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Direct Visualization of Grain Boundaries in 2D Monolayer
WS, via Induced Growth of CdS Nanoparticle Chains

Changyong Lan, Dapan Li, Ziyao Zhou, SenPo Yip, Heng Zhang, Lei Shu, Renjie Wei,

Ruoting Dong, and Johnny C. Ho*

To date, wafer-scale synthesis of two-dimensional (2D) materials are well
achieved by chemical vapor deposition, but the obtained monolayers typically
have multidomains with electrical and optoelectronic properties affected by
grain boundaries and domain sizes. When these 2D materials are used as the
growth templates, these boundaries would also provide unknown influences
to the successive heterostructure formation for extended applications. Here,
for the first time, direct visualization of grain boundaries in monolayer WS,
film can be realized by the growth of CdS nanoparticles. Specifically, CdS

is found to first preferentially nucleate and form as nanoparticle chains

along WS, grain boundaries in a random manner, independent of the grain
boundary characteristics. Due to electron scattering and type Il band
alignment at the WS,—CdS heterojunction, WS, reduces in its mobility
while becoming enhanced in its electron concentration. Notably, the WS,—CdS
heterostructure also yields improved carrier separation and collection for the
photodetection performance enhancement. All these results can facilitate the
detailed evaluation of crystalline grains-related information of 2D materials and

1. Introduction

Since the discovery of graphene in 2004,
because of the atomically thin characteris-
tics and the unique physical and chemical
properties, two-dimensional (2D) mate-
rials have attracted tremendous attention
in the scientific community.l'->! To date,
various kinds of 2D materials have been
explored as superconductors, semimetals,
semiconductors, topological insulators,
and many others for next-generation elec-
tronics and optoelectronics.[*8 Moreover,
forming heterostructures from dissimilar
2D materials with different bandgaps
and work functions can further enable
and manipulate their novel properties.
As there are only weak van der Waals
interactions in the out-of-plane direction,

provide thorough understanding on the effect of these overgrown CdS on
underlying WS, monolayers, being extremely important to further optimize
and enable their functionalities for advanced device applications.
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there would not be any issue on the lat-
tice registration when a 2D material is
placed on top of another 2D material,
making the formation of heterostructures
with atomically sharp interfaces straight-
forward as compared with the conven-
tional bulk materials.’-!! In this case, simply by mechanically
stacking multiple exfoliated 2D materials together, different
transistor architectures can be readily achieved with the
impressive device characteristics. For example, Georgiou et al.
have fabricated high-performance graphene-WS,—graphene
heterostructure vertical field-effect transistors employing
the stacking method;*? however, the obtained heterostructure
interface quality is still not satisfactory because numerous
defects always exist at the interface and crystal orientations
between the two layers are random.

In order to get the high-quality 2D heterostructures, chem-
ical vapor deposition (CVD) is often utilized. Generally, 2D
materials can serve as ideal templates for the growth of nano-
plates, other 2D materials or even bulk materials via van der
Waals epitaxy. By using CVD method, graphene-Bi,Tes,!!?!
graphene-MoS,," graphene-WS,,">l MoS,-WS,,[1®17 and
MoS,~CdSI'® vertical heterojunctions have been success-
fully synthesized. It is found that the quality of underlying
2D material templates is actually very important, dictating
the growth of crystalline top materials. Since CVD grown 2D
materials are usually polycrystalline with lots of defects!!*-21]
and these defects are mostly existed along the grain bounda-
ries instead of locating within the in-domain area, these 2D

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

www.small-methods.com

wu 0oz

Figure 1. Morphology characterization of the obtained WS,—CdS heterostructure. a) SEM image of the CVD grown WS, monolayer. The scratch was
intentionally made on the upper left corner for the clear observation. b) SEM image of the grown WS,—CdS heterostructure. c) AFM image of the CVD
grown WS,—CdS heterostructure. Inset shows the height profile tracing along the nanoparticle chain.

templates would drastically deteriorate the growth behavior
of top materials. It is noted that these defects sites also have
the high chemical activity, in which they have been exploited
for the grain boundary visualization through oxidization.[22-24
In this respect, during the CVD growth of these heterojunc-
tions, those defects typically provide low energy sites for the
growth nucleation. It is therefore essential to assess this
defects-related mechanistic growth of the top materials over
the 2D templates. More importantly, it is also critical to eval-
uate the effect of this heterostructure formation on electrical
and optoelectronic properties of the underlying 2D materials.
All these would provide valuable insights into the realiza-
tion of high-quality CVD heterostructures for their advanced
utilizations.

