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Novel and Enhanced Optoelectronic Performances of
Multilayer MoS,~WS, Heterostructure Transistors

Nengjie Huo, Jun Kang, Zhongming Wei, Shu-Shen Li, Jingbo Li,* and Su-Huai Wei*

Van der Waals heterostructures designed by assembling isolated two-dimen-
sional (2D) crystals have emerged as a new class of artificial materials with
interesting and unusual physical properties. Here, the multilayer MoS,~WS,
heterostructures with different configurations are reported and their opto-
electronic properties are studied. It is shown that the new heterostructured
material possesses new functionalities and superior electrical and optoelec-
tronic properties that far exceed the one for their constituents, MoS, or WS,.
The vertical transistor exhibits a novel rectifying and bipolar behavior, and
can also act as photovoltaic cell and self-driven photodetector with photo-
switching ratio exceeding 10%. The planar device also exhibits high field-effect

gap around 1-3 eV and display advanta-
geous optoelectronic properties.”!% For
example, the field-effect transistors based
on monolayer or few-layer MoS, have
been reported to exhibit an excellent on/
off ratio (~10%) and room-temperature
mobility of >200 cm?/Vs, and the layered
WS, has also been reported to exhibit 10°
room temperature modulation and bipolar
behavior.l'12l For photodetection, the lay-
ered TMDs based photodetectors have
been demonstrated with very high respon-

ON/OFF ratio (>10°), high electron mobility of 65 cm?/Vs, and high photo-
responsivity of 1.42 A/W compared to that in isolated multilayer MoS; or WS,

sivity and fast photoresponse.['3-1]
In parallel with the study of the single
layer graphene-like materials, Van der

nanoflake transistors. The results suggest that formation of MoS,—WS, het- Waals heterostructures and the corre-

erostructures could significantly enhance the performance of optoelectronic
devices, thus open up possibilities for future nanoelectronic, photovoltaic,

and optoelectronic applications.

1. Introduction

Graphene as a two-dimensional (2D) material has attracted
extensive attentions recently due to its unusual physicochemical
properties!!™ and its great potentials in various technological
applications such as nanoelectronics and optoelectronics.l>®!
However, the zero bandgap of graphene has limited its appli-
cations. As alternatives, new research interests have emerged
focusing on other 2D materials such as transition metal
sulfides (TMDs) (WS,, MoS,, etc.), which possess sizable band
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sponding devices fabricated by stacking
different 2D crystals on top of each other
have also been gaining much attention
recently. These systems have revealed
some novel properties and new phe-
nomena that could trigger new revolu-
tion in architecture design of heterostructures for integrated
optoelectronic applications. For example, the graphene het-
erostructures with 2D h-BN or MoS, layers acting as vertical
transport barrier are fabricated and exhibit room-temperature
switching ratio of 50 and 10 000, respectively.l' Following
the success, the vertical integration of multi-heterostructures
of graphene and MoS, are reported for the fabrication of a
new generation of vertical field-effect transistors!'’l (VFETs)
with an on-off ratio >10° and a high current density of up to
5000 A/cm?. The vertically stacked heterostructures of gra-
phene and MoS, are also demonstrated to display remark-
able multiple optoelectronic functionality, including highly
sensitive photodetection and gate-tunable persistent photo-
conductivity,'¥l gate-tunable photocurrent generation with a
maximum internal quantum efficiency up to 85%, and huge
capacity of information storage with a factor of 10* difference
between memory states and erase states.['%2% Moreover, the
VFETs based on the graphene-WS, heterostructures are also
fabricated with unprecedented current modulation exceeding
10% at room temperature.?!l These results suggest that the
stacked multi-heterostructures of layered materials could
open up new opportunities in future nanoelectronic devices
with large-scale integration. Indeed, there are large number
of 2D materials that can be exfoliated with micromechanical
cleavage method and combined together to create various and
tailored heterostructures.
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Here, we describe vertical field-effect transistors based on
multilayer MoS, and WS, heterostructure, which exhibit novel
rectifying and bipolar behavior with much improved switching
on/off ratio of 10° or larger. The designed heterostructure also
exhibits unusual optoelectronic property, which can be used
for high efficiency self-driven photodetectors with maximum
photo-switching ratio of 10° due to the presence of a built-in
potential in the heterostructure. The MoS,~-WS, heterostruc-
ture planar transistors are also demonstrated to possess better
optoelectronic performances than the isolated multilayer MoS,
or WS, nanoflake transistors, including the improved field-
effect ON/OFF ratio (>10°), high electron mobility of 65 cm?/Vs,
and high photoresponsivity of 1.42 A/W.

