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Heterogeneous Electronic and Photonic Devices Based
on Monolayer Ternary Telluride Core/Shell Structures

Kai Xu, Ankit Sharma, Junzhe Kang, Xiaogiao Hu, Zheng Hao, and Wenjuan Zhu*

Device engineering based on the tunable electronic properties of ternary
transition metal dichalcogenides has recently gained widespread research
interest. In this work, monolayer ternary telluride core/shell structures are
synthesized using a one-step chemical vapor deposition process with rapid
cooling. The core region is the tellurium-rich WSe,_,,Te,, alloy, while the

shell is the tellurium-poor WSe,_,,Te,, alloy. The bandgap of the material

is =1.45 eV in the core region and =1.57 eV in the shell region. The lateral
gradient of the bandgap across the monolayer heterostructure allows for the
fabrication of heterogeneous transistors and photodetectors. The difference
in work function between the core and shell regions leads to a built-in electric
field at the heterojunction. As a result, heterogeneous transistors demonstrate
a unidirectional conduction and strong photovoltaic effect. The bandgap
gradient and high mobility of the ternary telluride core/shell structures
provide a unique material platform for novel electronic and photonic devices.

Alloying in 2D transition metal dichalcogenides (TMDs) has
allowed bandgap engineering and phase transformation,
which enables a new series of electronic and photonic devices.
Bandgap engineering has been demonstrated in various TMD
ternary alloys, including MoS,;_ySe;, ™ WSy Sey,,”#!
Mo W, S,,* Bl and Mo,_,W,Se,""! by adjusting the com-
position of the elements. A 2H-1T" phase transformation was
observed in Mo,_,Re,Se,.°l Furthermore, the carrier polarity can
be modulated between n- and p-type by tuning the alloy com-
position in WS, Se,, and Mo;_,W,Se, transistors.””"® How-
ever, these alloys are mainly based on sulfide and selenide, in
which the bandgap range is limited to 1.57-2.03 eV. To further
expand the bandgap range, tellurium-based alloys are needed.
For example, WTe, is a semimetal,'*?% while monolayer WSe,
is a semiconductor with wide bandgap (=1.64 eV).2'?3 The
bandgap of ternary alloy WSe, ,,Te,, can potentially be tunable
from 0 to 1.64 eV, covering a broad range of the electromagnetic
spectrum from infrared (IR) to visible light. Furthermore, tellu-
ride-based alloys have a rich variety of structure phases.?*2% For
example, telluride-based WSe,_,, Te,, alloy is 2H semiconducting
phase with 0 < x < 0.5 and 1T metallic phase with 0.6 < x < 1.%/]
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However, the synthesis of tellurium
alloy is very challenging due to the low
activity of tellurium and poor thermal
stability of tellurium alloy.”®! In the past,
WSe, ,,Te,, alloys were synthesized using
chemical vapor transport (CVT).) How-
ever, CVT is time-consuming and the
flakes obtained by the exfoliation of the
CVT crystal are random in size and thick-
ness, imposing a severe limitation on com-
mercialization. In contrast, chemical vapor
deposition (CVD) synthesis provides much
better control on the crystal thickness and
is more promising for large-scale produc-
tion. Recently, it was reported that tellurium
alloys can be synthesized using CVD as well,
including hydrogen-assisted ~post-growth
substitution of tellurium into MoS,,*"!
growing MoSe;;,_, Te,, alloys using sodium
cholate,?% tellurizing MoS, and WS, via
alkali metal scooter,® and synthesizing WTe,S,,_ using sodium
chloride.BY However, the ternary telluride heterostructures and
their electronic and photonic devices remain unexplored.

In this work, monolayer WSe,_,,Te,,/WSe,_,,Te,, core/shell
structures were synthesized via a one-step CVD method with
rapid cooling. Here the tellurium concentration is high in the
core and low in the shell regions, that is, x > y. The electronic
devices based on WSe, ,,Te,,/WSe, ;Te,, heterostructures
exhibit polarity modulation and high mobility. Interestingly,
the bandgap difference at the core and shell regions leads to
unidirectional transport and prominent photovoltaic effect.
Our research work provides a foundation for the synthesis of
2D TMDC alloys with core/shell structures and opens new and
exciting opportunities for tailoring multifunctional electronic
and optoelectronic devices based on ternary TMDCs.