Here, for the first time, we report the direct visualization of
grain boundaries in 2D layer structured materials (i.e., CVD
monolayer WS,) without using any advanced sophisticated
imaging techniques as well as propose and validate the mecha-
nistic growth model for subsequent CdS—-WS, heterostructure
formation. It is observed that the CdS material would first pref-
erentially form as nanoparticles along the WS, grain bounda-
ries in a random manner independent of the grain boundary
characteristics. In specific, based on the classical nucleation
theory, owing to the existence of large quantities of defects at
the WS, grain boundaries, CdS species are witnessed to be
more easily adsorbed on these low energy boundaries rather
than the in-plane area, which leads to the nucleation of CdS
nanoparticles along the WS, grain boundaries. More impor-
tantly, due to electron scattering at the heterojunction, the
electron mobility of WS, gets reduced after the overgrowth of
CdS nanoparticle chains. On the other hand, attributed to the
internal field established between CdS and WS, (i.e., type II
band alignment), electrons would donate from CdS to WS,
enhancing the electron density via n-doping. These hetero-
structures can also yield the impressively higher carrier
separation and collection for the photogenerated electron-hole
pairs, leading to the improved photodetection performance
when configured into simple photodetectors. All these results
can evidently reveal the mechanistic overgrowth of CdS along
WS, grain boundaries, which provide thorough understanding
on the effect of these overgrown CdS on the underlying WS,
monolayers, being extremely important to further optimize
their electrical and optoelectronic properties for advanced
device applications.
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2. Results and Discussion

In this work, utilizing our previously developed technique,!'*]
the pristine CVD grown monolayer WS, film has a relatively
smooth surface (Figure 1a). After a short duration of the CVD
overgrowth of CdS (i.e., 10 min), there is not any obvious
change on the growth substrate as observed by the naked eye.
However, based on the scanning electron microscopy (SEM)
measurement, the substrate surface is modified significantly
with a network-like morphology clearly witnessed (Figure 1b).
This network-like morphology is also undoubtedly confirmed
by atomic force microscopy (AFM) (Figure 1c). It can be clearly
seen that the network lines are typically composed of the CdS
nanoparticle chains. The corresponding height profile (across
the white line) is shown in the inset of Figure 1c with the line
width and height of =50 and =35 nm, respectively. Since this
network-like morphology is found similar to the distribution
of multidomains in a polycrystalline monolayer 2D film,! it
is reasonable to hypothesize the CdS nanoparticles predomi-
nately growing along the grain boundaries of monolayer WS,
such that each single crystalline WS, domain becomes visible
under SEM. Notably, this hypothesis can be partly validated by
the optical microscopy studies of fabricated WS,-CdS hetero-
structures, where the exact same network morphology is also
clearly observed after the overgrowth of CdS on WS, mon-
olayers particularly with the larger single crystalline domain
size (i.e., =10 um) and transferred onto the Si/SiO, (270 nm)
substrates (Figure S1, Supporting Information).

In order to further confirm the hypothesis, systematic trans-
mission electron microscopy (TEM) measurement is then car-
ried out. As illustrated in the typical TEM image of fabricated
WS,—CdS heterostructures (Figure 2a), it is obvious that the
network lines are composed of CdS nanoparticles, being per-
fectly consistent with the AFM result. In particular, the average
size of these CdS nanoparticles is about 20 nm, while they
can also be seen along the edges of multilayer WS, domains
(Figure S2, Supporting Information). The chemical com-
position of the CdS nanoparticles and the underlying WS,
film are ascertained by energy dispersive X-ray spectroscopy
(EDS) (Figure S3, Supporting Information). Generally, for 2D
materials, the adjacent single crystalline domains have different
crystal orientations, which can be used to identify different
single crystalline domains.?®l This way, selected area electron
diffraction (SAED) measurements are performed to evaluate the
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Figure 2. TEM characterization of the obtained WS,~CdS heterostructure. a) TEM image. b—d) SAED patterns of the labeled regions in the panel
(a). e) High-magnification TEM image. f) HRTEM image of the labeled region in (e). g—i) FFT patterns of the labeled region in (f).

