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ABSTRACT Two-dimensional (2D) layered materials offer unique opportunities for building novel
nanoscale electronics devices. As the family of 2D materials and their heterostructure continue to grow, it
is desirable to have a technique capable of quickly prototyping 2D devices for efficient exploration of new
materials and devices. Here, we demonstrate a facile all-dry transfer technique that can very efficiently
build 2D devices, and show that a digital inverter can be realized using such technique. Our results can
be leveraged for building and testing new types of 2D nanodevices with high throughput.

INDEX TERMS 2D materials, nanodevice, 2D semiconductor, device fabrication.

I. INTRODUCTION

Two-dimensional (2D) layered materials hold great promises
for enabling new atomically-thin nanodevices that can lead
to new paradigms in information processing and com-
putation [1], [2]. In particular, the ultimate thinness of
these devices can enable logic gates with very short
channel length [3], [4], low-power electronics, flexible
circuits [5], [6], and are compatible with transparent sub-
strates [7], [8], offering new opportunities for smart wireless
components.

While transistors based on 2D materials have been broadly
explored [9], [10], the first step towards building logical
circuits is to construct logical gates using multiple transistors.
Among them, inverter is one of the most basic digital circuit
components, and are often used as the building block of the
logical “NOT” gate. While a number of 2D inverters have
been demonstrated [11], [12], most of them are constructed
using conventional techniques such as photolithography or
e-beam lithography.

While these techniques are scalable and can be used
towards large scale production, it is still desirable to have an
alternative technique that’s capable of very fast prototyping

new devices, so that inverters based on different types of 2D
materials can be efficiently realized and explored. Further, to
construct novel 2D circuits it may require different type of
devices structures to be fabricated on the same substrate, and
certain 2D device structures (such as nanoelectromechanical
systems, which are based on suspended 2D structures) may
not be compatible with the wet processes involved in the
lithography techniques.

We have demonstrated a facile all-dry transfer tech-
nique that can quickly fabricate 2D devices, and show
that 2D inverters can be efficiently prototyped [13]. Here,
we presented additional experiment details and extended
analysis about MoS; transistors performance, including
top-gated/back-gated devices, and inverter performance.

Il. MATERIAL CHARACTERIZATION

Molybdenum disulfide (MoS,) is the prototypical 2D semi-
conductor, and has been widely explored to construct novel
electronic devices [14], [15]. To demonstrate the fast-
prototyping capability of the dry transfer technique, we use
mechanically exfoliated MoS; in this work. We characterize
the exfoliated 2D flakes using Raman spectroscopy.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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FIGURE 1. MoS, material characterization. (a) Crystal structure of MoS,.
(b) Raman spectrum and illustration of the vibrational modes.

Through analyzing the Raman spectrum (Fig. 1), we can
characterize the quality and thickness of the MoS; flake.
First, the sharp profile and strong intensity of the two fea-
tured Raman peaks (E%g and Ajg vibrations) confirm the
high quality of our sample. Besides, the two featured Raman
peaks are found at 382.02 cm~! (E%g) and 407.42 cm™!
(A1), referring to the multilayer feature (~10 layers) of the
MoS, flake [16].

1il. DEVICE FABRICATION

We fabricate the MoS, nanoelectronic devices using a dry
transfer method [17]. First, MoS; flakes are exfoliated using
the scotch tape method onto a Polydimethylsiloxane (PDMS)
piece residing on a glass slide. The glass slide is then flipped
upside down and mounted onto an x-y-z translational stage,
and a target MoS, flake is identified under the microscope
for making the device (Fig. 2b’).

The device substrate is made of a silicon wafer with
290 nm SiO; on top. Metal electrodes (40 nm Cr/Au) are pre-
patterned using photolithography onto the substrate, forming
the source and drain contacts for the MoS, devices (Fig. 2a’).

