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Self-Driven Metal–Semiconductor–Metal WSe2 
Photodetector with Asymmetric Contact Geometries

Changjian Zhou,* Salahuddin Raju, Bin Li, Mansun Chan, Yang Chai, and Cary Y. Yang

Self-driven photodetectors have wide applications in wireless sensor net-
works and wearable physiological monitoring systems. While 2D materials 
have different bandgaps for potential novel application fields, the self-driven 
photodetectors are mainly built on PN junctions or heterostructures, whose 
fabrication involves doping or reliable multiple transfer steps. In this study, a 
novel metal–semiconductor–metal (MSM) WSe2 photodetector with asym-
metric contact geometries is proposed. A high responsivity of 2.31 A W−1 
is obtained under zero bias, and a large open-circuit voltage of 0.42 V is 
achieved for an MSM photodetector with a large contact length difference. 
The MSM photodetector can overcome the disadvantage of high dark current 
in traditional MSM photodetectors. A small dark current of ≈1 fA along with 
a high detectivity of 9.16 × 1011 Jones is achieved. The working principles and 
finite element analysis are presented to explain the origin of the self-driven 
property and its dependence on the degree of asymmetry.
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example, Silicon,[6] SiGe,[7] and InGaAs[8] 
are commonly used in optical commu-
nication systems which works in the 
near-infrared region, while wide-bandgap 
GaN, GaAlN, and SiC are mostly applied 
in ultraviolet detectors.[9,10] And novel 
semiconductor materials with varying 
bandgaps are constantly explored to 
expand the scope of applications for 
photodetectors.[11–14]

In the last decade, the emerging 2D 
layered materials have spurred intense 
research efforts on novel photodetectors. 
Different 2D materials usually possess 
different bandgaps, thus covering almost 
all the wavelengths of interest currently 
not achieved by traditional bulk semicon-
ductor materials.[15,16] The layer thickness-
dependent bandgap characteristics reported 
in many 2D materials provide an extra 

degree of freedom to tune the properties of photodetectors.[17,18] 
Further, the light absorption per layer is one order of magnitude 
higher than Si and the fabrication process is compatible with 
current semiconductor technology.[19] Thus, 2D layered materials 
hold great promise for implementation in photodetectors.

Early demonstrations of 2D layered materials-based photo-
detectors used the structure of back-gated field-effect transistor 
with graphene, MoS2, or WSe2 as the channel material.[20–22] 
Graphene photodetectors have been reported to have high 
responsivity in the infrared region. A small internal electric field 
in the metal–graphene junction enables ultrafast and sometimes 
even zero-bias operation of the photodetector.[20] However, the 
large dark current originating from the gapless band structure of 
graphene has limited its detectivity. On the other hand, photode-
tectors built on 2D semiconducting materials such as transition 
metal dichalcogenides (TMDs) and black phosphorus have the 
advantage of low dark current, because of the large Schottky bar-
rier between the metal electrode and the semiconductor. In fact, 
an external power source is usually required to bias the device 
to obtain a detectable photocurrent.[21–23] For applications such 
as outdoor environmental sensing for wireless sensor networks, 
wearable medical monitoring, it is unpractical to provide or 
replace power source for each device,[24–26] and only self-driven 
or ultralow-power photodetectors are suitable.[27] Various device 
structures have been proposed to realize self-driven photo
detectors, among them PN junction is the most studied as it can 
yield a substantial photocurrent without an external bias due to 
photovoltaic effect. As there is no reliable doping method such 
as ion implantation commonly used in bulk semiconductors 

Self-Driven Photodetectors

1. Introduction

Photodetectors are widely used in optical-fiber communica-
tions,[1,2] optical imaging,[3] remote sensing,[4] and most recently 
biomedical analysis systems.[5] Among the large number of 
photodetectors encountered in our daily life, industry, and 
research, each must satisfy a certain set of requirements for a 
targeted application. As the light wavelength of interest spans 
from ultraviolet to infrared range, the energy bandgap of the 
semiconductor material for fabricating the photodetector must 
be carefully chosen to match the operating wavelength. For 
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to achieve controllable doping in 2D materials, a double-gate 
structure is required to bias different parts of the channel into 
P and N regions, respectively, to obtain a PN junction within 
the channel.[28–30] Heterojunctions formed with different TMDs 
have also been proposed to obtain self-driven photodetec-
tors.[12,27,31,32] Similarly, for metal–semiconductor–metal (MSM) 
photodetectors, different metal electrodes were introduced to 
obtain different Schottky barrier heights for a self-driven photo-
detector.[2,33] However, all these structures require complicated 
fabrication processes. A reliable low-cost, low dark current, and 
self-driven 2D materials-based photodetector is yet to be realized.