crystal orientation of the CdS nanoparticle chain as well as the
both sides of WS, film separating by the nanoparticle chain. As
depicted in Figure 2b,c, the regions 1 and 2 show only one set
of diffraction spots corresponding to the single crystalline WS,
with the zoom axis of [001], which indicates the single crystal-
linity of each area. However, the crystal orientation of these two
areas is different since two sets of diffraction spots are observed
in the SAED pattern obtained from region 3 (Figure 2d),
belonging to the regions 1 and 2. It is also noted that the angle
between these two sets of diffraction spots is about 8°, sug-
gesting a misorientation of 8° at the domain boundary there.
Apart from the diffraction spots from WS,, some irregular spots
are also observed, which belongs to CdS nanoparticles, desig-
nating the nanoparticle chains indeed located along the WS,
grain boundaries. Next, high-resolution TEM (HRTEM) studies
are as well performed to investigate the structural quality of
fabricated WS,-CdS heterostructures. Figure 2ef presents
the high-magnification TEM and HRTEM images along the
chain region. Specifically, distinctive lattice fringes with a lat-
tice spacing of 0.35 nm are observed for the CdS nanoparticles,
which corresponds to {110} planes of the wurtzite CdS phase.
Weak lattice fringes are also seen for the WS, film. To fur-
ther confirm the different crystal orientations of the two sides
of WS, separating by the CdS nanoparticle chain, fast Fourier
transformation (FFT) are made accordingly. The FFT of both
region I and II give the same hexagonal diffraction pattern with
different orientations, which affirm the different crystal orienta-
tions of the two regions. Similarly, the FFT of the intersection
region (region III) shows again the two sets of diffraction spots
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with an angle of about 15°. All these results clearly suggest
that the CdS nanoparticles preferentially grow along the WS,
grain boundaries. Also, FFTs, which contain both the area of
CdS and WS,, are made to study the crystal orientation relation-
ship between CdS and WS, as shown in Figure S4 of the Sup-
porting Information. In explicit, the in-plane faces of the CdS
nanoparticles are mostly (001) planes as indicated by the hexa-
gonal diffraction spots with the [001] zone axis. However, CdS
nanoparticles does not exhibit the van der Waals epitaxial rela-
tionship with WS, on both sides of the boundary as typically
observed in van der Waals heterostructures. As a result, there is
not any preferential orientation for the induced overgrowth of
CdS nanoparticles on the WS, grain boundaries. This random
orientation between the CdS nanoparticles and the WS, mono-
layers suggests their weak interactions at the growth interface
due to the nearly perfect surface away from the boundaries.

To shed light assessing the growth behavior of CdS on
monolayer WS,, the deposition time dependent morphology
evolution of fabricated WS,~CdS heterostructures are care-
fully evaluated. Figure 3a—d traces along the corresponding
morphology evolution upon the different deposition times of
CdS. It is clear that CdS nanoparticles are first preferentially
nucleated at the WS, grain boundaries and these nanoparticles
would gradually converge into the network-like morphology.
Figure 3e,f depicts the AFM images of those heterostructures
with the specific CdS deposition time of 4 and 10 min, respec-
tively. The obtained AFM morphologies agree very well with
the SEM results. For the short deposition time (e.g., 4 min),
majority of the nucleated CdS nanoparticles are aggregated
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Polycrystalline monolayer WS,

CdS Nanoparticle nucleation

Formation of CdS nanoparticle chain

Figure 3. Morphology evolution and proposed mechanistic growth model of the obtained WS,-CdS heterostructure. Morphology evolution as a func-
tion of the CdS deposition time. a) As prepared, SEM image. b) 4 min, SEM image. c) 10 min, SEM image. d) 60 min, SEM image. €) 4 min, AFM
image. f) 10 min, AFM image. g) Schematic illustration of the proposed growth mechanism of CdS on WS,. The light and dark yellow areas stand for
the single and multilayer WS, domains, respectively. The blue dotted lines represent the WS, gain boundaries while the brown dots designate the CdS

nanomaterials.