During the dry transfer process, the PDMS is gradu-
ally lowered onto the substrate under a microscope, with
the indemnified MoS, flake aligned towards the devices
area between the electrodes. Once the PDMS piece is in
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FIGURE 2. Device fabrication using the facile dry-transfer method. (a-g)
The transfer process. (a’-g’) Optical images of the starting substrate, the
MoS, flake, and device structure during each fabrication step. An
additional transfer step was performed after the stage shown in Fig. 2g’,
with another graphene flake connecting the top-gate graphene piece to
the metal electrode. For clarity the optical image after completing that step
is now shown here, but is available upon request by contacting the
authors. Scale bar: 25 um. All optical images are roughly 215 pm by

160 wm in size.

contact with the substrate, the glass slide is further low-
ered a bit in order to depress the MoS; flake onto the
substrate for better adhesion, and then very slowly raised
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to detach the PDMS from the substrate. Due to van der
Waals interaction, the MoS; flake can stay on the substrate,
contacted by the electrodes. We repeat such process multiple
times, and deposit a hexagonal boron nitride (h-BN) flake
as a top dielectric layer, followed by another graphene flake
on top serving as the top gate electrode. The complete dry-
transfer process and the device image during each step are
shown in Fig. 2.

The resulting device has a MoS;/h-BN/graphene het-
erostructure, with source, drain, and two gate electrodes: the
top electrode is the graphene piece in contact with one metal
bond pad, and the bottom electrode is the highly-doped Si
substrate. The device is then annealed in 250°C for 30 min
with Ny flow of 6 cc/min for better electrical contact [18].

IV. TRANSISTOR MEASUREMENTS

We first characterize the electronic properties of individual
transistor devices using a probe station. Fig. 3a shows the
measurement configuration. Here, the source electrode of the
device is connected to the ground, and the drain electrode
is connected to the output of a parameter analyzer, which
supplies the drain voltage V45 and measures the drain current
14s. Two other parameter analyzers are connected to the top
gate and back gate electrodes, and supply the gate voltages
Vigs and Vygs, respectively. During the measurements, as
the voltage on one gate electrode is swept, the other gate
electrode is grounded to avoid coupling between the two
gates [19].

We first measure the back-gated transistor behavior
(Fig. 3c). When Vg is 3V and Vg, is swept from —0.1 V
to 0.1V, the range of drain current /g5 is £80 nA. Figure 3d
shows the transfer curve of the same transistor. The device
exhibit N-type transfer behavior, as /g5 increases with the
Vbegs, reaching 50 nA at Vg =3 V.

We also explore the device performance under different
drain biases and gate voltage ranges. Figure 3e shows that
as the back gate voltage is swept from —5 V to 3 V, I4s does
not change significantly when Vys is 0.1 V. Meanwhile, if
Vgs is increased to 0.3V, I4s will also increase (Fig. 3f).

With the top gate dielectric layer (h-BN) being much thin-
ner than that of the bottom gate (SiO;), the top gate is
expected to be much more efficient in controlling the car-
rier density and thus conductance in the transistor channel.
Accordingly, we examine the top-gated transistor behavior
(Fig. 32).

We first measure the transport curve of the top-gated
device. When Vg is 1 V and Vs is swept from —0.1 V to
0.1V, the range of drain current I45 is £300 nA, which is
much larger drain current range compared with that of the
back-gated device. Figure 3h shows the transfer curve of the
same transistor. When we sweep the top gate voltage —3 V
to 0.5V (Vg5 = 0.1 V), it shows a more pronounced N-type
transfer curve, with a clear on and off region, and on-state
current reaches up to 250 nA. With the same Vg (0.1 V), the
drain current for the top-gated device is almost 10 times that
of the back-gated device, all while using the same channel.
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As we continue to increase the top gate voltage, the drain
current /4s also continue to increase, reaching 500 nA with
Vigs = 2.5V, as shown in Fig. 3i and 3j.

From the above measurements, we confirm clear N-type
transfer behavior of the devices. The top gate is much more
efficient in switching the device on and off, i.e., requiring
a much lower switching voltage, consistent with the top gate
dielectric being much thinner than the bottom one.

