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Thin films of millimeter-scale continuous monolayer WS, have been grown on SiO,/Si substrate, followed by the de-
position of f3-In;Ses crystals on monolayer WS, to prepare InySes/WS, van de Waals heterostructures by a two-step chem-
ical vapor deposition (CVD) method. After the growth of InySes at elevated temperatures, high densities of In,Se3/WS,
heterostructure bubbles with monolayer to multilayer 3-In,Ses crystals atop are observed. Fluorescence of the resultant
B-InySe3/WS; heterostructure is greatly enhanced in intensity upon the formation of bubbles, which are evidenced by the
Newton’s rings in optical image owing to constructive and destructive interference. In photoluminescence (PL) mapping
images of monolayer -In,Sez/monolayer WS, heterobilayer bubble, significant oscillatory behavior of emission intensity
is demonstrated due to constructive and destructive interference. However, oscillatory behaviors of peak position are also
observed and come from a local heating effect induced by an excitation laser beam. The oscillatory mechanism of PL is fur-
ther verified by changing the exterior pressure of bubbles placed in a home-made vacuum chamber. In addition, redshifted
in peak position and broadening in peak width are observed due to strain effect during decreasing the exterior pressure of
bubbles.

Keywords: bubble, monolayer WS,, heterostructure, In,Se;

PACS: 79.60.Jv, 33.20.Fb, 61.72.uj

1. Introduction

The optical, mechanical, and electrical properties of
two-dimensional (2D) layered materials can be readily tuned
via chemical doping, defect, or thickness reducing.!'=>! 2D
transition-metal dichalcogenides (TMDCs) as one of the typ-
ical semiconductors possess novel physical properties for the
potential application in a next generation photodetector, field-
effect transistors, valleytronic devices.!®® The 2D van der
Waals heterostructures consisted with stacking different 2D
layered materials have novel properties beyond their indi-
vidual counterparts, which provide opportunities in devices
engineering.[”!% For instance, the epitaxial grown multilayer
B-InySes on monolayer WS, have been shown to have the
interlayers interaction effect constraining the phase transfor-
mation of adjacent few layers B-In,Ses.['! Ultrahigh photo
responsivity and detectivity of photodetectors are gained be-
cause of an acceleration of electron-hole separation and
charge transfer owing to constructing lateral MoS, and WS,

heterostructures.[' In addition, various lateral and vertical 2D
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materials heterostructures have been constructed and investi-
gated in physics and materials field.!"3>~1>1 It has been demon-
strated that heterostructures based on TMDCs can provide a
platform for tailoring the devices properties.

Recently, bubbles of monolayer or few layers 2D ma-
terials are created via various method and investigated in
physics, chemistry, and devices.!!>1%171 A biaxial strain in
bubbles can cause the direct-to-indirect band gap transition
of few-layer TMDCs.!!8! Strain localization excitons states
formed a doughnut-like pattern around the nanoscale bub-
bles of monolayer WSe, and MoS, at room temperature.[1%-20]
Moreover, optical properties and lattice vibrations of graphene
and TMDC:s are sensitive with strain in material. Photolumi-
nescence (PL) and Raman spectra oscillations can be found
across graphene, monolayer WS,, and few layer WSe, bub-
ble profile due to light interference.!l:!!1% In addition, PL
of monolayer WS is sensitive with strain, electric filed, and
temperature. Monolayer WS, has a potential application for
photodetectors due to strong PL with narrower emission band-
width. Although properties of single crystal monolayer WS,
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bubbles have been investigated, there have not been reported
about heterostructure bubbles of a millimeter-scale continuous
monolayer polycrystalline WS, and other 2D layer materials
so far.

In this paper, vertical f-In,Ses/monolayer WS, het-
erostructures were grown via a two-step chemical vapor depo-
sition (CVD) and heterostructure bubbles on Si0O,/Si substrate
were created during the growth of B-InySe; due to a high-
temperature treatment. Characteristics of -InpSes/monolayer
WS, heterostructure bubbles are investigated via optical and
fluorescence (FL) images, Raman and PL spectra. The oscil-
latory behaviors are presented in mapping images of PL and
Raman spectra of monolayer 3-In,Ses/monolayer WS, het-
erostructure bubbles due to the constructive and destructive
interference. The mechanism for oscillatory behaviors of PL
intensity, position, and width are elucidated via changing an
exterior pressure of bubble. In addition, strain effect in PL po-
sition and width is also observed during the gradual decrease
of exterior pressure of bubbles.

