by deep reac-
tive ion etching with the profile shown in the inset of Figure 1a. 
The transfer characteristics (ID–VG) of NR-BP FET are meas-
ured from a cryogenic temperature of 3–300 K at VD = 0.1 V, as 
shown in Figure 1a. First, H(Y) function is calculated from the 
experimental results throughout the entire temperature range 
(Section S1, Supporting Information). Good linear fittings are 
attained in Figure 1b, which indicate that the power term of γ as 
a function of temperature (T) can be determined from the slope 
of Equation (7). μo and VT are subsequently obtained from the 
slope and x-intercept of Equation (8), respectively, as shown in 
Figure 1b. The characteristic temperature (To) of the density of 
states (DOS) in the forbidden band can be translated from γ(T) 
by[23–25,29]

2 1oY
T

T
γ ( ) = −



 	 (9)

where the extracted To with respect to T is shown in Figure 1c. A 
linear correlation is observed between To and T, identifying the 
U-shape subgap states that is in good agreement with previous 
reports, as depicted in the inset of Figure  1c.[30–35] This result 
demonstrates that the present method is capable of probing 
the profile of defect states in 2D FETs. Note that Equation (8) is 
generally applicable to thermal-activated conductions, including 
the tail-distributed states (TDTs) and the hopping conduction 
through the percolation path.[23–25]

Given that γ, VT, and μo have been obtained from the above 
procedure, the total RSD and intrinsic mobility (μint) can be, 
thus, extracted from Equations  (5) and (1), respectively, as 
shown in Figure  1d. Note that RSD decreases with increasing 
temperature, revealing a thermal-activated transport behavior 
at the metal-2D interface. On the other hand, μint increases 
with the ambient temperature that is in good agreement with 
the defect-dominated carrier conduction in the semiconducting 
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channel. To further explore the conduction mechanisms at 
the metal-2D interface, the Arrhenius plot is created specifi-
cally at the contact region, as shown in Figure  1e. Two dis-
tinct transport behaviors can be clearly observed in which the 
nearest neighbor hopping (NNH) and variable range hopping 
(VRH) can be best fitted and described for the high and low 
temperature regimes, respectively, with the transition tem-
perature at 40 K. Observation of the transition between NNH 
and VRH at the low temperature condition (≈40 K) is compat-
ible with the fundamental physics of VRH, where the lowest 
hopping distance is preferred when the carriers possess low 
thermal energy, resulting in variable hopping distances.[24,25,36] 

Moreover, the hopping conduction occurs owing to the pres-
ence of defect states at the metal-2D interface, which can be 
further evidenced by the cross-section image at the contact 
region from transmission electron microscopy (TEM), as 
shown in Figure  1e.[37] The identification of the hopping con-
duction from the temperature-dependent RSD highlights the 
precision of the proposed technique to unravel the carrier 
injection at the metal-2D interface.

A final confirmation to verify the extracted parameters is to 
compare the simulated transfer characteristics (ID–VG) with 
those from measurements, in which the simulation results 
are constructed by Equation (5) from the extracted parameters, 

Figure 1.  a) Temperature-dependent ID–VG curves of NR-BP FET from the cryogenic temperature of 3–300 K at VD = 0.1 V. The inset shows the top 
view of a 200 nm wide (×9) NR-BP FET by atomic force microscopy. b) Linear regression of the H(Y) and γY functions to VG at T = 3, 60, and 300 K.  
c) Extracted To as a function of T. The linear correlation with a slope of 1.5 indicates a U-shape distributed defect states in the forbidden band  
illustrated in the inset. The U-shape distributed defect states can be described by the summation of the exponential density of states with different 
To as ( ) exp( / )

1∑= −∆
=
=

g E g E kTci oii

i n . ΔE is the absolute energy difference between the valence band edge (Ev) and the defect level (Eit). d) Temperature-
dependent RSD and μint from 3 K (purple dots) to 300 K (red dots). e) Arrhenius plot at the contact region with the fitted nearest neighbor hopping 
(>40 K) and variable range hopping (<40 K) mechanisms. The energy band diagram depicts that carriers inject via the defect states at the interface. 
Defects between the metal-2D interface can be evidenced by the cross-section image from transmission electron microscopy. f) Comparison between 
the experimental (dots) and simulated (lines) results with linear (left x-axis) and logarithmic (right x-axis) scale from T = 3 K (purple) to T = 300 K 
(red) at VD = 0.1 V.
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including γ, VT, μo, RSD, and μint. Figure 1f shows the compar-
ison of the simulated and experimental ID–VG curves, which 
demonstrates high precision for the entire measurement con-
ditions (T  = 3–300 K) with an error of <1%. In addition, the 
VG-independent RSD (see Figure  1d) in the above threshold 
region (VG >> VT) serves as a strong indicator of the reliability 
of our assumptions made in the model derivation, such as the 
power-law mobility expression and the constant RSD at a given 
ambient condition.