We further measure the MoS; transistor electrical
performance by sweeping both back gate and top gate volt-
ages, while setting the Vg5 is 0.5V, with the results shown in
Fig. 3k and 31. The collective gate tuning behavior, from both
top gate and back gate, allows us to extract more information
about the device by comparing the gate tuning effects from
the two gates.

In the linear regime, the dependence of drain current Iy
on the two gates can be written as I = “£ LC % (Vigs — Vin)
and I = W“ch" (Vigs — Vin) [19], where p, L and W are
the mobility, channel length and width of transistor, C,, and
Cyy, are the capacitance per unit area to the channel for the
back gate (with silicon dioxide as the gate dielectric) and
top gate (with h-BN as the gate dielectric), and Vy, is the
threshold voltage.

When both gates are used, the carrier density and thus
the conductance of the channel is controlled collectively
by both gates, through the two gate capacitors. Both gates
can induce/remove charge from the channel through its gate
voltage and gate capacitor. Therefore, when one gate voltage
is increased to induce charge in the channel while the other
gate voltage is decreased to remove charge in the channel,
there is a condition where the effects from the two gates
cancel each other, resulting in zero net charge in the carrier
density and thus the current. Such conditions are manifested
by the constant-current contour lines in Fig. 31, from which
we can derive the ratio of the two gate capacitors using the
slope of the contour (the voltage ratio).

From the argument presented above and the equations,
one can derive the ratio of the two gate capacitances as
g—zz = % In the linear regime, one can use g;: = Wi
by examining the slope of constant-/45 contour line in Fig. 31
(dashed line); we find that the slope of the line (j“/,i’g:) is
—42.42, which gives the ratio of the two capacitances%

Using the thickness of SiO; (dpx = 290 nm) and rela-
tive permittivity of SiO» (g,9x = 3.9), we calculate C,, =
% = 1.19 x 10™* F/m2, which further gives on C, =
50.48 x 10~* F/m2. We then use Cj, = E‘ZZJ”"‘ to calculate the
h-BN thickness, with relative permittivityﬂ of h-BN ¢g,3,, =
3.76 [20]. From the equation we obtain thickness of the
h-BN dj,, = 6.6 nm, which appears to be a reasonable value
given the contrast and color of the h-BN flake in the optical
image.

AVigs

V. INVERTER MEASUREMENTS
We then construct digital inverters by connecting multiple
transistors, and test their digital operation. Figure 4a shows

1271



JOURNAL OF THE

ELECTRON DEVICES SOCIETY LIANG et al.: TWO-DIMENSIONAL INVERTERS BASED ON MoS,-hBN-GRAPHENE HETEROSTRUCTURES
(a) Parameter Parameter (b)
Analyzer
Analyzer Ve y Vigs
H o H 1 o

LO
saaal] @

LOo-

Parameter
Analyzer  Vige

HI°'—L
LO
saanll @
(c) (d) (g)
55 300 -
80F v, _=3v St 50F V,=0.1V 200F V=1V i
2 Yof — 45F — 100}
< of s < 40t € of et
8.40 3B =-100F Lol
SEAUE e ~°30F ~°-200f ,.coc
-80F - 25 _300F .-
-120 ) L { %g—| Pl ! 1 Ll -400"‘ L. | T
-0.10 -0.05 0.00 0.05 0.10 3210123 -0.10-0.05 0.00 0.05 0.1 1
L Ve, (V) Ve (V)
174 -0.1V to 0.1V Vs -3V t0 3 Vg 0.1V to 0.1V Vs -3V 10 0.5V
(e) (f) (i) ()
45 600 -
40F V,=0.1V %F v, =0.3v 400 - v =0.1v 500 [V, =0.1V
_35F — 60F 2 300 [ —~ 400 £ °
3 23 < 200 [- T0f
s5oF <230 = 100 | <8200 |
~RE 20F N 100 F
5-||||||||| 10':||||||||| 0||||||||| 0-|||||||||
Us4s32101224 5432101234 3 2 -1 0 1 2 32101 2 3
Vs V) Vi Ve V) Ve V)
Vigs -3V to 3V Vigs -3V to 3V Vs -3V to 1.5V Vies -3V t0 2.5V
(k) 600.0
V, =0.5V .
= 300.0
90.00
60.00
30.00
2
S 8.000
-
*=
2.000
P 3 2 4 0 1 2
Vo, V)