2. Experimental section

2.1. Thin film of millimeter-scale continuous monolayer

WS,

Thin films of millimeter-scale continuous monolayer
WS, were grown on p-type silicon wafer with 300 nm in thick-
ness of Si0, CVD method in a two-zone home-made tube fur-
nace. As schematically shown in Fig. S1, precursors of sul-
fur powder (Alfa Aesar, purity 99.999%) of 1.2 g and WO3
powder of 2 g (Alfa Aesar, purity 99.99%) were placed in
two separated Al,O3 crucibles located downstream at the low
and high temperature zones, respectively. During the growth,
the low and high temperature zones were set at 180 °C and
950 °C, respectively, and the sulfur and WO3 vapor were car-
ried to SiO,/Si substrate via a highly pure Ar gas at a flow
rate of 50 sccm. After a growth time of 50 minutes, thin films
of millimeter-scale continuous monolayer WS, were success-
fully grown on SiO,/Si wafers.

2.2. In,Sesz/monolayer WS; heterostructure bubbles

The B-InpSes/monolayer WS, heterostructure bubbles
were created by using CVD method in a home-made three-
zone tube furnace. Precursors of Se pellets of 0.08 g (Alfa Ae-
sar, purity 99.999%) and In,O3 powder of 0.1 g (Alfa Aesar,
purity 99.99%) were placed in two separated Al O3 crucibles
located downstream along the tube. The as-grown millimeter-
scale continuous monolayer WS, films were served as 2D sub-
strates and were downstream placed 5 cm away from the cru-
cible of In,O3. During the growth, the temperatures were kept
at 270, 640, and 620 °C for Se, In,O3, and substrate, respec-
tively, and Se and InyO3 vapors were carried to the substrate

via a 34 sccm mixed gas flow of Hp and Ar. Similar to the pre-
vious reports that heat treatment of large area WS, or WSe;
monolayers can help to create bubbles of monolayer,!!'!!6]
Iny Ses/monolayer WS, heterostructure bubbles with spherical
cap were created during the growth of InySe; on WS, mono-

layer at 620 °C.

2.3. Characterizations

Optical and FL images were taken via a Leica microscope
(DM4000M) equipped with FL accessory. PL and Raman
spectra were collected in a confocal micro Raman microscope
system (HR Evolution, JY Horriba, Japan) with an excitation
of 532 nm and spot size of ~ 1pum in diameter. PL character-
izations of bubbles under different exterior pressures are col-
lected via a confocal micro Raman microscope system with a
home-made vacuum chamber with a high-throughput optical
window under an excitation of 532 nm focused on the center
of bubble. Atomic force microscopy (AFM) measurement was
performed on MultiMode 8 (Veeco Instruments Inc., USA) in
a tapping mode. Structure was elucidated via an aberration-
corrected scanning transmission electron microscopy (AC-
STEM, FEI Themis Z STEM) operating at 300 k'V.

3. Results and discussion

Figure 1(a) and figure S2 present the optical images and
corresponding FL images of a typical as-grown thin film of
monolayer WS, on SiO,/Si substrate. It is clear that substrate
is dominantly covered by monolayer WS, that is continuous
over millimeter-scale. The polycrystalline thin film of mono-
layer WS, has a typical grain size of ~ 100 um, and the FL
is greatly enhanced in intensity at the grain boundaries owing
to the abundant structural defects.?!! The determined thick-
ness of WS, from AFM height profile shown in Fig. S3 is
~ 0.79 nm, which is consistent with previous results. [22:231
The high quality thin film of monolayer WS, enables the
growth of layered 3-InySes crystals via CVD method. The op-
tical images shown in Figs. 1(b) and 1(c) indicate that mono-
layer WS, is coated by layer structured -In;Ses crystals
with different thicknesses and f3-InySes/monolayer WS, het-
erostructures are obtained. Compared to the particles in the
voids of monolayer WS, thin film, the well-defined multilayer
B-In;Ses crystals on WS, is indicating a preferential growth
of the layered B-InySes on 2D substrates. The high magni-
fication optical image (Fig. 1(c)) also shows the absence of
straight edge in morphology for the first and second layers
of B-InySes (i.e., monolayer and bilayer InpSes), which is
consistent with the reported results.!!!! Figure 1(d) shows the
FL image of the monolayer WS thin film after the growth
of InpSes. In comparison with the monolayer WS, the FL
is significantly suppressed in intensity at the junction area
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of InpSe3/WS,. In addition, high density of brighter spots
are evidenced in FL image, and fringes can be observed in
spots with large size and are attributed to bubbles formed in

