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Gate-Tunable Hole and Electron Carrier Transport in
Atomically Thin Dual-Channel WSe,/MoS, Heterostructure
for Ambipolar Field-Effect Transistors
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Over the last decade, various 2D materials have been discovered
and studied as promising candidates for next-generation elec-
tronics due to their unique properties such as atomically thin
thickness, high mechanical strength, transparency, flexibility,
etc.'% Usually, graphene is widely utilized as high mobility
channel and transparent electrode, whereas transition-metal
dichalcogenides (TMD), such as MoS,, WSe,, WS,, etc., are
used as the switching channel with high on/off current ratio
to realize field-effect-transistor (FET)-based applications.!3-!
Relatively, the TMDs are highly attractive due to the existence
of an appropriate energy bandgap (1.2-1.8 eV) that can facili-
tate the development of transparent and flexible optoelectronic
devices.[>] Recently, several different configurations of hetero-
junctions, fabricated by lateral and vertical stacking of various
2D materials, have been realized to enhance the electrical and
photoresponse properties. These heterostructure devices have
attracted extensive attention and opened up a new avenue for
novel electrical and optical application devices, such as ultra-
high mobility FETs,[®”) tunable p-n junction diodes,[*%] solar
cells,l®l and light-emitting diodes.l'”] Moreover, such a hetero-
bilayer system with a suitable thickness of the dielectric bar-
rier can also be extended to study charge-carrier interaction
phenomena,l'® such as the proximity effect,!') drag effect,!20:2]
and superfluidity.?2-2%] Most of the studies based on 2D mate-
rial heterostructure have focused on transport in the vertical
configuration, where multiple stacking of n- or p-type TMDs

with proper alignment of the bandgap energies results in car-
rier transport modulated by the gate or drain bias. However,
lateral carrier transport in the stacked hetero-bilayer channels
(HBC), composed of n- and p-type materials, has not been
reported yet, for device applications. The formation and subse-
quent control of an atomic-thick lateral depletion region along
the junction, using a vertical electric field or optical illumina-
tion, can be exploited for novel electrical and optical proper-
ties. The ambipolar conduction in such devices is expected to
be different from that of graphene or organic materials, where
a unique band structure or the material properties give rise to
such transport. In the case of HBCs, their ambipolar properties
are expected to show improved performance in terms of on/
off ratio and mobilities, which have plagued the performance of
devices based on graphene and organic materials, respectively.
Further, the realization of ambipolar behavior using an electric-
double-layer (EDL) ion-gel gate in TMDs is not comparable to
the proposed architecture due to the limitation of the EDL gel
gate for practical electronics and improved functionalities, both
electrical and optical, of the HBCs.*”] A precise and continuous
control of the carrier concentration and lateral depletion in
HBCs makes such a system quite exotic both for fundamental
physics and application-oriented research.

In this work, we demonstrate a new method that enables a
dual-channel FET based on a vertically stacked heterostructure
of ultrathin n-type Mo$S, and p-type WSe, layers for the study of
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Figure 1. Fabrication process and band diagrams of a dual-channel FET with WSe;/MoS, heterostructure. a) Schematic of device fabrication process.
b) Optical image of the fabricated device (scale bar = 5 um). The white dashed line represents the bottom MoS, layer. ¢) lllustration of hole and elec-
tron transport in the individual channel of the dual-channel FET. d) Band diagrams for (top) WSe,—Pt metal and (down) MoS,~Ti metal. @y indicates

the barriers for hole and electron.

parallel carrier transport (electrons from MoS, and holes from
WSe;). When a WSe, layer was transferred onto a MoS, layer,
the stacked device showed ambipolar behavior, which allows
for additional functionality of independent gate control on indi-
vidual MoS, (n-type) or WSe, (p-type) channels while main-
taining the on/off ratio of =10°. In our device structure, both
a positive and negative tunable photocurrent was observed,
where the negative photocurrent was particularly enhanced
by the electron—hole recombination at the heterointerface of a
MoS,-WSe, planar junction formed by direct contact without
a barrier.