Rapid cooling in CVD has been shown to aid in the forma-
tion of TMDC crystals and to preserve metastable states.[3273
In this work, we use rapid cooling to form the WSe, ,,Te,,/
WSe,_,,Te,, core/shell structures. The schematic for the experi-
mental setup is shown in Figure S1, Supporting Information.
Following the formation of an unstable WSe,_,, Te,, nucleation
during the growth process, adjusting the cooling rate results
in two possible outcomes, seen in the schematic in Figure 1a.
A homogeneous WSe, crystal is formed using natural cooling
process, while WSe, ,,Te,,/WSe, 5,Te,, core/shell structures
are formed using rapid cooling process, as shown in Figure 1b.
A homemade water-based system was capable of rapidly cooling
the furnace at about 20 °C min~!, discussed further in the Sup-
porting Information. Figure 1c,d shows the outcomes of growth
conducted without and with the water-based rapid-cooling

© 2020 Wiley-VCH GmbH
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Figure 1. Synthesis of monolayer WSe,_,,Te,,/WSe;_,,Te,, core/shell heterostructures using one-step CVD. a) The schematic of the growth process.
Two possible outcomes can be expected following the formation of an unstable WSe,_,,Te,, nucleation. A homogeneous WSe, crystal is formed using
natural cooling process, while WSe,_,,Te,,/WSe,_,,Te,, core/shell structures are formed using rapid cooling process. b) The temperature ramp profiles
for WSe, and WSe,_;,Te,,/WSe,_,,Te,, core/shell growth. c,d) Optical images of WSe; (c) and WSe,_5,Te,,/WSe, ,Te,, core/shell heterostructures (d).

system, respectively. Without rapid cooling, only pure WSe,
appears, the energetically favorable case. Rapid cooling pre-
vents excess selenium from exchanging with the less-reactive
tellurium during the cooling phase of the growth process. As
a result, WSe, ,Te,./WSe, ,,Te,, core/shell structures were
formed, shown in Figure 1d.

Figure 2 summarizes our characterizations of the CVD-
grown monolayer WSe, 5, Te,,/WSe, ,,Te,, core/shell struc-
tures. The CVD process with rapid cooling usually resulted
in high-quality star-shaped crystals with a dark center region.
We conducted Raman and photoluminescence (PL) measure-
ments on the monolayers using a Renishaw confocal Raman
microscope. A comparison of PL measurements from the core
and shell regions of the lateral heterostructure is shown in
Figure 2a. The PLs taken in the core and shell regions show
peaks at 1.45 and 1.57 eV, respectively, which indicates that the
tellurium concentration in the core region is higher than that
in the shell region. The Raman spectra of the two regions fur-
ther confirm the presence of tellurium as shown in Figure 2b.
As expected, the Raman spectrum taken in the shell region
shows a peak at 243 cm™ corresponding to the E%g mode and a
peak at 253 cm™" corresponding to the A;; mode in monolayer
WSe,. The Raman spectrum taken in the core region shows
that the peak corresponding to the E%g mode redshifts while
the A, peak is greatly diminished, which is consistent with the
results obtained on exfoliated WSe,_,,Te,, flakes.’”} PL map-
ping of the flake is shown in Figure 2c to better illustrate the
WSe,_pTey, and WSe, 5, Te,, regions of the heterostructure.
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The image reveals that the core region is largely homogeneous.
The thickness of the lateral heterostructure is confirmed with
atomic force microscopy (AFM), as shown in Figure 2d. The
thickness of the flake is about 1.1 nm. The flat morphology of
the WSe, ,,Te,, alloy can be seen in the AFM image as well
as the height profile, confirming the presence of monolayer
WSe, p.Tey,/WSe, 5, Te,, core/shell structures. To characterize
the crystal structure and chemical composition directly, our
samples were measured using atomic-resolution scanning
transmission electron microscopy (STEM) and energy-
dispersive X-ray spectroscopy (EDS). Figure 2e shows a high-
angle annular dark-field (HAADF) image of the WSe, ,,Te,,
alloy. 2H crystal structure is clearly observed. A high-magnifi-
cation HAADF image of the alloy is shown in Figure 2f, where
the W, 2Te, SeTe, 2Se, and Se sites are identified according to
the intensity. Tellurium compositions of 2.4% and 10.9% for the
shell and core regions were obtained based on EDS measure-
ments as shown in Figure S2, Supporting Information.
Utilizing the synthesized monolayer telluride heterostruc-
tures, we fabricated homogeneous core (WSe,_,,Te,,) and shell
(WSe,_5,Te,,) transistors side-by-side within a single flake, as
shown in Figure 3a. For comparison, the channels of the tran-
sistors were patterned into rectangular shape using e-beam
lithography and oxygen plasma etch. The channel length is
2 um and channel width is 1 um for all transistors. The shell
transistor shows strong p-type transport, while the core tran-
sistor displays ambipolar transport (Figure 3b). This phenom-
enon can be explained by the bandgap difference between these