[11

monolayer WS, during growth of In,Ses.!'!! It is also evident

that bubbles of monolayer WS, have stronger FL signal than

100 pm

those of B-InySe3/WS; heterostructure. From the variation in
AFM height profile (inset of Fig. 1(e)) scanned along direction
marked by the green line in Fig. 1(e), the thickness of mono-
layer B-In;Ses is calculated to be ~ 1.01 nm, being in a good
agreement with previous report for 3-In,Ses.

Fig. 1. Optical, FL, AFM characterizations of monolayer WS, before and after the growth of -In,Ses: (a) optical image of millimeter-
scale continuous monolayer WS, grown on SiO,/Si substrate, the inset is FL image of green wireframe marked in optical image, indicating
that millimeter-scale WS, is monolayer; (b) and (c) low- and high-magnification optical images of monolayer WS, covered with 3-In;Ses,
indicating forming -InySes/monolayer WS, heterostructures; (d) FL image of B-In,Ses/monolayer WS, heterostructure, indicating that FL
is suppressed after covering B-InySes, which is corresponding to panel (c); (¢) AFM image of f3-InpSes/monolayer WS, heterostructure.
The inset is the height profile from green wireframe, green dots come from AFM height profile, and green dashed line is linearly fitting the
experiment dots according to the expression of 4 = —3.6+ 1.01n (h is height and n is a layer number of InySe3), indicating a thickness of

~ 1.01 nm for monolayer 3-In,Se;.

Raman and PL measurements were carried out to char-
acterize the as-grown WS, monolayer and In;Ses3/WS; het-
erostructures transferred on TEM grid. Compared to the
Raman spectra of monolayer WS,, extra Raman bands are
evidenced at the positions marked by the cyan for the f3-
In,Ses/WS; heterostructures, as shown in Fig. 2(a). The peaks
located at ~ 110 cm~! and 206 cm ™! are assigned to the A} .
and A%g modes of B-In,Se; crystal, respectively. According
to previous work, Raman bands in intensity are very weak
in intensity for the InySesz monolayer and bilayer.!'!>*l The
WS, monolayer possesses two characteristic peaks located at
353 cm ! and 419 cm ™!, that are the in-plane mode of A| and
out-of-plane mode of E/, respectively. No significant change
occurs for the Ay and E’ in frequency as well as intensity
upon covering a layer of In;Ses with a thickness from mono-
layer to few-layer.['!] When thickness of the atop B-In;Se;
increases up to 14 layers, the degenerated A; mode of mono-
layer WS, is observed to be split into two peaks due to the
tensile strain preserved in thicker 8-InySes crystals grown at
high temperatures.!!!l It also indicates a strong coupling be-

tween monolayer WS, and multilayer In,Ses. Upon covering
one layer of B-InySes atop, PL is significantly decreased (by
a factor of ~ 20) in intensity for monolayer WS, as shown in
Fig. 1(d) and Fig. 2(b), and is even completely quenched with a
14-layer B-In,Ses crystal atop. As shown in Fig. 2(c), conduc-
tion band minimum and the valence band maximum of mono-
layer WS, are higher than those of §-In;Ses, indicating a type-
II alignment interface between B-In,Ses and WS,.[>>71 Due
to a type-1I alignment, the photo-excited electron in monolayer
WS, is injected from conduction band of WS, to conduction
band of -InySes and photo-excited holes will transfer from
the valence band of 3-InySes to the valence band of WS; due
to a type-1I alignment of 3-In,Ses/monolayer WS,. Since the
InySes possesses an indirect bandgap, the suppression of PL
in monolayer WS, after covering one layer of 3-In,Ses atop
is due to the decrease of photo-excited electron—hole recombi-
nation rate. In addition, the quench of PL in monolayer WS,
is predominantly attributed to that the photo-excited electron
in monolayer WS, will transfer from monolayer WS, to thick
ﬁ -In; Ses.
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Fig. 2. (a) Raman and (b) PL characterizations of monolayer WS, before and after covered with 1L and 14L f3-In,Ses on TEM grid. (c) Band
alignment of monolayer 3-InySes and monolayer WS,. (d) SAED pattern and (e) atomic scale HAADF image of $-InpSe3/WS, heterobilayer.