along the WS, grain boundaries in a relatively random manner
without significant dependence on the grain boundary charac-
teristics, such as the grain boundary angle, thickness, etc. For
the long deposition time (e.g., 10 min), the WS, grain bounda-
ries become more visible owing to the continuous growth of
CdS nanoparticles along the boundaries. At the same time, an
insignificant amount of CdS nanoparticles is still nucleated
at the inner side of single crystalline domains because of the
existence of few minor defects there. If an ultra-long deposition
time (e.g., 60 min) is used, the growth of CdS nanoparticles
would start to lose the preferential directionality, slowly to con-
verge into continuous films (Figure 3d). Similar phenomenon
can also be witnessed in the monolayer WS, with the smaller
grain size of =0.8 um (Figure S5, Supporting Information).
Based on the classical nucleation theory, in order to enrich
our understanding in the growth characteristics of these
heterostructures, the nucleation probability of CdS on the
CVD synthesized monolayer WS, is investigated. At the WS,
grain boundaries, there are always a large amount of defects,
including sulfur and tungsten vacancies; therefore, there are
lots of dangling bonds located at the boundaries. By contrast,
there are very few dangling bonds existed within the single
crystalline WS, domains due to their layered van der Waals
crystal structure. As the enthalpic contribution to the free
energy comes primarily from chemical bonding, the stronger
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bonds would lead to the smaller interfacial free energy.?”! The
small interfacial free energy means that the nucleation barrier
height (Ep) is tiny as compared with that within a domain. This
way, the nucleation probability at grain boundaries is high and
CdS tends to nucleate at the grain boundaries accordingly. After
nucleation, the continuous growth of CdS nuclei would highly
depend on the surface migration of CdS species. Due to the
existence of numerous dangling bonds near the CdS nuclei, the
CdS species at nuclei would eventually have a slower migration
rate as compared with those within the single domains.[?$2%
As a result, the CdS nuclei will grow into nanoparticle chains
at the WS, grain boundaries as schematically illustrated in
the mechanistic growth model in Figure 3g. It should also be
pointed out that as there are few defects existed within the
single WS, domains, CdS would also get nucleated and grow
into nanoparticles there, which is observed in the SEM, AFM,
and TEM images.

In addition, various spectra characterization methods are
also employed to further evaluate the physical and chemical
properties of obtained WS,-CdS heterostructures in detail.
The following discussions are mostly based on the structures
fabricated with WS, containing the large grain size of =10 pm
and CdS deposition time of 10 min. Figure 4a demonstrates
the optical absorption spectra of pristine monolayer WS, and
WS,—CdS heterostructure. It is obvious that the absorption

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Spectra characterization of the obtained monolayer WS, and WS,~CdS heterostructure. a) Optical absorption spectra. b) Raman spectra
excited by a 532 nm laser. The peak associating with CdS is pointed out by a purple arrow. The peaks belonging to WS, are indicated by the dashed
green line. ¢) PL spectrum excited by a 405 nm laser. Inset: Band alignment of the WS,—CdS heterostructure. d,e) PL peak fittings for monolayer WS, and
WS,-CdS heterostructure. f) XPS of W 4f peak. Inset: Enlarged part of W 4f; ; peak illustrating the blue-shift of the peak after heterostructure formation.