© 2020 Wiley-VCH GmbH
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Figure 2. Characterization of the monolayer WSe, 5,Te,,/WSe; 5,Te,, core/shell heterostructures grown by CVD. a) PL spectra taken in the core
(WSe;_5,Tey,) and shell (WSe,_,Te,,) regions of the lateral heterostructures. The peak of the PL taken in the shell region is located at 1.57 eV, which is
similar to monolayer WSe,, while the peak of the PL taken in the core region is located at 1.45 eV, corresponding to the WSe,_,,Te,,. b) Raman spectra
taken in the core (WSe, 5 Tez,) and shell (WSe,_;,Te,) regions of the heterostructure. c) PL mapping reveals that the core region is largely homoge-
neous. d) AFM measurement confirms the monolayer nature of the heterostructure. e) Low- and high-magnification HAADF images of ternary telluride

alloy grown by CVD. 2H crystal structure is observed clearly.

two materials, which will be discussed later. The hole field-
effect mobilities of the telluride in the core and shell regions
are 14 and 0.12 cm? V™' 57, respectively. The statistical distribu-
tion of the hole mobilities of the telluride in the shell region
is shown in Figure S4, Supporting Information, which reveals
that the mobility ranges from 2 to 30 cm? V! s7! with a mean
of 10 cm? V! s7L. The values are comparable to those of CVD-
grown WSe, in previous reports.>-38 The average of the hole
mobility of the telluride in the core region is about 2 cm? V' s7.
Furthermore, the temperature-dependent mobilities of the tel-
luride in the shell region were extracted from transfer curves,
shown in Figure 3c. In the high-temperature regime above
150 K, the hole mobility decreases with increasing tempera-
ture due to phonon scattering. The temperature dependence of
the hole mobility can be fitted as y ~ T%, where yis about 1.3.
To further evaluate the electrical properties, we characterized
the temperature dependence of the transfer curves for homo-
geneous transistors in the core and shell regions (Figure S5,
Supporting Information). The effective Schottky barriers were
extracted using the equation: I; = AA™T? exp(—%
A is the junction area, A” is the Richardson constant, ®gj is
the Schottky barrier height, k is the Boltzmann constant, and
T is the temperature.l’”) Figure 3d shows the effective Schottky
barrier as a function of gate voltage. When the gate voltage is

, Where
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higher than the flatband voltage, thermionic emission of holes
over the Schottky barrier dominates the current, so the effec-
tive barrier height changes linearly with gate voltage. When
the gate voltage is lower than the flatband voltage, tunneling
of holes through the Schottky barrier starts to contribute to the
current as well, thus the linear dependence of effective barrier
height on gate voltage no long prevails. Based on the curves in
Figure 3d, we can extract the flatband voltages of these transis-
tors and the Schottky barrier heights at flatband voltages. As
compared to the transistor in the shell region, the transistor in
the core region shows higher Schottky barrier for holes, that
is, the Fermi level of the contact metal (Pd) is further away
from the valence band of the core WSe, , Te,, Furthermore,
spectral photocurrent measurement of the core and shell pho-
totransistors confirms the impact of tellurium incorporation
on the bandgap, as shown in Figure 3e. The photoresponsivity
is calculated using the equation: R = Iy, /P, where I, is the
photocurrent. P is the effective laser power irradiated on device,
which is calculated using P = I x A, where [ is the laser inten-
sity and A is the device area. The spectral photoresponsivity
curves for the core and shell phototransistors display three
peaks, corresponding to the A, B, and A excitons, respectively.
Here, the ground state A exciton and the spin-orbit (SO) split
B exciton are associated with the K-point of the Brillouin zone,
while the A exciton is the excited state of the A exciton.*#!l The