FIGURE 3. MoS,; transistor. (a) Measurement circuit. (b) Optical image of a device being measured, with bond pads leading to electrodes contacted by
electrical probes under microscope. (c) Output curve of back-gated transistor, with V45 from —0.1 V to 0.1V, and Vpgs =3 V. (d) Output curve of
back-gated transistor, with V},.q from —3 V to 3 V, and Vg = 0.1 V. (e) Output curve of back-gated transistor, with Vpgg from —5Vto 3 V, and Vyg = 0.1 V.
() Output curve of back-gated transistor, with Vp,gs from —5Vto 3V, and Vyg = 0.3 V. (g) Output curve of top-gated transistor, with V45 from —0.1V to
0.1V, and Vygg = 1 V. (h) Output curve of top-gated transistor, with Vigg from —3 Vto 0.5V, and V45 = 0.1 V. (i) Output curve of top-gated transistor, with
Vigs from -3 Vto 1.5V, and Vg = 0.1 V. (j) Output curve of top-gated transistor, with Vigg from —3 Vto 2.5V, and Vg = 0.1 V. (k) and (I) 3D color plot
and 2D color map of /45 as a function of both Vigg and V bgs’ measured by sweeping both gate voltages simultaneously.

the schematic of a digital inverter composed of two configuration of an inverter composed of two transistors,
N-type transistors, together with its truth table and output together with the measurement circuit diagram, with three
curve when used in digital circuits. Figure 4b shows the parameter analyzers used for Vqq, Voue and Vi, respectively.
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FIGURE 4. MoS, inverter. (a) Circuit schematic of an inverter based on two transistors, its truth table and output curve. (b) Measurement circuit.

(c) Optical image of a device connected to the probes. (d) Measured output curve of the MoS, inverter, with V;, from -3 Vto3V,and Vg4q =1.5V.
(e) Measured output curve of the MoS, inverter, with V;, from —4 Vto 4V, and V44 = 1.5 V. (f) Measured output curve of the MoS, inverter, with V;,
from -5V to 4V, and V44 = 1.5 V. (g) Measured output curve of the MoS; inverter, with V;, from —4Vto4V,and Vq4q =2 V.

Figure 4c shows an optical image of an inverter made of
two MoS, transistors on two different substrates.

The measured inverter performance is shown in Figs. 4d-g,
showing the inverter input vs. output. We find that the dry-
transferred MoS; devices exhibit clear inverter behavior, with
output voltage being negatively correlated with the input
voltage, i.e., when input is high, the output is low; and vice
versa. We also measure the device with different input voltage
ranges, and confirm the functionality of the MoS, inverter.

Specifically, in the first measurement (Fig. 4d), we use
Vin: from —3 V to 3 V, and set Vgq = 1.5 V. We observe
clear inverter behavior with Vg, going from 0.8 V to 0.2 V.
We then vary both the range of input voltage (Figs. 4e-f)
and Vg4q (Fig. 4g), and find that the output window can be
increased as Vgyq increases, as expected for a two-transistor
inverter.
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VI. CONCLUSION

A dry-transfer method has been successfully demonstrated
in building inverters based on MoS;/h-BN/graphene het-
erostructures, and the resulting devices are tested and exhibit
clear inverter behavior. The result shows that the dry trans-
fer method can be used for efficient prototyping of new
types of 2D devices and testing their performances, such as
quickly surveying the device properties of nanoelectronics
devices and circuit components based on different combi-
nation of 2D materials and heterostructures. Such technique
is compatible with the processing requirement for certain
type of 2D nanostructures, such as nanoelectromechanical
devices [21], [22], and offers unique opportunities for build-
ing new types of mixed-type circuits components [23] that
can combine multiple functionalities, such as sensing, signal
processing, and logical operation.
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