The device-fabrication process is depicted in Figure 1a and
Figure S1 (Supporting Information) (see the Experimental
Section and Section S1, Supporting Information, for details).
First, a MoS, layer was mechanically exfoliated on a SiO,/
Si substrate by the Scotch tape method. The electrodes were
patterned by photolithography, followed by e-beam evapora-
tion of Ti/Pt (15/10 nm). An exfoliated WSe, layer was trans-
ferred onto the device region by the poly(methyl methacrylate)
(PMMA)-transfer method,?®l resulting in the formation of a
WSe;/MoS; heterostructure and the contact of WSe, with the
Pt electrode. Figure 1b shows an optical image of the fabricated
dual-channel device. It should be noted that the bottom MoS,
layer is contacted by the Ti electrodes, while the top WSe, layer
has direct contact with the Pt electrodes, as shown in Figure 1c.
The band diagrams for the WSe,~Pt metal and Mo$S,_Ti metal
are illustrated in Figure 1d. Typically, Ti has been used as the
metal contacts for conventional MoS, FETs, since the small
work function of Ti (4.1 eV) results in a lower contact barrier
to the conduction band (CB) of MoS,, resulting in n-type trans-
port in the MoS, FETs.2l Meanwhile, the Fermi level of Pt with
a larger work function (5.9 eV) is close to the valence band (VB)
of WSe,, leading to p-type transport in the WSe, FET5.BY In
such a manner, ambipolar transport can be achieved in the

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

dual-channel heterostructure by transport of electrons (holes)
in the independent channel layer of MoS, (WSe,), as illustrated
in Figure 1c.

To investigate the optical properties of the WSe,/MoS, het-
erostructure, Raman spectroscopy was employed using a laser
with a wavelength of 532 nm. The optical microscopy images
in Figure 2a show the three different positions selected for
measurement. The Raman spectra of Figure 2b show that there
are three dominant Raman peaks at 254 cm™ (out-of-plane
A;; mode), 261 cm™ (second-order Raman scattering mode
2LA(M)), and 310 cm™ (inactive B',, mode), as previously
observed.! From the frequency difference (24 cm™) of the in-
plane E';, mode and out-of-plane A;, mode in the Raman spec-
trum of MoS, (position 2), the thickness of the underlying MoS,
was estimated to be four layers (see Figure S2a, Supporting
Information, for detailed analysis of MoS, Raman spectra).l%
In the overlapped WSe,/MoS, region (position 3), the Raman
peak intensities of both MoS, and WSe, decreased due to the
quenching effect.*¥ The Raman mapping in Figure 2c,d was
performed at 254 and 386 cm™, which correspond to the Ay,
mode of WSe, and the E',, mode of MoS,, respectively. From
the mapping images, the area of WSe,/MoS, heterostructure
can be clearly distinguished. The lowered Raman intensity of
WSe, (blue area) in Figure 2c again confirms the quenching
effect in the overlapped WSe,/MoS, area.

To study the optoelectronic interactions in the heterostruc-
ture, photoluminescence (PL) measurements were performed
using a laser with a wavelength of 514 nm. The PL spectra of
Figure 2e were obtained from the three different positions indi-
cated in Figure 2a. A broad PL peak of WSe, was observed at
1.56 eV for both regions of WSe, and the overlapped WSe,/
MoS,. Two PL peaks of WSe, from indirect transitions (I) and A
excitons (A) can be separated by fitting the broad peak with two
Lorentzian curves (see Figure S2b, Supporting Information),
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Figure 2. Optical investigation of the WSe,/MoS, heterostructure. a) Optical images of the fabricated dual-channel device (top) and enlarged channel
area (bottom). The numbers indicate three positions where the Raman and PL spectra were extracted. (Position 1: WSe,, position 2: MoS,—region of
partial peeling off of PMMA/WSe, layers near the metal edge, position 3: overlapped WSe,/MoS,.) The scale bar indicates 10 um. The white dashed
line represents the bottom MoS, layer. b) Raman spectra of the indicated positions in (a). The intensity of the WSe, spectrum was reduced by a factor
of 0.5. ¢,d) Raman mapping images for WSe, (c) and MoS, (d). The wavenumbers of 254 and 386 cm™' were selected for WSe, and MoS,, respectively.
e) PL spectra at the different positions in (a). The intensity of WSe, was reduced by a factor of 0.8. f,g) PL mapping images for WSe, (f) and MoS, (g).
The PL mapping was measured with photon energies of 1.48-1.61 eV for WSe, and 1.77-1.85 eV for MoS,, respectively.