of WS,-CdS heterostructure gets significantly improved at
short wavelengths as compared with that of pristine WS,, in
which this enhancement can be attributed to the absorption of
CdS nanoparticles.?% As depicted in Figure 4b, Raman spectra
are then collected to assess the chemical bonding informa-
tion of the structures. In contrast to the Raman spectrum of
monolayer WS,, a new peak near 301 cm™! is clearly observed,
attributable to the 1-LO mode of CdS.3Y Since both CdS and
monolayer WS, are direct bandgap semiconductors, photo-
luminescence (PL) spectra of monolayer WS, and WS,~CdS
heterostructure can be readily measured as shown in Figure 4c.
Specifically, monolayer WS, yields a strong excitonic emis-
sion centered at 620 nm.??l For WS,~CdS heterostructure, the
emission from WS, is reduced and a new emission peak near
501 nm is observed. The 501 nm emission can be ascribed to
the bandgap related emission of CdS.?! As the excitonic emis-
sion profile of WS, is strongly related to the carrier density in
WS,,1331 the emission peak from WS, can then be deconvoluted
into two peaks originated from exciton (X) and trion (X7) as
given in Figure 4d.e. It is explicit that the peak position of X
shows almost no shift, while the peak position X~ exhibits a red
shift after the deposition of CdS. The emission intensity ratio
of X and X also get reduced after the CdS deposition. These
peak shift and peak intensity ratio (X/X") reduction suggest
that there is an enhanced electron density of WS, constituted
in the WS,~CdS heterostructures.*’l Based on the band align-
ment of the WS,—CdS heterostructure (Figure 4c, inset), CdS
would donate electrons (i.e., n-doping) into WS, due to the
type II band alignment, which leads to an increased electron
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density in WS,. This n-type doping can also be confirmed by
X-ray photoelectron spectroscopy (XPS) as shown in Figure 4f.
The W 4f peaks yield a blue shift of 0.1 eV after the CdS deposi-
tion (Figure 4f, inset), indicating the n-doping behavior in the
underlying monolayer WS,.34 All these experimental findings
evidently illustrate the profound effect of WS,-CdS heterostruc-
ture formation on the optical absorption and carrier density
modulation of 2D WS, materials.

Apart from the carrier density modulation, the carrier trans-
port properties of WS, may also be affected by the formation of
WS,—CdS heterostructure. In this case, field-effect transistors
(FETs) based on monolayer WS, and WS,-CdS heterostruc-
ture are fabricated and thoroughly characterized. Figure 5a,b
shows the representative output characteristics of fabricated
devices, while the figure insets give the SEM images of devices
configured in the global back-gate geometry accordingly. In
specific, both types of the devices exhibit typical n-type con-
ducting behaviors as the source—drain current, Iy, increases
with the increasing gate voltage, V. Considering the same
transistor dimension, as depicted in the device transfer char-
acteristics in Figure Sc, the gate coupling of monolayer WS,
FET is more efficient due to the observation of a larger ON-
current as compared to the one of WS,-CdS heterostructure
FET. Inevitably, both devices display the large hysteresis, which
is probably ascribed to the defects, moveable charged ions on
gate dielectric (i.e., SiO,), adsorbed molecules, interface traps,
etc. along the device channel surface.’>3”) In fact, the differ-
ence of threshold voltage (A V) between the forward and the
backward gate voltage sweeping is always used as a parameter

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Electronic transport properties of the fabricated WS, and WS,~CdS heterostructure FETs. Output characteristics of a) WS, FET. b) WS,~CdS
FET. c) Transfer characteristics of WS, and WS,~CdS FETs with V45 =5 V. d) Source—drain current as a function of time. The inset in (a) and (b) give

the representative SEM images of the corresponding devices.

evaluating the hysteresis phenomenon. Here, the A Vi, is 33 V
for the typical WS, based transistor while it increases to 45 V
for the WS,~CdS heterostructure based transistor. In this case,
the trapping of charges induced by defects, adsorbents, etc. is
the origin of hysteresis observed in the transfer curve. More
defects are thought to be introduced after the growth of CdS
nanoparticles, which might be the reason for the enlarged hys-
teresis in WS,-CdS heterostructure based transistors. In any
case, both devices yield a remarkably high ON/OFF current
ratio of =10%. The field-effect mobility of the device channel can
also be calculated using the following formula of

_ A, L1

#= Ve W CoVi

1)

where L is the channel length, W is the channel width, C,, is
the gate capacitance per unit area, and Vg is the source—drain
voltage. In this work, the mobility of the monolayer WS, is
found to be 0.74 cm? V™! 57!, while the mobility of WS,~CdS
heterostructure is determined to be 0.14 cm? V-! s~ In fact, we
have measured more than 10 devices for each sample group of
monolayer WS, and WS,-CdS heterostructure FETSs, where the
average mobility is measured to be 0.81 and 0.11 cm? V! s71,
respectively. This way, the channel mobility gets reduced after
the deposition of CdS nanoparticles. The reduced mobility
can be attributed to the electron scattering by CdS nanoparti-
cles since the CdS nanoparticles located along the WS, grain
boundaries would act as the ionic scattering centers due to the
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type II band alignment. The electron transfer phenomenon
(from CdS to WS;) can again be experimentally confirmed by
the time dependent current response (I vs t) of the devices
(Figure 5d). Obviously, the WS,—CdS device has a larger output
current as compared with that of WS, device, indicating the
n-type doping in WS, constituted in the WS,—CdS heterostruc-
ture. It is apparent that as a result of electron scattering at the
heterojunction, the electron mobility of WS, would get sub-
stantially degraded after the overgrowth of CdS nanoparticle
chains.