3.2. Comparison between Different Extraction Techniques

3.2.1. Transconductance Method

Apart from the method described in this article, various 
extraction techniques have been proposed to extract μint and/
or RSD from a standalone device. One of the most commonly 
employed methods is the transconductance (gm) method, 
where the so-called field-effect mobility (μFE) is estimated by 
Equation (10).[11,38–40]

FE
D

G o D

m

o D

I

V

L

WC V

g L

WC Vx x

µ =
∂
∂

= 	 (10)

A noticeable flaw in the gm method is the negligence of RSD 
that overestimates the lateral voltage drop across the channel 
region, resulting in an underestimation of the charge carrier 
mobility, as shown in the blue curve of Figure  2a. Moreover, 
Equation  (10) implicitly assumes a constant charge carrier 
mobility with respect to VG, in which the additional differential 
term of ∂μ/∂VG is completely omitted (Section S2, Supporting 
Information). This creates a prominent error (>200%) on the 
estimation of μFE even when the RSD effect has been fully cali-
brated, as shown in the red curve of Figure 2a. The extend of 
extraction error is closely related to the term of ∂μ/∂VG. The 
aforementioned results emphasize that the gm method should 
not be a standard method to estimate the charge carrier 
mobility because the RSD value cannot be extracted purely by 
this technique, and the negligence of VG-dependent charge car-
rier mobility substantially generates a considerable error on the 
evaluation of μFE.

3.2.2. Resistance Extrapolation Method

The resistance extrapolation method is an intuitive approach 
to determine RSD. The RSD is estimated by linearly extrapo-
lating the total resistance (Ro) to the infinite value of VG–VT, 
at which the channel resistance (Rch) becomes negligible. Note 
that the determination of threshold voltage (VT) is required to 
perform linear regression, where the erroneous extraction can 
be easily introduced in this step. Indeed, negative RSD has been 
obtained from this method, as shown in Figure  2b, regard-
less of the input VT from different methods (e.g., maximum 
gm method and constant current method).[41,42] In addition, the 
resistance extrapolation method inherently assumes a constant 
charge carrier mobility that could further aggravate the extrac-
tion errors.

3.2.3. Asymptotical Method

The asymptotical method relies on the asymptotical behavior 
of Ro that gradually decreases with VG, and Ro eventu-
ally saturates at a certain condition when VG is sufficiently 
large, and the respective resistance is taken as the value of 
RSD.[15,16,43,44] This method eliminates the presumption of a 
constant charge carrier mobility and the determination of VT 
that possesses higher flexibility than the resistance extrapo-
lation method. The primary concern of the asymptotical 
method is its lack of physical interpretation that hinders the 
selection of a proper asymptotical function to fit the experi-
mental results, as indicated in Figure  2c. Exponential and 
polynomial functions have been employed to determine the 
RSD value, in which a significant deviation can be clearly seen 
on the calculation of RSD from different fitting functions, 
although good fittings can be acquired for all the functions. 
Details on the fitting parameters can be found in Section S3,  
Supporting Information. This observation can be attrib-
uted to the lack of physical explanations in the asymptotical 
method, despite that the second-order polynomial function 
seems to best reproduce the extracted RSD, as compared to 
our proposed method.

It is noteworthy that the closely approximated RSD value 
from the polynomial function could be attributed to the simi-
larity with the drain current equation in which Ro is propor-
tional to the reciprocal form of the VG–VT term, as indicated 
in Equation  (5). On the other hand, the rapid decrease nature 
of the exponential function overrates the gate tunability to Ro, 
which consequently requires a significant intercept value (yo) 
to balance with the experimental measurements (Section S3, 
Table S1, Supporting Information), clarifying the origin of the 
overestimation of RSD value from the exponential functions.