For this study, we construct MSM photodetectors based on exfo-
liated WSe2 flakes. In the MSM structure, different contact lengths 
are chosen for the two metal–semiconductor contacts, thus 
forming an asymmetric contact geometry. The proposed MSM 
photodetector yields self-driven photoresponse characteristics with 
a large photocurrent under zero bias and a small dark current. 
Such desirable properties, together with a simple fabrication pro-
cess and planar structure, make it an effective photodetector with 
the potential of being incorporated into various integrated circuits.

2. Device Operation Principles

Figure 1a,b illustrates the 3D schematics of the MSM photo-
detector with asymmetric and symmetric contact lengths, 
respectively. When the device is illuminated, the semiconductor 
material WSe2 absorbs part of the light energy and electron–
hole pairs are generated. The MSM photodetector consists of 
two back-to-back metal–WSe2 junctions. For one Schottky junc-
tion, the short-circuit current under illumination is given by

= × ⋅I J W tsc sc 	 (1)

where Jsc is the short-circuit current density, W is the contact 
length, and t is the WSe2 flake thickness. Jsc can be expressed in 
terms of the open-circuit voltage of the Schottky junction

( )= −ηJ J eV kTe 1sc SR
/ocMS 	 (2)

where JSR is the reverse-bias saturation current density of 
the Schottky junction, VocMS is the open-circuit voltage of the 

Schottky junction, η is the ideality factor, and kT/e is the thermal 
voltage. As the WSe2 flake has a uniform thickness, the Schottky 
barrier heights and Jsc of the metal–WSe2 junction are the same 
for both contacts. When the incident light illuminates the whole 
device, the net short-circuit current is given by

( )= × − ⋅I J W W tsc sc R L 	 (3)

where WL and WR are the contact lengths of the left and right 
metal–WSe2 junctions, respectively. Since the junctions are 
back-to-back, the two short-circuit currents are opposite under 
illumination, and we choose the right side as the reference or 
the net current flows from left to right.

For an MSM device with symmetrical contact lengths as 
shown in Figure 1b, WL equals WR, and the net photocurrent 
is zero under zero bias. On the other hand, a net photocur-
rent results if the contact lengths are different (Figure 1a). For 
both contact geometries, the photocurrents can be enhanced by 
increasing the bias to increase the depletion width. Compared 
to the PN junction, the Schottky junction has a larger saturation 
current. A larger dark current is usually expected for the normal 
MSM photodetector because a large operating voltage needs to 
be applied for an achievable photocurrent. As discussed in the 
following section, this disadvantage can be overcome by the 
proposed MSM photodetector shown in Figure 1a, if the self-
driven properties can be realized.

3. Results and Discussion

3.1. Electrical Characteristics

We have fabricated multiple devices with asymmetrical contact 
lengths based on exfoliated WSe2 flakes. Figure 2a shows an 
optical microscope image of a fabricated MSM structure with 
asymmetrical contact geometries. The flake thickness used in 
this study is usually larger than 20 nm, which can be identified 
by its color on the SiO2/Si substrate and further confirmed by 
atomic force microscope measurements (Figure S1, Supporting 
Information). Figure 2b presents the Raman and photolumi-
nance spectrum of the WSe2 flake. The difference between the 
A1g and E2g mode is larger than 10, and the photoluminance 
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Figure 1.  3D schematic device structure of the metal-WSe2-metal (MSM) photodetectors with a) asymmetric contact geometries, and b) symmetric 
contact geometries. A net current is generated when the a) device is illuminated by the light under zero bias for structure, b) while no net current 
results under the same condition for structure.
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signal shows a strong peak around 1.4  eV, indicating an indi-
rect bandgap.[34] These characteristics also confirm that the 
WSe2 flake used in the device fabrication is relatively thick and 
bulk material constants including bandgap, dielectric constant, 
and effective mass can be used for device analysis.