resulting in an Iy peak at 1.52 eV and Ay peak at 1.59 eV, in
good agreement with the PL spectra of bilayer WSe,.}4 The
measured indirect bandgap of MoS, from the PL spectrum
of MoS, is 1.37 eV (see Figure S2¢, Supporting Information),
which corresponds to the I peak of four-layer MoS, (Iy). The
PL mapping was performed with photon energies of
1.48-1.61 eV (Iy and Ay peaks) for WSe, and 1.77-1.85 eV
(Ay peak) for MoS,. From the PL mapping image and PL spec-
trum of the overlapped WSe,/MoS, region, a quenching effect
was also observed, as seen in the Raman results in our experi-
ment and reported previously.'*3} It should be noted that the
quenching of the individual PL intensities of WSe, and MoS,
originates from interlayer coupling, which causes recombination
of excitons at the heterointerface.'>*3 The enlarged PL spectra
in Figure S2d (Supporting Information) show that the two
peaks at 1.82 and 1.99 eV correspond to PLs from the A exciton
(Ay) and B exciton (By;) of MoS,, respectively.

Before measurement of the dual-channel WSe,/MoS, FETs,
the single-channel FETs of MoS, and WSe, were separately
measured to confirm the doping polarity in each channel mate-
rial, as shown in Figure S3 (Supporting Information). The
transfer characteristics of the single-channel MoS, (WSe;) FET
with Ti (Pt) electrodes showed n-type (p-type) unipolar trans-
port. Meanwhile, the Ip—V characteristics of the dual-channel
WSe,/MoS, heterostructure FET are shown in Figure 3a,b, and
we clearly observe ambipolar behavior, which is attributed to
electron transport through the MoS, channel and hole transport
through the WSe, channel. The on/off ratio of hole conduction
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was enhanced =10000 times by adding the p-type channel, as
shown in the inset of Figure 3a. Normally, ambipolar transport
in TMD FETs is achieved by using the ionic-gate techniquel*’!
contact-engineered thick TMDsl*®l to enhance the electron (hole)
conduction for WSe, (MoS,) FET. However, we have obtained
ambipolar behavior in the WSe;/MoS, heterostructure while:
i) preserving the atomic thickness and ii) using conventional
SiO,/Si back-gate structure. This observation of ambipolar
transport would facilitate future studies based on exciton
coupling and superfluidity in atomic-scale heterostructure.
Recently, a black-phosphorus-based FET*! was also investigated
with ambipolar behavior, but the narrow off-current region, sim-
ilar to graphene, prohibits digital or logical applications, where
a wide off-state window is required. Our dual-channel hetero-
structure offers a reasonably wide off-state window of =28 V
(depletion area, as shown in Figure 3b) and therefore provides a
healthy margin for logic-circuit applications. Furthermore, this
off-state window can be modulated by doping level or alignment
of different band gap energies of MoS, and WSe, (see Section
S4-S6 and Figure S5-S10, Supporting Information, for addi-
tional fabricated dual-channel FETS).

The field-effect mobilities of holes and electrons in the
WSe,;/MoS, dual-channel FET were extracted at V=1V from
the linear region of the transfer curve using the relation:

L(dl 1
wldve \CxVy o)
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Figure 3. Electrical performance of the ambipolar dual-channel FET with WSe,/MoS; heterostructure. a) Ip—V curves of single-channel MoS, FET
before the transfer of WSe;, layer (green: Vp =1 V) and dual-channel WSe,/MoS, FET (blue: Vp =1V, yellow: Vp = 3 V). The inset shows an enlarged
plot of the hole-transport area. b) Logarithm-scale plot of (a). The gate voltage difference (AV() indicates a shift of threshold voltage (Vy,) for n-type
transport. ) Ip—Vp curves of the dual-channel WSe,/MoS, FET measured at Vg =-50, 0, and 50 V. The insets show the vertical energy band diagrams
at positive and negative V. d) Lateral band diagrams of the dual-channel WSe,/MoS, FET at positive and negative V. The black dotted, black solid,
and yellow solid lines indicate the band structure of the WSe,/MoS, stack and Fermi levels of the Pt and Ti electrodes in the absence of gate bias,
respectively. The red and blue solid lines show the shifted CB and VB energy levels for WSe, and MoS,; at negative and positive V.