© 2020 Wiley-VCH GmbH
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Figure 3. Electrical characterization of homogeneous core (WSe;_;,Te,,) and shell (WSe,_;,Te,) transistors. a) Optical image of the transistors. b) The
homogeneous shell transistor shows strong p-type transport, while the core transistor displays ambipolar behavior. The difference between the core
and shell regions can be attributed to the bandgap difference between these two materials. c) Temperature-dependence of hole motilities in a homo-
geneous shell transistor. d) Effective Schottky barrier height as a function of gate voltage for shell and core transistors. €) Spectral photoresponsivity
of the homogeneous shell and core transistors reveals three exciton peaks. The A exciton peak in core WSe, ,Te,, redshifts as compared to that in
shell WSe;_;,Te,,, indicating that tellurium incorporation in the film reduces the bandgap. f) Band alignments of core and shell transistors along the
channel. The shell WSe;,_,,Te,, transistor has smaller hole Schottky barrier, which facilitates hole transport, while the core WSe,_,,Te,, has more bal-

anced electron/hole Schottky barriers, favoring ambipolar transport.

shift of the A exciton peak between the core and shell telluride
indicates a bandgap change, which also corresponds well to the
PL spectra in Figure 2b. Combining the Schottky barrier heights
extracted from the IVs and the bandgaps measured using PLs
and spectral photocurrent, we can construct the energy diagram
of homogeneous core and shell transistors, shown in Figure 3f.
The band alignment between the core WSe,_,,Te,, and Pd ena-
bles simultaneous transport of both electrons and holes, which
explains the ambipolar transport in the core WSe,_,,Te,, tran-
sistor in Figure 3b. In the shell WSe,_,,Te, /Pd contact, how-
ever, the low Schottky barrier for holes facilitates hole transport,
while the large Schottky barrier for electrons limits the electron
transport, leading to p-type transport shown in Figure 3b.

The bandgap difference between core and shell regions can
be used to construct heterogeneous electronic and photonic
devices. Figure 4a shows the optical images of the heteroge-
neous WSe,_,,Te,/WSe,_,,Te,, transistors and photodetectors.
The hole current in homogeneous shell transistor is much
higher than that in core transistor, shown in Figure 4b, which is
consistent with Schottky barrier results in Figure 3. Heteroge-
neous transistors with core/shell hybrid channels show p-type
transport and the drain current is higher when the shell is used
as drain than that when the core is used as drain. This asym-
metric transport is further elucidated in the output characteris-
tics (Figure 4c). The rectifying behavior indicate that the current
prefers to flow from the shell to the core. This phenomenon
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can be explained by the band diagram in the inset of Figure 4c.
Since the Schottky barrier for holes at the shell WSe,_,,Te,,/Pd
contact is smaller than that at the core WSe,_,, Te,,/Pd contact,
the drain current is higher for positive drain voltage (i.e., holes
inject from shell contact) than for negative drain voltage (i.e.,
holes inject from the core contact). In addition, positive voltage
on the shell region provides a forward bias on the core/shell
heterojunction, which will also facilitate the carrier transport
through the junction, consistent with the unidirectional trans-
port observed in these heterogeneous transistors. The optoelec-
tronic properties of the core/shell heterostructure were also
measured. The [-V curves under laser exposure were measured
as shown in Figure 4d. The shift of the I-V curve under var-
ious laser powers clearly indicates that the photovoltaic effect is
observed. An open-circuit voltage of 0.48 V and a short-circuit
current of 0.17 nA were achieved when a 532 nm laser (power =
5.1 uW) was shined onto the heterostructure. The photovoltaic
effect is due to the built-in electric field and band bending at
the core/shell heterojunction, which is induced by the different
work functions of tellurium-rich and tellurium-poor tellurides.
Furthermore, the photocurrents of homogeneous and hetero-
geneous transistors are compared in Figure S7, Supporting
Information. The photoresponsivities extracted at Vp = 1V are
4.1 x 10%, 1.11, and 8.4 mA W~ for the shell, core, and core/
shell transistors, respectively. The photoresponsivity of the shell
WSe,_,,Te,, transistor is significantly higher than that of the