Figure 2c shows the channel current versus gate voltage 
characteristics or transfer curve for a fabricated device. 
The silicon substrate is used as the global back gate. The 
device shows n-type dominant ambipolar transport proper-
ties. Due to the ambipolar characteristic of the fabricated 2D 
device, both electron and hole mobilities can be extracted 
from the measured transfer curve. The electron mobility of 
26.3 cm2 (V·s)−1 is larger than the hole mobility of 7.4 cm2 
(V·s)−1 for the present device. Similarly, the on/off ratio is 
about 5.82 × 104 for the n-type branch, which is larger than 
4.87 × 103 for the p-type branch. At zero gate bias, there is 
a small electron current along the channel. Figure 2d shows 
the output curves of the device with the gate voltage varying 
between −50 and 50 V. When a gate voltage of 50 V is applied, 
the device shows a pronounced channel current of ≈−8 µA at 
Vb = −1 V, while it is less than 1 nA when the gate voltage is 
between −10 and 10  V. This clearly suggests that the device 
is only lightly n-type when there is no gate bias. The small 
channel current implies that the contact resistance is very 
large suggesting the existence of a large Schottky barrier 
formed between the metal electrodes and WSe2. When the 
MSM device is used as a photodetector, no external gate bias 
is required. Thus, in the following photoresponse measure-
ments, no voltage is applied to the back gate.

3.2. Self-Driven Photoresponse Characteristics

Figure 3a shows the representative current–voltage (I–V) char-
acteristics of an MSM photodetector with asymmetric contact 
geometries under illumination. The full power density of the 
light is about 5.41 mw mm−2, corresponding to a total power 
of 270 nW illuminated on the whole device. The light source 
is a 650  nm wavelength light-emitting diode. The measure-
ment schematic is shown in the inset of Figure 3a. The metal 
electrode with the larger contact length is set as ground, while 
the bias voltage is applied to the other electrode. For varying 
illumination powers, the I–V curves show similar character-
istics. One remarkable observation is a nonzero photocur-
rent Isc under zero bias. Accordingly, a voltage Voc needs to 
be applied to achieve a zero current. This phenomenon is the 
well-known photovoltaic effect, which is commonly observed 
in a PN junction or one-sided Schottky junction under illu-
mination. Whereas in this case, this effect is caused by the 
asymmetric contact lengths, similar to a report on silicon 
using electrodes with different areas.[35] In contrast, the MSM 
photodetector with symmetric contact lengths shows zero Isc 
and Voc (Figure S2, Supporting Information). For the present 
device, a large Isc of −31.1 nA and a Voc of 0.16 V are obtained 
under a total illumination power of 270 nW. The measured 
Voc value is not the same as VocMS in Equation (2) since Voc 
depends on the degree of asymmetry as explained in the 
following sections.

Figure 3b shows the calculated responsivity, which is defined 
as[10,22]
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Figure 2.  a) Image of a fabricated MSM photodetector with asymmetric contact geometries. b) Raman and photoluminance spectrum of a typical 
thick WSe2 flake used in the MSM device fabrication. The excitation wavelength is 532 nm. c) Transfer curve of a fabricated WSe2 device. d) Output 
curves of the fabricated device.
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where I is the current measured under illumination, ID is the 
dark current, Iph = I − ID is the photocurrent, and Pin is the inci-
dent light power. As in traditional MSM photodetectors, R can 
be enhanced with a large bias voltage Vb. The largest respon-
sivity of 16.1 A W−1 is obtained with the smallest Pin at −1  V 
bias. The external quantum efficiency (EQE) is calculated using

ν
= I e

P h
EQE

/
/

sc

in
	 (5)

where e is the unit electronic charge, h is Planck’s constant, and 
υ is the photon frequency. The EQE of the device at zero bias 
is about 22% when the incident light power is 270 nW, and it 
increases to 65.6% when the light power is 27 nW. We notice 
that the EQE could even be higher than unity for a light power 
decreasing to 2.7 nW, which suggests the existence of the pho-
toconductivity gain effect in the 2D material.