3.2.4. Y-function Method

Y-function method or the ratio method, defined as Y = ID/gm, 
has been widely employed to extract the low field mobility (μLF) 
and RSD.[17,18] This method has been first proposed to charac-
terize Si MOSFETs, in which the analytical expression of μint 
has been explicitly modeled by

1
int

F

G TV V
L

o

µ µ
θ ( )

=
+ −

	 (11)

where θo is the mobility attenuation factor that can be related 
to the scattering events in the semiconducting channel.[26,27] 
Details of the extraction procedure on μint, VT, and RSD are 
described in Section S4, Supporting Information. Although 
the Y-function method has been applied in 2D FETs, the suit-
ability of Equation (11) in 2D FETs remains unclear given that 
the scattering effects are not the only dominating mechanism 
in 2D semiconductors (i.e., defect-dominated conduction).[29,35] 
In fact, the non-linear behavior of Y-function with respect to VG 
as shown in Figure 2d specifies that the above μint expression 
is not generically applicable to 2D FETs, and the extracted RSD 
could be inevitably overestimated by this method (Section S4, 
Supporting Information).
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3.2.5. H-function Method

H-function method or the integration method is an alterna-
tive approach to account for the defect- and/or scattering-dom-
inated carrier conduction where the analytical charge carrier 
mobility expression is defined as μint = μo(VG−VT)γ that resem-
bles Equation (1) but without the consideration of RSD effects.[19] 
H-function is then defined as

1

2

D G

D
G T

G

H
I dV

I
V V

V

∫
γ

( )≡ =
+

−−∞ 	 (12)

The γ and VT can be extracted from the slope and x-inter-
cept of the linear regression of the H–VG curve (Figure  2e), 
and RSD is then iterated with the details described in Sec-
tion S5, Supporting Information. Note that the H-function 
method first omits the RSD effects in the extraction of γ and VT 
but subsequently calculates the RSD value between the differ-
ence of total resistance and the extracted channel resistance as 

( )
ch

o o G
1R

L

W C V Vx Tµ
=

− γ+ .[19] However, the non-linear correlation 

between H and VG highlights that the negligence of RSD is not 
feasible, suggesting that an extraction error can still be intro-
duced by the H-function method.

Figure 2.  a) Extracted charge carrier mobility from the proposed method (black), gm method w/o RSD correction (blue), and gm method w/RSD cor-
rection (red). RSD is estimated by the proposed method. b) Ro as a function of the absolute reciprocal of VG–VT. VT = 0.14 and –0.33 V are determined 
by constant current and maximum gm methods, respectively. The inset shows the enlarged scale in the vicinity of the y-intercept. c) Calculated Ro as 
a function of VG with the asymptotical behavior fitted by 1st-order exponential (blue), 2nd-order exponential (brown), 3rd-order exponential (orange), 
and 2nd-order polynomial (green) functions. d) Y-function and e) H-function method for parameter extraction with the referenced linear regression.  
f) Benchmarking of the extracted μmax and RSD from different techniques.
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3.2.6. Comparison of the Extracted Results between  
Different Techniques

Figure  2f shows the extracted RSD and maximum intrinsic 
charge carrier mobility (μmax) from various extraction tech-
niques described in the above sections, including resistance 
extrapolation, asymptotical behavior, Y-function, and H-func-
tion methods. The resistance extrapolation method provides 
an unreasonable value of RSD, which can be attributed to the 
numerous errors introduced by the assumption of a constant 
μint and the determination of VT. Although a higher extraction 
accuracy of RSD can be attained from the second-order polyno-
mial function of the asymptotical method, its lack of underlying 
physics makes this method questionable. Analytical methods, 
such as the Y-function and H-function methods, oversimplify 
the practical scenario of the carrier conduction in 2D FETs, 
which can unintentionally lead to erroneous extractions. In 
contrast, our proposed method offers the best accuracy among 
these extraction techniques, and this argument can be further 
supported by the excellent agreement between the simulation 
and the experimental results (see Figure 1f).

3.3. Capture of the Strain-Induced Bandgap Modification

Strain-induced band structure modification is another inter-
esting aspect in 2D semiconductors that has recently gained 
significant attention.[45–50] Given that the atomically thin nature 
of 2D materials, these semiconductors are expected to be highly 
sensitive to external stress. The variation of the band structures 
can consequently alter the carrier conduction and the defect 
distribution in 2D semiconductors. Indeed, it has been discov-
ered by several reports that the performance of 2D FETs can 
be substantially improved by adequately introducing the strain 
effect.[47,50] An accurate yet practical extraction technique must 
be able to characterize the conduction mechanisms arising 
from the external strain effects. In this section, we demonstrate 
that the present extraction method is capable of unraveling the 
underlying device physics arising from strain-induced band 
structure modification in 2D semiconductors with the utili-
zation of a flexible top-gated indium selenide (InSe) FET as a 
vehicle for the discussion.
Figure  3a,b show the ID–VG curves under compressive 

