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Abstract: Transition metal dichalcogenides (TMDCs) have received wide attention as a new generation
of semiconductor materials. However, there are still many problems to be solved, such as low carrier
mobility, contact characteristics between metal and two-dimensional materials, and complicated
fabrication processes. In order to overcome these problems, a large amount of research has been
carried out so that the performance of the device has been greatly improved. However, most of these
studies are based on complicated fabrication processes which are not conducive to the improvement
of integration. In view of this problem, a horizontal-gate monolayer MoS, transistor based on image
force barrier reduction is proposed, in which the gate is in the same plane as the source and drain and
comparable to back-gated transistors on-off ratios up to 1 x 10* have been obtained. Subsequently, by
combining the Y-Function method (YFM) and the proposed diode equivalent model, it is verified that
Schottky barrier height reduction is the main reason giving rise to the observed source-drain current
variations. The proposed structure of the device not only provides a new idea for the high integration
of two-dimensional devices, but also provides some help for the study of contact characteristics
between two-dimensional materials and metals.
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1. Introduction

Since the discovery of graphene, two-dimensional materials have received extensive attention
because of various peculiar physical phenomena. However, graphene with zero band gap is difficult
to turn off when used in transistors [1], has a very low switching ratio and, therefore, is not suitable
for digital integrated circuits [2]. Interestingly, transition metal dichalcogenides (TMDs) have shown
potential advantages in electrical devices, with MoS, becoming the research hotspot in recent years.
Compared with graphene, MoS, has a wide band gap, so that field-effect transistors with on-off ratios
up to 10° have been obtained [3]. At the same time, the energy band structure depends on the thickness
of MoS,. Monolayer MoS; is a direct band gap semiconductor with band gap of about 1.8 eV, while
multilayer MoS, exhibits indirect band gaps with widths ranging between 1.2 and 1.7 eV, which means
MoS; has good photoelectric characteristics [4-6].

However, the widespread application of MoS, is limited by some undesired factors, such as
low carrier mobility. To address this limitation, a great deal of research was carried out. It has been
found that the performance of MoS; transistors is limited by contact resistances, which are due to
Schottky barriers [7]. In order to reduce the Schottky barrier height between MoS; and metal, various
methods have been used to improve the contact performance which includes selecting metals with
a suitable work function and inserting a buffer layer such as graphene or boron nitride [8-10]. To
promote the commercialization of MoS, transistors, the complexity of the manufacturing process needs
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to be reduced [11-13]. It is worth noting that MoS; is a layered material without dangling [14,15].
The resulting weak van der Waals interlayer interaction makes it difficult to deposit the dielectric on
MoS;. Thus far, most of the research on MoS, transistors is based on back-gate devices, which are not
conducive to integration.

In this work, a monolayer MoS; FET with a horizontal-gate structure is proposed making use of the
principle of electrostatic induction and electrical characteristics comparable to back-gate transistors can
be obtained. The table comparing the device with the literature is shown in Table S1 (the Supplementary
Materials). In order to further understand its operation mechanism, it is verified that the mirror force
barrier reduction is the dominant factor by combining the YFM method and the diode equivalent model.

2. Materials and Methods

Monolayer MoS, was synthesized on a P*Si/SiO, substrate by chemical vapor deposition
(CVD) [16,17] and the SEM images of monolayer MoS; are provided in Figure S1 (Supplementary
Materials). Gate/source/drain electrodes were defined by ultraviolet lithography. Then, Ti (20 nm)/Au
(100 nm) electrodes were deposited by electron beam evaporation followed by resist removal.
Subsequently, the device was annealed at 200 °C for 2 h under Ar, atmosphere to remove water
molecules adsorbed on the MoS, [18]. Figure la shows an optical image of the horizontal-gate
device, including all electrodes on the same plane. The thickness of MoS, synthesized by CVD was
characterized by Raman spectroscopy. As can be seen from Figure 1b, the wavenumber difference
between the two peak positions is 18.1 cm~!, which is the typical characteristic of monolayer MoS, [19].
Electrical measurements were performed with an Agilent B1500A analyzer (Santa Clara, CA, USA). All
of the above measurements were performed at room temperature.
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Figure 1. (a) The optical image of horizontal-gate device. (b) The Raman spectrum of monolayer MoS,