2. Results and Discussion

As typical 2D layered semiconductors, MoS, and WS, possess
similar crystalline structure and lattice constants,??! so the inter-
face between MoS, and WS, could be strain free with minimal

'a\
M“\Tliié

www.MaterialsViews.com

structural defects. Each single plane of MS, (M = Mo or W)
comprises a trilayer composed of a molybdenum or tungsten
layer sandwiched between two sulfur layers in a trigonal pris-
matic coordination (Figure 1a). The layered MoS, and WS, are
binded by weak Van der Waals force, and first-principle calcula-
tion reveals that the band offset between MoS, and WS, pre-
sents type-II characteristics, namely, both the CBM and VBM
of WS, are higher in energy than those of MoS, as shown from
the calculated band structures (Figure 1b) and band alignment
(Figure 1c), which is in agreement with previous reports.?324
The vertically stacked MoS,~WS; heterostructures are fabri-
cated with dry transfer procedure.?'?! Briefly, the multilayer
MoS, nanoflakes are exfoliated onto the SiO,/Si substrates with
micromechanical cleavage method. The multilayer WS, nano-
flakes are then transferred onto another substrate to overlap
with the MoS, nanoflakes. Then, the Au electrodes serving as
source and drain are deposited by “gold-wire mask moving”
method.?®?”l Two types of architectures are designed for the
devices, which are vertical and planar transistors as shown in
Figure 1d,e, respectively. In the vertical architecture, the source
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Figure 1. a) Three-dimensional schematic plot of a typical WS, and MoS; structure with the sulfur atoms in yellow, tungsten atoms in gray and the
molybdenum atoms in purple. b,c) The calculated band structure (b) and band alignment (c) for multilayer MoS, and WS, nanoflakes, presenting type-
I structure. The vacuum level is taken as zero reference (eV). d) The optical microscope images of the stacked multilayer MoS,~WS; heterostructure
transistors in vertical architecture. The scale bar is 10 pm. e) Same as (d) but in planar architecture. f) Room-temperature Raman spectrum from the
multilayer WS, and MoS, nanoflakes, and the MoS,—~WS, heterostructures, using the 532 nm laser. The inset is a schematic illustration of the atomic
displacements for the in-plane phonon mode E',,(I) and the out-of-plane phonon mode Aq4(T), for two adjacent layers of WS, or MoS,, the dashed
line represents the weak inter-layer van der Waals interaction.
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Figure 2. Current-voltage characteristics of vertical transistor based on
the MoS,—WS, heterostructures. The inset shows the schematic diagram
of the device.

and drain electrodes are connected to the MoS, and WS, flakes,
respectively, whereas in the planar architecture, both source
and drain electrodes are connected to the MoS, flakes. More
details of the fabrication procedures will be described in the
Experimental Section.

The first-order Raman spectra of both the multilayer WS,
and MoS, nanoflakes show two optical phonon modes at the
Brillouin zone center [E',4(T') and Ayg(I)]. E'54(T) is an in-plane
optical mode, while A4(T") corresponds to out-of-plane vibra-
tions of the sulfur atoms (inset of Figure 1f). Figure 1f shows
the Raman spectra of exfoliated multilayer WS, and MoS,
nanoflakes as well as the stacked WS,~MoS, heterostructures.
The first-order Raman peaks are identified at 357 and 421 cm™!
for WS,, and 383 and 408 cm™ for MoS,, which are attributed
to the E')(I") and A;4(T") modes, respectively. The Raman peaks
of MoS,~WS, heterostructures contains the typical vibration
modes of both MoS, and WS,, indicating the formation of
heterostructures.