Figure 3c,d shows the dependences of Isc and Voc on the light 
power. The Isc exhibits a power–law relationship with the light 
power. The fitting curve for the relationship between Isc and Pin 
is given by[14]

= γI cPsc in 	 (6)

where c is a proportionality constant and equals 8.71 × 10−10, 
and γ is an empirical value and equals 0.668. This power-law 
relationship is commonly observed in traditional photodiodes, 

for which γ is equal to or less than 1.[36] The nonlinearity 
reflects complex charge transport involving the charge trap-
ping and recombination, resulting in photocurrent saturation 
at large Pin. Figure 3c also presents the responsivity of the 
MSM photodetector under zero bias. The responsivity has an 
inverse relationship with the incident light power. The max-
imum responsivity of 2.31 A W−1 is obtained with Pin of 27 pW, 
which is much larger than those for TMD photodetectors under 
nonzero bias.[21,28] In Figure 3d, Voc increases sharply from 0.02 
to 0.165 V with light power increasing from 27 pW to 27 nW, 
and then saturates at this level (0.16–0.17  V) for even larger 
input powers up to 270 nW.

One disadvantage of traditional MSM photodetectors is the 
large dark current. For the proposed MSM photodetector with 
asymmetric contact geometries, ideally, a near-zero dark current 
is obtained at zero bias. We measure a dark current of ≈1 fA 
for the present device. As the resolution limit of the I–V meas-
urement setup is 1 fA, when the dark current is smaller than 
1 fA, it cannot be measured reliably. Thus, we use 1 fA as the 
dark current value in the ensuing calculations. The measured 
periodic Isc curve of the photodetector is shown in Figure S3 in 
the Supporting Information. The short-circuit photocurrent Ion 
is above 650 pA, and the dark current can reach to a value of 
≈1 fA when it is stabilized. Thus, the estimated Ion/Idark ratios 
of the MSM photodetector are larger than 105 at zero bias.

One important performance parameter of a photodetector 
related to dark current is detectivity, given by[22]

( )
=D

A R

eI2
*

1/2

D
1/2 	 (7)
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Figure 3.  a) I–V curves of the MSM photodetector under varying light powers from 27 pW to 270 nW. The light wavelength is 650 nm. The inset shows 
the measurement setup. b) The calculated responsivity of the MSM photodetector for varying light powers. c) Dependence of Isc and zero-biased 
responsivity on the light power. The dashed line is the fitting curve according to Equation (5). d) The relationship between Voc and light power.
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where A is the device area and ID is the dark current. For a Pin 
of 27 pW, the detectivity is estimated to be about 9.16 × 1011 
Jones (A = 50.3 µm2, R = 2.31 A W−1, and ID = 1 fA), which is 
among the highest reported values for TMD photodetectors.[22]

Broadband photoresponse is also investigated for the pro-
posed MSM photodetector. In the measured wavelength 
range of 405–980  nm, the MSM photodetector shows similar 
self-driven characteristics, as manifested by the Isc and Voc 
shown in Figure 4a. Voc increases with increasing photon 
energy, with the highest value of 0.2  V obtained at a wave-
length of 405  nm and Pin of 4.07 nW. Although Voc is only 
0.01 V at 980 nm wavelength, it is mainly due to the small Pin 
(143 pW) used. Figure 4b reveals that the largest responsivity 
of 11.2 A W−1 is obtained at −1 V with such a small Pin. In gen-
eral, Figure 4b shows that a high responsivity with magnitude 
larger than 2 A W−1 is obtained at a bias of −1 V for all photon 
wavelengths used. For zero bias responsivity, the largest value 
of 1.62 A W−1 is obtained at 405 nm.

It is important to correlate the self-driven characteristic with 
the degree of contact asymmetry. Here we use contact length 
difference (∆CL) as a measure of the degree of asymmetry. 
Figure 5a shows the I–V curves for MSM photodetectors with 
different asymmetric contact geometries. One observation is 
the broad range of Voc, from 0 to 0.42 V. Figure 5b shows the 
relationship between Voc and ∆CL. The images of the corre-
sponding devices are shown in Figure S4 (Supporting Informa-
tion) to reveal the exact geometries of the MSM photodetectors. 
In general, a larger ∆CL results in a higher Voc. The near-zero 
Voc is obtained with a device with near-identical contact lengths 
(6.043/6.036 µm), and the highest Voc of 0.42 V is from a device 
with the largest ∆CL (23.783/2.192 µm). We note that Voc is not 
exactly proportional to ∆CL, suggesting that other parameters 
such as channel length and contact interface might also be 
determining factors.