where L, W, and C; are the channel length and width, and
the capacitance per unit area, respectively. The extracted
mobilities for MoS, and WSe, channels were 5.97 and
0.54 cm? V! s71, respectively. The rather low hole mobility in
WSe, can be caused by screening of the gate field by the metal
electrodes as WSe, was transferred on the top of the electrodes,
which leads to an increase in the contact resistance. Figure 3c
shows the well-established contact behavior for both the MoS,
and the WSe, channels: detailed measurements are shown
in Figure S4 (Supporting Information) (see Section S4, Sup-
porting Information, for details). Although the work-function
differences at the metal-semiconductor results in the forma-
tion of a small Schottky barrier height at the contacts, carrier
injection assisted by thermionic field emission results in a
quasi-Ohmic behavior at room temperature. Moreover, in the
accumulation mode (Vg = —50 and +50 V for WSe, and MoS,,
respectively, as shown in Figure 3c), the contact behavior is fur-
ther enhanced due to reduced barrier width and efficient carrier
tunneling at the contacts. In contrast, for zero gate bias, a rela-
tively small current was obtained due to the planar p—n junc-
tion formation at the heterointerface, which reduces the carrier
concentration in both layers. The schematic energy-band dia-
grams illustrated in the insets of Figure 3c (vertical direction)
and in Figure 3d (lateral direction) present the modulation of
ambipolar behavior by an applied gate bias. The polarity of the
majority charge carriers can be controlled by tuning the Fermi
levels of MoS, and WSe, relative to the edges of the CB of

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

MoS, (for n-type state) and VB of WSe, (for p-type state) by a
gate bias. The CB minima and VB maxima of WSe, and MoS,
shift upward for Vg < —40 V, leading to the accumulation of
holes in the VB of WSe, and depletion of electrons in the CB
of MoS,. On the other hand, for Vg > —15V, the energy bands
shift downward, resulting in accumulation of electrons in the
CB of MoS, and depletion of holes in the VB of WSe,. The car-
rier-depletion effect of the planar p-n junction formation can
also be seen from the threshold voltage (Vy,) shift of the MoS,
layer. The carrier density depleted in the MoS, channel by the
top WSe, layer can be calculated by Qp = C; X AVy,/q, where
Op, C;, q, and AVy, are the depletion charge density, capaci-
tance, charge, and threshold voltage shift, respectively. The
calculated Qp is =9.41 x 10! cm™2, which also correlates well
with the top-gate induced depletion in the double-gated MoS,
FET at Vqg = —2.5 V, as shown in Figure S11 and S12 (Sup-
porting Information) (see Section S8, Supporting Information,
for details).

To investigate the photoresponse of the dual-channel WSe,/
MoS, FET, the photoinduced current was measured under
laser illumination with various photon energies. The device
was illuminated with a power density of 1 mW cm™. The
recombination and generation at the lateral heterointerface
play an important role in determining the total photocur-
rent response, especially the gate dependence of the photore-
sponse. Therefore, in the fabricated dual-channel WSe,/MoS,
FET, this dominant photoactive area of the overlapped MoS,

Adv. Mater. 2016, 28, 9519-9525
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Figure 4. Photoresponse of dual-channel FET with WSe,/MoS, heterostructure. a) Ip—V¢ curves at Vp = 3 V under laser illumination of photon

energies of 2.38, 1.89, 1.58, and 1.46 eV. b) I,V curves obtained from

(a)-

c) Normalized photocurrent. d) (Left) Band diagram for equilibrium

state of dual-channel FET and (right) the cross section band diagram to show the possible recombination processes. The E, D, and H letters in

the arrow in axis indicate the energy level, channel distance, and height,
ment of hole and electrons in WSe, and MoS,. Photoresponsivity as function of various photon energies at gate bias of e)

and g) +40, =50 V.