As both WS, and CdS are good optoelectronic materials,
which have wide applications in optoelectronics, it is critical
to investigate their photosensing properties of the fabricated
devices. Here, photodetectors based on monolayer WS, and
WS,—CdS heterostructure are configured using interdigital
Au electrodes as shown in the inset of Figure 6a,b. From the
current-voltage (I-V) curves with and without light illumina-
tion using a 450 nm laser as the light source (Figure 6a,b),
both devices are very sensitive to the incident light, where the
output current increases with the increasing light intensity.
Considering the same light intensity and device dimension,
the output current of WS,—CdS heterostructure photodetector
is found to be much larger as compared with the one of mon-
olayer WS,, suggesting that the deposition of CdS nanoparti-
cles can substantially enhance the photodetection performance
of WS,. In general, photocurrent, I, is always defined as the
difference of the current with and without light illumination.
This way, the photocurrent as a function of light intensity of

(6 of 10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Photodetection characteristics of the fabricated WS, and WS,—CdS heterostructure devices measured with a 450 nm laser as light source.
|-V curves of a) monolayer WS, and b) WS,—CdS heterostructures based photodetectors with and without light illumination. c) Photocurrent versus
light intensity. d) Responsivity versus light intensity. The bias voltage is 4 V for (c) and (d). The inset in (a) and (b) give the SEM images of the

corresponding devices.

both devices are also measured (Figure 6¢). The increasing
trend of photocurrent with the increasing light intensity is per-
fectly consistent with the I-V curves. From the photocurrent
curves, it is clear that the WS,~CdS heterostructure is more
photosensitive to light than monolayer WS,. Explicitly, the pho-
tocurrent of WS,~CdS heterostructure based photodetector is
about 3.4 times larger than that of monolayer WS, device when
the light intensity is 4.9 mW cm™. Since the photocurrent
has almost a linear relationship with light intensity for both
devices, these relationships can be well fitted by the following
expression of

I, = A®* (2)

where A and f is are fitting parameters and @ is the light inten-
sity. By fitting the data, f is found to be 0.89 and 0.93 for WS,
and WS,-CdS heterostructure based photodetectors, respec-
tively. The sublinear behavior is a result of complex process of
carrier generation, trapping, and recombination in the photo-
sensing material, which is always observed in photoconductor
devices.3¥40 As compared with the WS, device, the power
factor (B) increases for the WS,~CdS device. In fact, the value
of B is closely related to the distribution of trap states within
the forbidden gap. Usually, if the trap states have an expo-
nential distribution of N; = Npexp(—(E. — E)/kT;), where Nj is
a constant, E. is valance band level, E is the trap energy level,
k is the Boltzmann constant, T; is a characteristic parameter
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for the trap states distribution and T; > T (T the ambient tem-
T

perature), the photocurrent has a relationship of I, e« @1+ *1]

Therefore, when the f value is between 0.5 and 1, it is then
highly depended on the distribution of traps, i.e., the value of
T;. This way, the increase of the f3 value after the deposition of
CdS can be attributed to the redistribution of trap states with a
more uniform distribution (e.g., larger T;). At the same time,
responsivity (R) is another figure-of-merit to illustrate the sensi-
tivity of a photodetector, which is analytically defined as

b
= @5 G)

where S active area of the photodetector. According to both
Equations (2) and (3), R should be proportional to ®#!. This
way, the responsivity would decrease with the increasing light
intensity as shown in Figure 6d. The maximum responsivity
is then determined as 6.0 and 18.3 mA W' under light inten-
sity of 50 uW cm™2 for WS, and WS,~CdS heterostructure,
accordingly. Furthermore, the ability to detect weak signal is
also important for a photodetector, which can be stand for by
specific detectivity (D*) with the following expression