(c) The schematic of the horizontal-gate monolayer MoS, transistor. (d) Transfer characteristic curve
when Vds is equal to 1 V.
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3. Results and Discussion

The transfer characteristic of the horizontal-gate monolayer MoS; transistor is shown in Figure 1d,
from which the on-off ratio up to 1 x 10* can be obtained when the gate voltage is from —40 V to
40 V. Figure 1c shows the schematic of the horizontal-gate monolayer MoS, transistor including all
electrodes in the same plane, which can greatly improve the integration compared to the back gate
MoS, transistors.

In order to better understand the operation mechanism and the contact characteristics of the
horizontal-gate monolayer MoS, transistor, we need to extract important parameters including mobility,
threshold voltage and contact resistance. By comparing the results of two-probe and four-probe
measurements, it is proven that the YFM method can be used to effectively extract device parameters.
All parameters are provided in Table S2 (Supplementary Materials). According to the YEM method,
the Y-function is defined as [20]:

1/2

I 4%
Y = < ﬁs/z = (fCodes#o) (Vgs - Vi) 1)
m

where Iy the drain current, Vs the applied horizontal-gate voltage, ¢, the trans-conductance, Coy the
gate capacitance per unit area, Vy, the threshold voltage of the horizontal-gate transistor, L and W are
the channel length and width, respectively. As shown in Figure 2a, we plot the Y-function as a function
of gate voltage and linearly fit the linear region, from which the mobility and threshold voltage can
be extracted from the slope and the intercept, respectively. The mobility degradation coefficient
(Equation (3)) can be obtained from the modified current equation (Equation (2)). The relationship
between the mobility degradation coefficient 6 and the gate voltage is shown in Figure 2a. As the gate
voltage increases, the mobility degradation coefficient tends to be stabilize when the horizontal-gate
MoS; transistor is operated in the linear region. To extract the contact resistance, the relationship
between the mobility degradation coefficient and the contact resistance is required, that is, Equation (4):

_ WCoy . Uo B
e = T T o v Ve ?
0 = [(gm(Vgs = Vin) /as) - 1]/<Vgs - Vth) (©)
0 = 0o + ReontactCoxtioW/L (4)

where 0y is the intrinsic degradation coefficient of the mobility, which is so small that it can be ignored
under normal conditions, only considering the effect on contact resistance at higher bias conditions.
From the relationship 0 with Vs shown in Figure 2a, the contact resistance at different gate voltages
can be extracted to be about 6.7 K(, as shown in Figure 2b. Due to the existence of a Schottky barrier
between the MoS, and the metals electrodes, the contact resistance affected by the height of the Schottky
barriers, the contact resistance decreases as the gate voltage increases. The contact resistance does not
change uniformly with the gate voltage because the contact resistance is not only affected by the height
of the Schottky barriers, but also by other factors such as the equivalent resistance due to the tunneling
current induced by barrier width thinning, interlayer resistance and so on. According to two probe
measurements [21], the channel resistance can be obtained from:

Rtotal = Rcharmel + Reontact (5)
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Figure 2. (a)The relationship curve between the mobility degradation coefficient 6 and Vs (green) and

Y-function as function of Vs (black). (b) The contact resistance extracted from the mobility degradation

curve. (c) The equivalent diode model of current flowing. (d) I-V characteristics at Vg5 = 0 V and the

energy band diagram(inset). (e) I-V characteristics at different gate voltage.

After obtaining the channel resistance of the device, the diode characteristics of the device can
be measured, as shown in Figure 2e, in which a unique phenomenon was observed that the reverse
current was greater than the forward current. The reason for this asymmetry is likely due to the
different heights of the image barrier reduction on both sides as shown in the inset of Figure 2d. In
order to verify this hypothesis, we explored the operation mechanism of the horizontal-gate transistor
from the perspective of the diode model, shown in Figure 2c.