© 2020 Wiley-VCH GmbH
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Figure 4. Electrical and optoelectrical characterizations of heterogeneous core/shell transistors. a) Optical image of heterogeneous transistors.
b) Transfer curves with homogeneous and heterogeneous transistors with various combinations of channel materials. Drain voltage V, =1V. c) Output
characteristics of heterogeneous transistors showing rectifying behavior. Inset: The energy diagram of the heterogeneous core/shell transistor. d) The
I-V curves under laser exposure demonstrate the photovoltaic effect in core/shell lateral heterostructures.

core WSe, ,,Te,, transistor due to the reduced hole Schottky
barrier and contact resistance in the shell transistor. Since the
contact resistances in TMD transistors are typically much larger
than the channel resistances,*>*}] contact resistance plays an
important role in the photocurrent and photoresponsivity of the
transistors.

In summary, monolayer WSe,,,Te,,/WSe, ;Te,, core/
shell heterostructures were synthesized using a one-step rapid-
cooling CVD method. Rapid cooling can prevent excess sele-
nium from exchanging with tellurium during the cooling step of
the growth process and tellurium can be preserved in the core of
the flakes. PL and EDS spectra indicate that WSe,_,,Te,, in the
core region has high tellurium concentration (small bandgap),
while WSe,_, Te,, in the shell region has low tellurium concen-
tration (large bandgap). AFM confirms the monolayer nature of
the core/shell structure. Furthermore, high-performance homo-
geneous transistors based on telluride in the core and shell
regions were fabricated. Shell-based transistors showed unipolar
p-type transport, high current on/off ratio (>10°), and maximum
mobility of 30 cm? V! s In contrast, core-based transistors
displayed ambipolar behavior, which can be explained by the
difference in band alignment between these two materials and
metal contacts. More importantly, the photovoltaic effect was
observed in the heterogeneous core/shell transistors, due to the
built-in electric field at the heterojunction. Our findings provide
experimental groundwork for the synthesis of core/shell tellu-
ride structures and open new opportunities for their application
in multifunctional devices.
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Experimental Section

Synthesis  of  Monolayer ~ WSe,_5,Te, /WSe, 5, Te,,  Core/Shell
Heterostructures: WO; powder was placed in the center of the CVD
furnace, and selenium powder and tellurium powder were placed about
8-12 cm upstream from the WO;. Before the growth, the tube of the
furnace was flushed three times using Ar gas and then pumped to below
1 Pa. First, the temperature of the furnace was ramped up to 600 °C,
while flowing Ar gas at 90 sccm. Then the temperature was increased
from 600 to 760 °C within 10 min, while flowing 90 sccm Ar and 9 sccm
H, gas. The synthesis was carried out at 760 °C for 10 min. Then the
furnace was cooled rapidly using a homemade water-based system at
20 °C min™".

Material and Device Characterizations: The morphologies and thickness
of monolayer WSe, 5,Te,/WSe, 5, Te,, core/shell heterostructures
were characterized by optical microscopy (Olympus BX53M)
and atomic force microscopy (Asylum AFM). The Raman spectra and
photoluminescence were performed on a confocal-microscope-based
Raman spectrometer (Renishaw, 532 nm excitation laser). The crystal
structures and chemical compositions were obtained by atomic-
revolution scanning tunneling electron microscopy (Thermo Fisher
Scientific Themis Z aberration-corrected STEM) and energy-dispersive
X-ray spectroscopy (EDS). Electrical properties were measured using a
probe station (lakeshore CPX-VF) with a semiconductor device analyzer
(Keysight B1500A). The optoelectrical properties were measured in the
homemade photocurrent measurement system.

Supporting Information

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