Figure 2 shows the [~V characteristics of vertical transistor
based on MoS,-WS, heterostructures, which exhibits obvious
rectifying behavior with forward-to-reverse bias current ratios
of 10%. The observed linear -V characteristics (Figure S1, Sup-
porting Information) suggest Au makes Ohmic contacts to the
isolated MoS, and WS, nanoflakes. As shown in Figure 1b,c,
the MoS, and WS, nanoflakes have a type-II band alignment.
In order to achieve balance between electron potential when
they are binded together to form heterostructures, some elec-
trons are transferred from WS, into MoS,, resulting in the
existence of a built-in potential in the interface. When a posi-
tive bias is applied, the built-in potential decreases and the con-
ducting electrons can more easily drift from the WS, side to
MoS, resulting in the On-state of the device. On the contrary,
the barrier height increases and less electrons can across the
contact barrier under a negative source bias, leading to a much
smaller reverse current.

It is interesting that the vertical transistor exhibits not only
rectifying but also bipolar properties. Figure 3a,b shows the
transfer and output characteristics of the device under posi-
tive source—drain with bias voltage V4 = 5V, exhibiting strong
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n-type behavior with an on-off ratio reaching almost 10°, which
could be further improved by increasing the gate voltage
Vg or V4, whereas under negative Vg (=10 V), the device
shows p-type behavior with an on-off ratio in the order of 10
(Figure 3c,d). The transistors based on the isolated multilayer
MoS, and WS, nanoflakes were also fabricated (Figure S2a,b,
Supporting Information). The transfer and output character-
istics plotted in Figure S3a—d,S4 (Supporting Information)
show that both the multilayer MoS, and WS, nanoflakes
exhibit n-type behavior under either positive or negative Vg
with on-off ratio of only 200 and 10 times, respectively. The
abnormal gate modulation for the vertical MoS,-WS, het-
erostructures can be explained by using the band diagrams
(Figure 3e-3h), depicting the cases under positive and nega-
tive Vg4, respectively. The band shape and MoS,-WS, barrier
height can be effectively modulated by an external voltage V,
applied through the silicon back-gate electrode.l'®171 With
negative V,, the MoS, and WS, are heavily hole-doped near the
SiO, substrate and the hole doping in MoS, is larger, resulting
in the downward band slope across the entire stack from MoS,
to WS, (Figure 3g). On the contrary, with positive Vj, the elec-
trons concentration in both MoS, and WS, increase near the
SiO, dielectric substrate and shift the Fermi level upwards,
forming an upward band slope (Figure 3h). In our device,
under the positive Vg4, the electrons migrate from WS, to
MoS, and the upward band slope from the applied positive V,
can facilitate the current drift process, presenting the On-state,
whereas applying negative V; will make the device switch off
due to the formation of reverse barrier attributed to the down-
ward band slope. In the case of the negative V4, only few elec-
trons in MoS, can across the barrier into the WS, with positive
Ve, whereas more electrons can drift and tunnel into WS, with
downward band slope when negative V, is applied, resulting in
the increased source—drain current Iy. As a result, the vertical
MoS,-WS, heterostructure devices exhibit n-type conducting
behavior under On-state, whereras p-type conducting behavior
under the Off-state.

Besides the vertical device, we also fabricated the planar
transistor based on the MoS,-WS, heterostructures, in which
the source—drain Au electrodes are located at two sides of
MoS, nanoflakes overlapped by WS, nanoflakes at the top.
The schematic diagram of the planar device is shown in the
inset of Figure 4a. From the observed near linear [~V charac-
teristics (Figure S5, Supporting Information) and the transfer
and output characteristics under different V4 (Figure S6, Sup-
porting Information), we see that the planar transistor exhibits
no rectifying and bipolar properties. Figure 4 shows the transfer
and output characteristics of the planar transistor that exhibits
strong n-type behavior with ON/OFF ratio exceeding 10°. Using
the band diagram (Figure 3gh), we can easily understand the
improved field-effect ON/OFF ratio. Under the positive gate
voltage V,, some electrons in WS, could transfer into the MoS,,
increasing the electron concentration in MoS,, thus increasing
its On-state current. When a negative V, is applied, the induced
band slope facilitates the depletion of electrons in MoS,,
leading to reduced Off-state current. As a result, the ON/OFF
ratio is substantially improved in the planar transistor based
on MoS,-WS, heterostructures compared to that in separate
multilayer MoS, nanoflake based transistor.
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Figure 3. a) Transfer and b) output characteristics of the vertical transistors based on MoS,—WS, heterostructures in the case of On-state. c) Transfer
and d) output characteristics under the Off-state. e) Schematic plot of the transistor in vertical architecture. f) Band diagram corresponding to no V.

g) Band diagram under negative
slop from MoS, to WS,.