S
2‘]1 dark

D*=R
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Figure 7. Transient properties of the WS, and WS,—CdS heterostructure photodetectors. a) Current versus time response under modulated light illumi-
nation. Magnified part of the curve of b) WS, and c) WS,—~CdS heterostructure based photodetectors. The light intensity and bias voltage is 4.9 mW cm™2

and 4V, respectively.

where Iy, is the dark current and g is the charge of an
electron. Based on (4), D* is proportional to R, thus it has the
similar trend with the light intensity as shown in Figure S6 of
the Supporting Information. The maximum specific detectivity
is extracted to be 2.3 x 10! Jones and 7.3 x 10!! Jones under
light intensity of 50 uW cm™ for WS, and WS,~CdS hetero-
structures based photodetectors, respectively. All the obtained
performance parameters are comparable or even better than
some of the state-of-the-art 2D materials based photodetec-
tors.[*2-50 This photodetection performance enhancement after
the CdS deposition on WS, can be attributed to the type II band
alignment resulted from the formation of WS,~CdS hetero-
structure (Figure 4c, inset). The photoexcited electron-hole
pairs can then be separated by the internal electrical field estab-
lished between CdS and WS, such that electrons would transfer
to the WS, side while holes would move to the CdS side. As
a result, the corresponding nonequilibrium carrier lifetime
increases, leading to the increase of photogain, which is similar
to the case observed in other heterostructure systems.

For practical applications, the transient response of
a photodetector is also extremely important. As shown
in Figure 7a, the output current of monolayer WS, and
WS,-CdS heterostructure photodetectors under modulated
light illumination is carefully measured. Notably, clear ON
and OFF states with the excellent stability of both devices is
witnessed under modulated light illumination. In order to
determine the response time of photodetectors, the magnified
parts of the transient curves of monolayer WS, and WS,~CdS
heterostructure devices are shown in Figure 7b,c, respectively.
In detail, both devices exhibit a fast rise followed by a slow
increase of the current when the light is switched on. This
“quick” part (i.e., fast rise) of the photocurrent change con-
tributes to a response time of less than 50 ms, suggesting the
remarkably fast response of our devices. The “slow” part (i.e.,
slow increase) of the photocurrent change can be attributed
to the carrier traps existed on the device channel surface,
in which photogenerated carriers would first fill the traps
and then the photocurrent can reach the maximum after all
traps are occupied, bringing a deferral to get to the steady
photocurrent.PU It is also worth to point out that there are not
any slow decrease behaviors for both devices when the light
is turned off, indicating the fast release of trapped charges
there. All these results obviously demonstrate the photodetec-
tion performance enhancement of WS,-CdS heterostructures
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over monolayer WS,, being promising for the next-generation
advanced optoelectronics.

3. Conclusion

In conclusion, WS,—CdS heterostructures have been success-
fully synthesized by CVD, where CdS materials are found to
preferentially nucleate and form as nanoparticle chains along
the WS, grain boundaries. By employing complementary char-
acterization techniques, a mechanistic growth model for the
WS,-CdS heterostructure formation is proposed and validated
based on the classical nucleation theory. Importantly, during the
growth, the monolayer WS, grain boundaries can be directly
visualized by simple imaging techniques, including optical
microscope, without using any complicated procedures. At the
same time, the formation of these WS,~CdS heterostructures
is also observed to strongly affect the corresponding optical,
electrical and optoelectronic properties of the underlying WS,
monolayer. All these results do not only provide a simple path
to obtain crystalline grains related information of 2D materials,
but also enable the tuning of their properties for their next-gen-
eration electronics and optoelectronics.