and WSe, was considered as the active area. The observed
optical bandgap energies of WSe, and MoS, are 1.59 and
1.82 eV, corresponding to A exciton energies as shown
in Figure S2b,d (Supporting Information). Therefore, the
obtained photoresponse can be interpreted by comparing the
illuminated laser energies with the optical bandgap energies
of WSe, and MoS,. Figure 4a shows the I~V characteristics
with laser wavelengths of 520, 655, 785, and 850 nm, which
correspond to photon energies of 2.38, 1.89, 1.58, and 1.46 eV,
respectively. In order to obtain the photocurrent (I) from
Figure 4a, the illuminated current was subtracted by dark cur-
rent, and plotted in Figure 4b. As increasing the photon energy
from 1.46 to 1.58 eV, the Vy, was slightly shifted to the positive-
gate-bias region, while a shift to the negative-gate-bias region
was observed for 1.89 and 2.38 eV. This behavior clearly indi-
cates the photogating effect which means that the generated
photocarriers can be positioned in trap states caused by struc-
tural defect and absorbed oxygen molecules on the surface (see
Section S9, Figure S13-S15, and Table S1 and S2, Supporting
Information, for details of the photoresponse properties and

Adv. Mater. 2016, 28, 9519-9525 © 2016 WILEY-VCH Verlag G

respectively. The dotted arrow and solid line arrow represent the move-
=23V, f) +10, —40 V,

summarized device characteristics of the fabricated devices
in this study). Further, the normalized photocurrent was cal-
culated to illustrate the change of photocurrent relative to the
dark current, by subtracting and dividing the dark current
from the current under illumination, as shown in Figure 4c.
Figure 4a—c can be divided into three regions based on elec-
trical conduction, where A, B, and C represent the hole current
(WSe, channel), off-current (depletion region), and electron
current (MoS, channel), respectively. Generally, at the off-
current region without illumination, the electrons (holes) from
MoS, (WSe,) are unable to flow due to high electron (hole)
barrier height. Under illumination, the electron and hole pairs
can be generated as shown in the left schematic diagram of
Figure 4d (the G1 and G2 indicate the photocarrier genera-
tion process in WSe, and MoS, layer); consequently, the off-
current can be increased with flow of photoinduced carriers.
For photon energies of 1.46 and 1.58 eV, an overall lower
photocurrent was obtained with no discernible increase in the
region B, with very high negative photocurrent at extreme gate
bias, whereas for photon energies of 1.89 and 2.38 eV, which
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have the higher energies than the bandgap of MoS, and WSe,,
a higher photocurrent was maintained throughout the gate
bias except at the extreme gate-bias regime (Region A and C),
where a considerable drop in the photocurrent was observed.
In order to explain the dropping of the photoresponse behavior
according to the carrier concentration, the photoresponsivity,
R = I/ Py, where I, and Py, are the photocurrent and incident
optical power (=1 nW), was calculated for low, moderate, and
high carrier-accumulation regions, as shown in Figure 4e. The
photoresponsivity in the low and moderate carrier-accumula-
tion regions (low: Vg = -23 V, moderate: Vg = —40 and +10 V
for WSe, and MoS,) shows gradually increasing behavior when
the photon energies are higher than bandgap (Epg) of the
materials. Especially, in the high carrier-accumulation region
(Vg = =50 and +40 V for WSe, and MoS,), a huge negative
photoresponsivity was observed for both regions excepting the
values of MoS, at a photon energy of 1.89 eV. The possible
reasons behind this dropping of photocurrent in the extreme
gate bias (high carrier accumulation) for almost all the photon
energies can be understood from the dynamic balance between
the recombination and generation rate. The generation rate is
independent of the gate bias, whereas the recombination rate
has critical dependence on the gate bias as a function of Fermi
level shift in the bandgap, which influences the defects/impu-
rities states, thus affecting the overall photoresponse in the
device. In particular, in the high gate-bias regime, the move-
ment of the quasi-Fermi level toward the conduction (valence)
band activates the defects/impurities states, which results in
higher recombination rate due to their short lifetime.38 Of var-
ious radiative (band-to-band and Langevin) and non-radiative
(Shockley—Read—Hall and Auger) recombination processes,
the device photoresponse depends upon the dominant recom-
bination process, which in turn depend upon the carrier con-
centration, defects/traps density and energies, incident power,
and layer thickness. In our device, an added recombination
route at the WSe,/MoS, heterointerface further enhanced the
recombination probability, thus giving rise to a higher negative
photocurrent compared to single-material devices observed
elsewhere.?l To summarize the above discussion, the possible
recombination processes of a heterostructure device are shown
in the right schematic diagram of Figure 4c. Further, the R1,
R2, and T1 indicate the Langevin and SRH recombination
processes, and possible path of carrier transfer in our device
structure, respectively. Such non-radiative recombination
also induces phonon scattering, which is further aggravated
by the scattering due to additional gate-induced carriers and
ultimately results in the decrease of carrier mobility, thus the
decline in the photocurrent at the extreme gate bias.*" This
can be evident from the abnormal photoresponse for 2.38 eV
where a negative photocurrent was observed due to the higher
density of photoinduced carriers, which, when combined with
the above-discussed scattering and recombination mechanism,
resulted in negative photocurrent at extreme gate bias, whereas
for 1.89 eV, an optimum equilibrium between the genera-
tion and recombination process was maintained resulting in
an overall positive photocurrent, with a gradual decline in the
extreme gate bias regime for the reasons discussed above.