The mobility (u) can be obtained from the equation
=aI“‘( L ] where L is the channel length, W is the channel

v, \ WC,Vy

width, and C; is the gate capacitance between the channel and

the silicon back gate per unit area, which can
be given by equation C; =g¢,/d, & (8.85 X
1072 F/m) is vacuum dielectric constant,
and & (3.9) and d (300 nm) are dielectric
constant and thickness of SiO,, respectively.
Table 1 lists the calculated field-effect elec-
tron mobility and ON/OFF ratio of multilayer
MoS,, WS, nanoflakes and MoS,-WS, het-
erostructures. We find that electron mobility
is significantly improved in the MoS,~WS,
heterostructures, especially for the planar
MoS,-WS,  heterostructure  transistors,
which exhibit electron mobilities as high as
65 cm?/Vs, that is, much higher than that of
our isolated multilayer MoS, or WS, nano-
flakes, and previous reported monolayer

Vg, showing downward energy slop from MoS; to WS,. h) Band diagram under positive
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Vq, showing upward energy

WS, (4 =0.01 cm?/Vs) and the widely studied monolayer MoS,
(1= 0.1-10 cm?/Vs) fabricated without high-k dielectrics.['1:28:2%]
The novel and enhanced performance, including improved
ON/OFF ratio and mobility, rectifying, and bipolar properties
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Figure 4. a) Transfer characteristics of the planar transistor based on the MoS,~WS,; hetero-
structures. The inset shows a schematic diagram of the planar device. b) Output characteristics
of the planar device.
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Table 1. Calculated field-effect performance parameters including
electron mobility y and ON/OFF ratio of the transistors based on the
multilayer MoS,, WS, nanoflakes and MoS,—WS, heterostructures with
different architecture.

Parameters MoS, WS, Vertical Planar MoS,~WS,
MoS,-WS,

I 20 3.5 14 65

ON/OFF ratio 200 10 >10* 10°

suggest that the MoS,~WS, heterostructures have huge poten-
tial in future nanoelectronics applications.

In addition, the photoresponsive properties of the vertical
and planar transistors based on the MoS,~WS, heterostructures
were examined using a 633 nm laser at room temperature.
Figure 5a shows the time dependence of the photocurrent Iy
at different positive source—drain voltage V4. The source-drain
current [y can change between high and low states quickly and
repetitively with photo-switching on/off ratio of about 5 times.
With increased V4, the photocurrent can be significantly
increased. Moreover, in the case of negative V4, namely under
the Off-state of the device, the photo-switching on/off ratio can
reach as high as 10° times due to the very low dark current,
and the photocurrent is less sensitive with increased negative
Vi (Figure 5b). Figure Sc shows the -V curves under dark
and upon light illumination with different light power density,
depicting the formation of short-circuit current I, and open-
circuit voltage V,. upon light illumination, which increase
with the light power, indicating an excellent photovoltaic prop-
erty. The maximum V. can reach 0.25 V. Another important

www.afm-journal.de

phenomenon we observe is that the vertical transistors based
on MoS,-WS, heterostructures can also perform as a self-
driven photodetector without applying source—drain bias Vg
(Figure 5d), and the photocurrent can change repetitively and
rapidly with light switching on/off.

For the vertical transistor based on the MoS,~WS, hetero-
structures, when a positive V4 is applied (On-state), not only the
photo-excited electron-hole pairs but also the electrical carriers
can contribute to the photocurrent [y. However, under nega-
tive Viq (Off-state), the electrical carriers are much less and the
photo-excited carriers dominate, so with the increased Vg, the
increments of current are more obvious in On-state than that in
Off-state. Moreover, under the Off-state, both the very low dark
current and dominated photocurrent result in the high photo-
switching on/off ratio. Under the condition of open circuit, the
photo-excited electron-hole pairs can be separated under the
built-in potential, and the electrons and holes can accumulate
in MoS, and WS,, respectively. Along with the increase of light
power, the amounts of the accumulated electrons and holes
increase, resulting in the enhanced built-in potential (inset of
Figure 5c). When the heterostructures are short circuited, the
electrons and holes can be driven by the built-in potential, pro-
ducing the short-circuit current, which contributes to the reali-
zation of photovoltaic cell and self-driven photodetector.