strain (CS) and tensile strain (TS) at 300 K with different strain 
levels (ε), respectively. Notably, the on-state ID decreases with 
the application of CS, whereas ID increases with the exertion 
of TS. This observation demonstrates that the applied strain 
effect indeed affects the electronic property of 2D semicon-
ductors, and the type of strain is crucial to determine its per-
formance. However, the dominating mechanism responsible 
for this phenomenon remains unclear, and it is unfair to 
simply account this observation for the change of charge car-
rier mobility in 2D semiconductors. The method developed in 
this study is, therefore, implemented to explore the underlying 
device physics in both channel and contact areas. Linear regres-
sion of H(Y) and γY functions with various ε are performed in 
Figure  3c where the good linear fitting ensures the reliability 
of RSD and μint extraction, as shown in Figure  3d,e, respec-
tively (Section S6, Supporting Information). It can be seen 

from Figure 3d that RSD decreases with the introduction of TS, 
and the extracted RSD with respect to the ε level is shown in  
Section S7, Supporting Information. We would like to argue that 
the strain-dependent RSD behavior has not been explored much 
in 2D FETs, although it is an imperative aspect to understand 
the carrier injection through the metal-semiconductor inter-
face. On the other hand, the extracted μint, shown in Figure 3e, 
reveals two distinct mechanisms where the μint decreases and 
increases with the application of TS (ε > 0%) at VG = 2 V (low-
bias regime) and VG = 5 V (high-bias regime), respectively. The 
complete μint–VG curves with various ε levels can be found in 
Section S7, Supporting Information. Moreover, the extracted To 
reflects a similar behavior with the subthreshold slope (S.S.) in 
respect of ε, as shown in Figure 3f.

Based on the aforementioned extraction results, one can 
unambiguously confirm that the strain effect not only alters 
the carrier conduction in the above-threshold regime but 
rearranges the profile of defect distribution in the forbidden 
band (e.g., the extracted To). Accordingly, the energy band dia-
gram is proposed to clarify the strain-induced band structure 
modification, as shown in Figure 3g. At ε = 0%, the effective 
kTo of 50 meV is depicted according to the extraction results 
shown in Figure  3f, representing the profile of defect states 
in the forbidden band. When ε  <  0%, the reduction of trap 
states with shallow distribution (kTo  = 45 meV) can be elu-
cidated by the extracted S.S. and μint at the low-bias region  
(i.e., VG  = 2  V). The bandgap (Eg) of InSe increases with the 
application of CS (ε < 0%) that is responsible for the enhance-
ment of RSD and the reduction of μint at the high-bias region 
(i.e., VG = 5 V), as shown in Figure 3d,e, respectively. In con-
trast, Eg decreases with the application of TS (ε > 0%), and trap 
state increases when TS is applied (ε > 0%), which can be sup-
ported by the extracted RSD, μint, and kTo. The observation of 
strain-dependent Eg to ε is in good agreement with those from 
the first-principle calculation, clarifying that the proposed 
extraction method is applicable to capture the intrinsic proper-
ties of 2D semiconductors.[48–50]

To verify the accuracy of the extracted parameters, Figure 3h 
shows the comparison between the experimental and simulated 
results under different ε. The simulation curves are constructed 
by Equation  (5) with the parameters extracted using the pro-
posed method (γ, μo, VT, μint, and RSD). A good match has been 
successfully attained not only for ID, but the gm virtually dis-
plays no deviation between measurements and simulations. 
These results comprehensively demonstrate the precision of 
the parameter extraction from the present method.

3.4. Universality on 2D FETs

In previous sections, it has been demonstrated that our pro-
posed method is feasible to accurately account for the tem-
perature- and strain-dependent effects on 2D FETs. In this 
section, simulation studies are further carried out to examine 
its applicability on 2D FETs, namely the resolution limits on 
the extracted parameters. In addition, the universality of the 
current method on the characterization of 2D FETs will be 
demonstrated by various 2D semiconductors with top- and 
bottom-gated configurations.
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Commonly, the characterization of the intrinsic properties 
in 2D semiconductors, such as the charge carrier mobility, can 
be inevitably affected by the presence of the RSD effect. There-
fore, it is necessary to verify that the proposed method is prac-
tically immune to these external factors. Figure  4a shows the 
theoretically extracted parameters as a function of the input 
RSD values from 0.1 to 20 kΩ. One can clearly observe that 
the extracted parameters, including kTo, VT, μo, and μint, are 
nearly independent of the input RSD values, demonstrating 
the feasibility of the current method in eliminating the RSD 
effects. On the other hand, the resolution on the extraction of 
RSD is an imperative aspect in determining the universality of 
the proposed technique, as 2D FETs possess a diverse contact 
behavior. TCAD simulation is, therefore, employed to verify the 
sensitivity of the RSD extraction, in which the RSD at the metal-
semiconductor interface and the defect distribution in the 
semiconducting channel are the controlled factors to construct 
the simulated ID–VG characteristics. Details on the simulation 