Since the first demonstrations of the photodetectors based 
on the single-layer MoS2 flake,[21,37] various photodetectors 
based on TMD materials have been reported to exhibit superior 
properties.[38–41] We note that CVD synthesized 2D materials 
usually have triangular or other irregular shapes. However, 
these photodetectors have not realized or utilized the effect 
of asymmetrical contacts for self-driven photodetectors. It is 
important to point out that the photovoltaic effect induced by 

asymmetrical contacts depends on two important factors, the 
degree of contact asymmetry and the metal-semiconductor bar-
rier height.

Adv. Funct. Mater. 2018, 1802954

Figure 4.  a) Measured I–V curves of asymmetric MSM photodetector under illumination at different light wavelengths. b) The calculated responsivity 
of the MSM photodetector.

Figure 5.  a) I–V curves of multiple MSM photodetectors with different 
degrees of asymmetries. b) The relationship between contact length dif-
ference (∆CL) and Voc of the MSM photodetectors.
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3.3. Modeling and Analysis of the MSM Photodetector

We further analyze the operation of the proposed MSM photo
detector to identify the origin of the self-driven characteristics. 
From the transfer curve in Figure 2c, we confirm that the WSe2 
flakes used in this work are n-type when there is no gate bias. 
With an applied bias Vb between the two electrodes, the photo
current first follows a linear relationship with Vb and then 
saturates at a voltage of between about 0.5 and 1 V, depending 
on incident light power (Figure 3a). The saturation voltage 
increases with increasing light power, due to Schottky barrier 
lowering under high-power illumination. For a small Pin, photo
current saturation occurs when the channel is fully depleted, 
and the saturation voltage is expressed as[42,43]

ε
= 





V
qN

s
2

Sat
D

s

2

	
(8)

Here, ND is the doping concentration, εs is the dielec-
tric constant of WSe2, and S is the channel length which is 
about 10  µm in this device. The dielectric constant is 20 at a 
light wavelength of 633  nm. Then a doping concentration of 
≈1013 cm−3 is obtained. Using these parameters, we develop a 
finite-element model (FEM) for the MSM photodetectors with 

both symmetric and asymmetric contact geometries. Details of 
the device structures used in the FEM are given in Figure S5 in 
the Supporting Information. For the MSM photodetector with 
symmetric contacts, the contact lengths are set at 5 µm and the 
channel length is 2  µm. For the device with asymmetric con-
tacts, we only change one contact length to be less than 5 µm. 
In the process of calculating the I–V characteristics, we have 
adopted an ideal Schottky contact model for the metal–WSe2 
junction.

We first examine the origin of the net current of the MSM 
photodetector at zero bias. Figure 6a shows the electric field 
distribution of the MSM photodetector with a contact length 
difference of 4.5  µm under 650  nm light illumination. As 
the magnitudes of the built-in electric field near the con-
tacts for both sides are the same but with opposite direction 
(Figure S6a, Supporting Information), the resulting photocur-
rent densities near the contacts, which are due to the sweeping 
of the photogenerated carriers by the built-in electric field, 
should be the same in magnitude and opposite in direction. As 
a result, a net current is obtained for the MSM photodetector 
with asymmetric contact lengths. Figure 6b shows the arrow 
surface plot of the photocurrent density distribution for the 
asymmetric device with a contact length difference of 4.5 µm. 
The net current is −83.7 nA, in which the minus sign means 

Adv. Funct. Mater. 2018, 1802954

Figure 6.  a) Calculated electric field distribution of the MSM photodetector with ΔCL = 4.5 µm at zero bias. b) Current density distribution of the MSM 
photodetector in inset (a) at zero bias, with the magnitude and direction of the current represented by the arrow length and direction, respectively.  
c) I–V curves of the asymmetric MSM photodetector with various metal electrode work functions. The narrower contact length is 0.5 µm. The metal 
work function varies between 4.1 and 5.14 eV. d) I–V curves of the asymmetric MSM photodetector with various contact length differences. The nar-
rower contact length is between 0.5 and 5 µm. e) Dependence of Voc on the contact length difference.
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the current is flowing from the wider electrode to the narrower 
electrode. In the case of the symmetric device, a near zero cur-
rent (0.65 pA) is obtained. This negative Isc implies that the 
energy band bends toward the metal (Figure S6b, Supporting 
Information), i.e., the electric field points from the metal to 
WSe2.