Figure 5e,f shows the photocurrent as a function of light
density under an excitation wavelength of 633 nm. The
photocurrent shows a strong dependence on light inten-
sity and the experimental data is fitted by a power equation
I, =aP” where ais a scaling constant, and & is an exponent. In
our device with zero or negative bias, the photocurrent displays
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Figure 5. a) Time dependence of source—drain current I of the vertical tra

nsistor based on the MoS,~WS, heterostructures during the light (633 nm,

141 mW/cm?) switching on/off under the positive source—drain voltage Viq from 1 to 5 V and b) under the negative V4 from =1 to =3 V. ¢) I;¢—Viq
characteristics of the vertical device with increasing incident light power density. The inset is the corresponding band diagram under dark and light illu-
mination. d) Time dependence of /4 with zero Vg, indicating the realization of self-driven photodetector. e,f) Photocurrent (defined as [, = lign — lgai )

as function of light power density with V4 of 0 V and -1V, respectively.
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= i8] 4 oy ey 81 tively, which are three orders of magnitude
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Figure 6. a) I.,4—V,4 characteristics of the planar transistor based on MoS,~WS, heterostruc-
tures under different light illumination density. The inset is the corresponding data plotted in
linear scale. b) Time dependence of I,y of MoS, and MoS,—WS, heterostructure planar transis-

tors during the light (633 nm, 141 m\W/cm?) switching on/off.

a power dependence of =0.91 or =1.00 (i.e., I, =7.0P*" or
I, =3.2P""), indicating a superior photocurrent capability
and a high efficiency of photo-generated charge carriers from
the absorbed photons.

As for the planar transistors based on the MoS,~WS, het-
erostructures, the photovoltaic properties are not observed.
Figure 6a shows the -V curves under dark and light illumina-
tion with different light density, revealing symmetric and zero
I, and V. The results can be attributed to the in-plane migra-
tion of conducting carriers in the MoS, nanoflakes and the
absence of built-in potential in the planar device. We also found
the prolonged response time and improved photocurrent in the
device compared to the isolated MoS, nanoflakes (Figure 6b),
which must be related to the overlapped WS, nanoflakes on top
of MoS,. We know that the WS, nanoflakes exhibit excellent
photosensitivity (Figure S7, Supporting Information). Although
the electrical carriers do not pass through the WS, nanoflakes,
the photo-generated electrons in WS, can transfer into the
MoS, under the energy gradient at the interfaces®*3! and con-
tribute to its conductivity. The rise and fall time can increase
to thousands of seconds (Figure S8, Supporting Information),
indicating the slow charge transfer process between the MoS,
and WS, during the light switching on or off.

Photoresponsivity R; and external quantum efficiency EQE
are critical parameters for evaluating the quality of photo-
detectors. Large value of R; and EQE corresponds to high light-
sensitivity. R; and EQE can be expressed as R; =1 /PS and
EQE=hcR; [eA, where Ly is the photo-excited current; P is the
light power intensity; S is the effective illumination area; h is
Planck’s constant; ¢ is the velocity of light; e is the electron
charge; and A is the excitation wavelength. The calculated results
under the same incident light power (141 mW/cm?) and source—
drain bias of 1 V are listed in Table 2. The R; and EQE for the

Table 2. Calculated photoresponsive performance parameters including
photoresponsivity R, and external quantum efficiency EQE of the tran-
sistors based on the multilayer MoS,, WS, nanoflakes and MoS,~WS,
heterostructures with different architecture.

Parameters MoS, WS, Vertical Planar
MoS,-WS, MoS,-WS,

Ry [A/W] 0.44 0.62 0.76 1.42

EQE [%] 86% 122% 149% 278%

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

photoresponsivity R; demonstrate that the
MoS,~-WS, heterostructures can also be used
in highly sensitive and self-driven photo-
detectors and fast photoelectric switches.