Considering the existence of a Schottky barriers at the source and the drain contacts, the current

flow process can be seen as passing through two Schottky diodes connected back-to-back. Consequently
one of the two diodes is always reverse biased, no matter how the voltage is applied. The main voltage
drop occurs at the reverse biased diode and the channel resistance and can be evaluated according to

the Equation (6).
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The typical trait of the Schottky barrier reduction due to the image force is that the logarithm
of the current depends on the fourth root of the bias voltage [22,23]. Figure 3 shows the function
relationship between In (Igs) and V[V;], from which the similar linear relation was obtained. This not
only proves the correctness of the diode model, but also indicates that the Schottky barrier reduction
induced by image force is the reason of current increasing. The result is consistent with the following
expression [24]:

Ve = Vds - Rcharmellds (6)
Ids = AA*TZ QXP[%((X 4\1 |Vr| - (PB>:| (7)

where A is the area of the junction, A* is the Richardson’s coefficient, « is the dimensional constant, and
¢p is the Schottky barrier height. It can be seen from the above results that the characteristics of the
diodes under different gate voltages are consistent with the change trend caused by the Schottky barrier
height reduction subjected to image force. However, from the perspective of the applied bias voltage,
the diode characteristics at different gate bias voltages appear to be transistor characteristics controlled
by the gate and drain voltages. Hence, we have reason to believe that the operation mechanism of the
horizontal-gate transistor is related to the Schottky barrier reduction caused by the image force, which
can be explained from the angle of the energy band model of Figure 4, which shows the variation of the
energy bands for different gate voltages and different drain voltages. It is worth noting that the polarity
and magnitude of the gate and drain voltages all affect the amount of the image charge, inducing the
difference in reduced barrier height. The difference of the image force dependence on gate voltage
resulted in the variation of Schottky barrier height, which caused the on-state current increasing or
decreasing. In contrast to a previous report [25], which believed that the variation of tunneling current
caused by gate voltage is the main cause of on-state current increasing. We find that the reduction
of Schottky barrier heights due to image force effects is the main reason for current increase. This
discrepancy is mainly because the gate-control capability of the proposed horizontal-gate transistor
is not sufficient to generate tunneling due to a wider Schottky barrier, so that the reduction of the
Schottky barrier height caused by the image force becomes the dominant factor. It is important to
understand the tunneling and Schottky barrier height reduction how to affect the operation of device
for improving the performance of device, because the contact between metal and MoS; is a key factor
affecting device performance [3,26,27].
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Figure 3. The linear relationship between In I;; and VIV, (a) Reverse direction (Vs > 0). (b) Forward
direction (V45 > 0).
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Figure 4. The energy band diagram at different gate voltage where Vgs <0 (red), Vgs = 0 (black), Vgs>
0 (green). (a) V4s = 0 (zero bias). (b) V45 < 0 (reverse bias). (c) V45 > 0 (positive bias). We find it that
both Vgg and V45 have an effort on the Schottky barrier heights. The Schottky barrier heights reduction
is the most obvious when Vgs > 0 and Vg, < 0 (figure b green line).

4. Conclusions

In this work, a horizontal-gate MoS; transistor based on image force barrier reduction is proposed.
The contact resistance of the device was extracted by the YFM method, and the dependence of the
electrical characteristics of the device on the image force was verified by the diode model. Finally, the
operation mechanism of the horizontal-gate transistor was explained from the perspective of the energy
band models. Compared with back-gate transistors, horizontal-gate transistor not only has comparable
electrical characteristics, but also feature simplified fabrication processes that do not require deposition
of the dielectric layers, which facilitates integration. At the same time, this work also indicates that the
interface characteristics are not only affected by the tunneling effect, but also influenced by the mirror
force barrier reduction, which promotes the study of interface characteristics to a certain extent.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/9/9/1245/s1,
Figure S1: The SEM images of monolayer MoS, and transistor, Table S1: Comparison of the performance of device
with literature. Table S2: Typical values of parameters in equations.
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