It is noteworthy that the Schottky barrier is necessary for the 
self-driven characteristics. We have studied the evolution of Isc 
and Voc with the metal work function. A large negative Isc of 
5.06 µA along with a large Voc of 0.8 V is obtained for the photo-
detectors with a metal work function of 4.1 eV. Isc becomes pos-
itive as the metal work function increases to 4.8 eV. In the case 
of a metal work function of 5.14 eV, Isc is 1.97 µA and the Voc 
is −0.55  V. For both cases, a large Schottky barrier is formed. 
Comparing this analysis to our experimental results, the metal 
Fermi level in the proposed device structure should be above 
that of WSe2. In general, a large Schottky barrier is required if 
large Isc and Voc are desirable.

Further, we explore the dependence of Isc and Voc on the 
contact asymmetry. Figure 6d compares the calculated I–V 
curves of the MSM photodetectors with various narrower con-
tact lengths while keeping the other contact length at 5 µm. Isc 
increases from −0.6 pA to ≈−1 µA, when ∆CL varies from zero 
to 4.5  µm. Figure 6e shows the relationship between Voc and 
∆CL, which has a similar trend as the experimental results. For 
a small ∆CL, the Voc follows a linear relationship with ∆CL, and 
it saturates at a larger value.

4. Conclusion

We propose a novel MSM WSe2 photodetector which shows 
self-driven characteristics. The MSM photodetector has an 
asymmetric contact geometry, which results in a net cur-
rent flow without external bias. For the present device, a high 
responsivity of 2.31 A W−1 is obtained at zero bias. The pro-
posed MSM photodetector can overcome the disadvantage of 
the high dark current present in existing MSM photodetectors. 
A small dark current of ≈1 fA along with a high detectivity of 
9.16 × 1011 Jones, and a high on/off current ratio are achieved. 
The MSM photodetector also shows self-driven broadband 
photoresponse in the range of 405–980  nm. We have also 
performed a finite-element analysis to study the origin of the 
self-driven characteristics, and qualitatively confirm the depend-
ence of the self-driven performance on the degrees of asym-
metry. The coplanar device structure and the much simpler 
fabrication process than traditional self-driven devices like PN 
junction suggest the promising applications of the proposed 
MSM photodetectors with asymmetric contact geometries.

5. Experimental Section
Device Fabrication: For the sample preparation, we used the SiO2 

(300  nm)/Si wafer as the starting substrate. The WSe2 flakes were 
transferred to the SiO2/Si wafer by mechanical exfoliation method. 
Then we checked the transferred flakes and identified the WSe2 flakes 
with special shapes like triangular shape or those with sharp angles for 
fabricating the MSM devices with asymmetrical contact geometries. The 
electrode pattern was aligned with the chosen WSe2 flakes in such a way 

that two electrodes have very different contact lengths. Au (50  nm)/ 
Ni (10  nm) were subsequently deposited on the substrate at a rate of 
1A° s−1 by electron beam evaporation method. At last, lift-off in acetone is 
performed to form the MSM photodetectors.

Electrical and Photoresponse Characterization: The electrical 
performances of the devices are characterized by a semiconductor 
parameter analyzer Agilent 4156c. The measurements were conducted in 
ambient without light illumination. For the photoresponse measurements, 
the light is illuminated on the entire device through a microscope 
equipped with the probe station for current–voltage (I–V) measurements. 
A laser diode with varying wavelengths was used to illuminate the whole 
device through a focused objective. With a 20× objective used in the 
experiment, the diameter of the focused spot size is about 1 mm, which 
is much larger than our flake size and ensuring the illumination is global. 
The power of the light illuminated on the device is tuned by an attenuator 
with different light losses. The total power of the light illuminated on the 
substrate is measured with a New-port power meter, and the effective 
input power illuminated on the entire device is calculated by considering 
the area of the WSe2 flake and the area of the light spot of the objective.

Finite Element Analysis: 2D finite element modeling and analysis 
are performed with COMSOL software by coupling the semiconductor 
interface with electromagnetic waves. The material constants of the 
semiconductor (WSe2) are from multiple references, including energy 
bandgap,[34] refractive index and extinction coefficient,[44,45] and dielectric 
constant,[46] electron affinity,[47] and effective mass and equivalent 
density of states.[48] For the channel contact lengths, the wider side 
is set as 5  µm, and the other side varying between 0.5 and 5  µm. A 
channel length of 2  µm is adopted in the simulation considering 
the computation efficiency and results visualization. I–V curves can  
be derived by applying a bias voltage to the narrower side, which is the 
same as the experimental measurement setup.

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