3. Conclusion

In summary, the vertical and planar transistors based on the
multilayer MoS,-WS, nanoflakes heterostructures are fabri-
cated with dry transfer and “gold-wire mask moving” method.
Novel and excellent field-effect and photosensitivity are
observed in the MoS,~WS, heterostructures with new func-
tionalities and superior electrical and optoelectronic properties
that far exceed the one for their constituents, MoS, or WS,.
The vertical device exhibits a rectifying property with forward-
to-reverse bias current ratios of 10® and a bipolar behavior
which has an n-type behavior with an ON/OFF ratio more than
10* under positive V4q and a p-type behavior with an ON/OFF
ratio of 10 times under negative V. The observed behavior
can be attributed to the type-II band alignment between MoS,
and WS, and the band slope induced by the gate voltage. The
multilayer MoS,~WS, nanoflake vertical heterostructures can
also act as photovoltaic cell and self-driven photodetector due
to the existence of built-in potential. Under the Off-state, the
photo-switching on/off ratio can be increased to over 103 times.
The planar device also exhibits high field-effect ON/OFF ratio
(> 10%), and high electron mobility of 65 cm?/Vs, as well as
high photoresponsivity of 1.42 A/W compared to that in iso-
lated multilayer MoS, and WS, nanoflakes based transistors.
All these novel and remarkable field-effect and photoresponsive
performances suggest that the MoS,~WS, heterostructures pos-
sess huge potential in future nanoelectronics, optoelectronic,
and photovoltaic applications.

4. Experimental Section

Fabrication of Multilayer MoS,~WS, Heterostructures: The multilayer
MoS,~WS, heterostructures were fabricated with dry transfer method.
Firstly, the multilayer MoS, and WS, nanoflakes were exfoliated onto
two pieces of SiO,/Si (300 nm SiO,) substrates respectively from the
MoS, and WS, crystals (2D semiconductors.com) with micromechanical
cleavage approach. Secondly, the polymethyl methacrylate (PMMA)
liquid was spin coated on the substrate with WS, nanoflakes with
rotating speed of 4000 r/s. After annealing with 150 °C for 30 min, the
substrate with PMMA film was soaked into the 2 m NaOH solution.
Then, the PMMA film with WS, nanoflakes was floated and transferred
onto another substrate to overlap with the MoS, nanoflakes. At last,
the PMMA was dissolved by acetone and the stacked MoS,-WS,
heterostructures were achieved.
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Fabrication of Vertical and Planar Transistors: The transistors based
on the MoS,, WS, nanoflakes and MoS,~WS, heterostructures were
fabricated with “gold-wire mask moving” technique. A micrometer
gold-wire serving as a mask was fixed tightly on the top surface of the
materials, and then a pair of Au electrodes was deposited onto the
substrate by thermal evaporation. To avoid the scattering of metallic
atoms onto the side-face of SiO,/Si substrates, the sides of the
substrate were covered with tinfoil, moreover, the distance between the
thermal evaporation boat and the sample was increased to 15 cm and
the deposition rate was controlled at around 1 A/s in order to minimize
the heat influence. Finally, by slightly removing the Au wire mask and
tinfoil, the Au electrodes were fabricated and a micrometer size gap
was produced between the two electrodes. For the vertical transistors
based on the MoS,-WS, heterostructures, the source Au electrode was
deposited on the WS, nanoflakes and the drain Au electrode was on
MoS, nanoflakes. For the planar transistors, both the source and drain
electrodes were deposited on the MoS, nanoflakes with WS, nanoflakes
on top.

Measurements and Characterization: The images of the multilayer
MoS,, WS, nanoflakes and MoS,~WS, heterostructures based
transistors were detected with Optical microscope. The Raman spectra
were measured from 100-800 cm™' using the 532 nm wavelength of a
He-Ne laser. Field-effect properties were measured with Transistor test
system (Agilent-B2902). Photoelectrical experiments were performed
with a CHI660D electrochemical workstation in a conventional three-
electrode electrochemical cell.

Supporting Information

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