4. Experimental Section

Synthesis of Monolayer WS, Films: CVD was used for the synthesis of
monolayer WS,, which has been reported before.'” Briefly, a three-zone
horizontal tube furnace with a 1 in. diameter quartz tube was used as
the heating device. WO; powders (200 mg) placed in a quartz boat was
positioned in the center zone of the tube furnace. A sapphire substrate
was located at the center of the right zone (downstream side). Sulfur
powders (300 mg) placed in a ceramic boat was positioned out of the
left zone (upstream side), which was heated by a heating belt. The left
zone was intentionally unheated to make sure that the sulfur powder
was heated with a controllable temperature. Before heating, the pressure
inside the quartz tube was pumped down to 1 mTorr, and then 30 sccm
high impurity (99.999%) argon was introduced into the tube as the
carrier gas. The pressure was kept at 0.16 Torr during the deposition.
The center zone and the right zone were heated to 920 and 900 °C,
respectively. The deposition was kept for 40 min. After the deposition,
the temperature was cooled down naturally. The grain size of the
monolayer WS, film can be controlled by tuning the heating temperature
of the sulfur. A low heating temperature (110 °C) would lead to the small
single domain size. Large single domain size can be obtained with a
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high heating temperature of sulfur (160 °C) even though the multilayer
nucleation is also promoted at the same time.

Synthesis CdS Nanoparticles on Monolayer WS, Films: A single-zone
furnace with a 1 in. diameter quartz tube was used for the synthesis.
CdS powder (5 mg) placed in a quartz boat was positioned in the
center of the furnace. WS, pregrown on sapphire was then placed in
the downstream side of the quartz tube, which is 15 cm away from the
center. The experiment was carried out in ambient pressure. Before
heating, the quartz tube was flushed with Ar gas with a flow rate of 200
sccm. Then, the furnace was heated to 750 °C in 30 min and kept at that
temperature for a duration of 4-60 min. After the synthesis, the furnace
was cooled down to room temperature naturally.

Transfer of WS, and WS,-CdS Heterostructure Films onto SiO,/Si
Substrates and Cu Grids: The transfer of WS, and WS,—CdS
heterostructures from the growth substrate to the required substrate is
realized by utilizing surface energy assisted method.? Polystyrene (PS)
solution (140 mg mL™" in toluene) was spin-coated onto WS,/sapphire
WS,—CdS/sapphire samples with a rotating rate of 4000 rpm. After that,
the samples were baked at 90 °C for 20 min on a hot plate. The sample
was placed then in a glass garden and a drop of water was dropped on
the top of the sample. The edge of the PS film was scribbled with a knife
to facilitate the penetration of water molecules. Next, the PS/WS; or PS/
WS,-CdS film would separate from the sapphire substrate. Water was
also added to the glass garden so that the film will float on the surface of
water. SiO,/Si substrates with the thermal oxide thickness of 270 nm or
Cu grid was used to fish out the film. After drying in air, the sample was
baked at 120 °C on a hot plate for 20 min. After that, the sample was
dipped in toluene to dissolve the PS coating.

Characterization: SEM (G2 Pro, PhenomWorld) and AFM
(diMultimode V, Veeco) were used to inspect the surface morphology
of the films. The morphology of the samples was also checked by TEM
(CM-20, Philips). SAED patterns were used to evaluate the crystal
quality of the samples. HRTEM images were obtained from another
TEM instrument (2100F, JEOL). EDS spectra were collected from the
detector attached on CM-20 TEM instrument to analyze the chemical
composition of the samples. Raman spectroscopy (SR-5001-A-R, Andor)
was employed to obtain the Raman spectra (excited by a 532 nm
laser) and PL spectra (excited by a 405 nm laser) of the samples. XPS
(ULVAC-PHI5802) was used to get XPS spectra of the samples.

Device Fabrication and Measurements: For the fabrication of field-effect
transistors and photodetectors, standard photolithography method
was used to define the source and the drain regions, and 5 nm Ti and
50 nm Au were deposited successively by e-beam evaporation followed
by a lift-off process. The electrical performance of field-effect transistors
was measured in a vacuum probe station. Before measurements, the
chamber was pumped for one day to confirm the high vacuum. The
vacuum is 4 x 107 Pa during the measurements. The photodetector
performance was measured in air with a standard electrical probe station.
The active area of the photodetectors is 1.115 x 107 cm?. An Agilent
4155C semiconductor analyzer was used as source and measurement
unit. A 450 nm laser was used as the light source for photodetector
measurement. The light was conducted to the probe station by a fiber with
a collimator. A homemade electrically controlled mechanical shutter was
used to modulate the incident light. The light intensity was tuned by an
attenuator and measured by an optical power meter (PM400, Thorlabs).
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