In conclusion, a dual-channel FET was fabricated by vertically
stacking p-type WSe, and n-type MoS, atomically thin layers.

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The combined effect of unipolar single-channel TMDs enables
an ambipolar property in the integrated heterostructure device.
The electron and hole transport can be selected as controlling the
gate bias. In the photoresponse study, a large negative photocur-
rent was observed, and it can be tuned by modulating the photon
energy and gate bias to gain the positive photocurrent. The verti-
cally stacked p- and n-channel heterostructure reduces device fab-
rication complexities, specifically for ambipolar CMOS invertors.
The dual-channel FET demonstrates novel optoelectrical applica-
tions of TMDs in stacked 2D materials to achieve highly dense
electronics. Moreover, in the near future, the extension of exciton-
related study in p- and n-type stacked heterostructures can be
realized with a similar structure to that achieved in this study.

Experimental Section

Single-Channel MoS, FET Fabrication: MoS, was exfoliated on a
cleaned 300 nm thick SiO,/Si substrate and identified by using Raman
spectroscopy. On the exfoliated MoS,, electrodes were patterned by
photolithography and deposition of Ti (15 nm) and Pt (10 nm). To
enhance the electrical contact, the fabricated devices were annealed at
180 °C under vacuum condition for 10 min.

Transfer Technique in Fabrication of the Dual-Channel WSe,/MoS,
FET: After fabrication of the single-channel MoS, FET, a WSe, layer
was transferred onto the channel area of the MoS, FET, including a Pt
electrode. For the transfer technique, the conventional layer transfer
method was used. The WSe, layer was exfoliated on PMMA/poly (vinyl
alcohol) (PVA)-coated Si substrate. A thin layer with a pale color was
identified with an optical microscope and marked with a pen. Then the
WSe,/PMMA/PVA/Si substrate was floated on water. After dissolving the
PVA layer in the water, the WSe,/PMMA layer was detached from the Si
substrate. The WSe,/PMMA layer was picked up by a home-made plate
with a hole around 1 mm. Finally, the WSe,/PMMA layer was transferred
onto the MoS, FET or onto a SiO,/Si wafer, using a microscope for
alignment.

Characterization with PL and Raman Spectroscopy: To characterize the
MoS, and WSe, electronic structure, PL and Raman spectroscopy were
used with laser wavelengths of 514 and 532 nm, respectively.

Electrical Measurement with Laser lllumination: In order to characterize
the electrical properties of FETs, three-terminal measurement was
performed in a dark environment at room temperature. To observe the
photoresponse, the device was illuminated by laser light with a power
density of 1 mW cm™2 and wavelengths of 520, 655, 785, and 850 nm.

Supporting Information

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