procedure can be found in Section S8, Supporting Information. 
To account for the distinctive properties of 2D semiconductors 
and the corresponding contact behavior in TCAD simulation, 
the input values, namely the RSD value and the profile of defect 
states, are substantially varied, as shown in Figure  4b. It can 
be observed that the extracted RSD nearly exhibits an identical 
input value with a slope of one, unarguably manifesting that 
our proposed method is capable of accommodating various RSD 
values while preserving the extraction accuracy.

Moreover, the method has been extensively applied to var-
ious elemental and transition metal dichalcogenide channels 
with different configurations, including NR-BP, planar BP, 
InSe, chemical vapored deposited molybdenum disulfide (CVD-
MoS2), MoS2, rhenium disulfide (ReS2), and tungsten disulfide 
(WS2), to validate the universality of the proposed model. 
One can observe that the extracted parameters are consistent 
with those from experiments (extraction details in Section S9, 
Supporting Information), in which the simulated ID-VG curves 

Figure 3.  ID–VG curves for InSe FET under a) CS and b) TS condition with various strain levels (ε) at VD = 0.1 V. c) Linear regression of the H(Y) and γY 
functions with respect to VG at ε = –0.96% (purple), 0% (green), and + 0.96% (red). d) Extracted RSD–VG curves under different ε. e) The extracted μint 
decreases and increases with ε at VG = 2 V and VG = 5 V, respectively, demonstrating two distinctive conduction mechanisms. f) Calculated S.S. at ID 
of 10−9 A and kTo with respect to ε. g) Illustration of the strain-induced band structure variation with the change of defect distribution in the forbidden 
band at different strain levels. h) Comparison between the experimental (dots) and simulated (lines) results with the linear scale of drain current (left 
x-axis) and transconductance (right x-axis) at VD = 0.1 V.
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are in excellent agreement with those from measurements 
in the above threshold regime (VG  >> VT) for both top- and 
bottom-gated structures, as shown in Figure 4c,d, respectively. 
These results reinforce that the proposed method is not only 
accurate to characterize the intrinsic parameters in 2D FETs but 
also universally applicable to 2D semiconducting materials.

4. Conclusion

A versatile extraction method to accurately characterize the per-
formance of 2D FETs using a simple ID–VG curve was devel-
oped. The temperature-dependent electrical performance and 
the strain-induced band structure modification were success-
fully characterized by the proposed extraction method. The 
accuracy of the extraction method was confirmed by fitting 
the extracted parameters with those from measurements. The 
resolution limit was clarified by employing the TCAD simula-
tion that showed an accurate RSD extraction over a two-order 
magnitude of difference. In addition, the intrinsic parameters, 
such as To, VT, and μint, were virtually immune to the presence 
of the RSD effect. The universality of this method was proven 
by extending the extraction procedure to various elemental and 
transition metal dichalcogenide channels with different gate 
configurations. In conclusion, we showed the applicability of 
the proposed method for unveiling the intrinsic properties of 
2D FETs and their underlying device physics.

5. Experimental Section
2D FETs with various elemental and transition metal dichalcogenide 
channels were experimentally demonstrated. TG NR-BP FET was 
fabricated on a SiO2/Si substrate with 20 nm of aluminum oxide (Al2O3) 
as the gate oxide and 3/40 nm of nickel (Ni)/gold (Au) as the contact 
metal. Details on the fabrication of nanoribbon structure are described 
elsewhere.[44] TG indium selenide (InSe) was prepared by mechanical 
exfoliation on a polyimide substrate with 30  nm of Al2O3 as the gate 
oxide and 20/100  nm of chromium (Cr)/Au as the contact metal.[44] 
TG CVD-MoS2 was integrated on a sapphire substrate with 20nm  of 
hafnium oxide (HfO2) as the gate oxide and 5/70 nm of titanium (Ti)/
Au as the contact metal. BG devices, namely planar BP, MoS2, ReS2, and 
WS2, were fabricated by mechanical exfoliation on a heavily doped silicon 
oxide (SiO2)/Si global gate stack with the contact metal of 3/40 nm Ni/
Au, 40 nm Ni, 10/90 nm Ti/Au, and 3/50 nm of Ti/Au, respectively.[51,52] 
All the electrical measurements were performed at 300 K in a dark probe 
station under ambient conditions.
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