In order to check the crystal structure and the crystal-
lographic orientation of WS, and In,Ses;, AC-STEM mea-
surements were carried out on the heterobilayer of monolayer
In,Sesz/monolayer WS,. Figure 2(d) presents a selected area
electron diffraction (SAED) pattern of a typical heterobilayer
B-InySes/WS,. Two sets of diffraction patterns with sharp
spots are evidenced owing to the high quality of WS, and
In,Ses crystal. The interplanar spacing of WS, and In;Ses are
0.27 nm and 0.35 nm corresponding to the (100) lattice plane
of 1H-WS; and B-In,Ses, respectively, which are consistent
with previous results.!!1?%2%1 From the SAED pattern of the
heterobilayer, it is clear that the monolayer f3-InpSes crystal
is nearly epitaxially grown on monolayer WS,. Diffraction
pattern of single crystal WS, is presented in SAED shown
in Fig. 2(d) due to large grain size (~ 100 pm) in polycrys-
talline thin film of monolayer WS, (shown in Fig. 1(a) and
Fig. S2). Figure 2(e) shows an atomic scale high angle an-
nular dark field (HAADF) image of the 3-In,Se3/WS; heter-
obilayer. Compared to the monolayer WS, (the dark domain
as pointed out by the arrow), well-defined Moiré patterns can
be observed in the domain of the heterobilayer owing to an

interference of two sets mismatched lattices.

Fig. 3. (a) Optical and corresponding (b) FL images of monolayer WS,
covered by InpSes, (c) optical and corresponding (d) FL images of the bub-
ble of InySe3/monolayer WS, heterostructure, (¢) AFM image of monolayer
In;Sesz/monolayer WS, heterostructure bubble (corresponding to the green
dashed rectangle in panel (c)), inset is the height profile corresponding to the
white line in panel (e).

Large number bubbles of In,Sesz/monolayer WS, het-
erostructures were also created besides the monolayer WS,
bubbles during the growth of 3-In,Ses, as shown by the op-
tical image and corresponding FL image of the as-grown f3-
In,Ses/monolayer WS, heterostructure in Figs. 3(a) and 3(b),

117901-4
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respectively. These bubbles have a widely distributed diam-
eters range from few tens of micrometers down to the or-
der of sub-micrometer or even smaller. Interference fringes
with different color are clearly observed in bubbles with
large diameter owing to the light interference, resembling a
diffraction grating under the illumination of white light. f-
In,Se3 /WS, heterostructure bubbles can be formed with the
top B-InSes crystal varying from monolayer to more than 10
layers in thickness. The FL image clearly demonstrates an en-
hancement of FL in intensity upon the formation of bubbles
of monolayer WS, as well as heterobilayer B-In,Se3/WS,,
though the FL intensity of the latter is much weaker. No evi-

(a) PL peak intensity

1600 419.2

(arb. units)

1350 1800

(arb. units)

420.0

(cm™)

dent FL is observed for the In,Se3/WS, heterostructure when
layer number of 3-In;Ses is more than 1 layer in thickness.
The enhancement in FL signal of bubbles is attributed to strain
and/or the reduction in dielectric screening effect from the

[30-32] Figures 3(c) and 3(d) show a high magnifi-

substrate.
cation optical image and corresponding FL image of a bubble
spanning over monolayer WS,, monolayer In;Se3/WS,, and
multilayers InpSe3/WS;. Interference fringe rings are clearly
presented in the contrast of optical and FL image owing to
the interference of incident and reflected light at surface of the
bubble, also signifying the suppression of FL of WS, in the

heterostructure.

420.8

(em™1)

Fig. 4. PL and Ramana characterizations of InpSe3/WS; heterobilayer bubbles. (a) PL, (b) Raman Aj, and (c) Raman E’ peaks mapping images of
intensity (left), position (middle), and width (right) collected via using laser light of 532 nm. Scales bars are 10 um.

In order to check the morphology of bubble, AFM mea-
surements were carried out on a bubble spanning over a mono-
layer WS, and a heterobilayer -In,Se3/WS,, as marked by
the green dashed rectangle in Fig. 3(c). Figure 3(e) displays
the AFM image and figure S4 presents a line profile across
the top of bubble. The bubble demonstrates a well-defined
spherical cap (with a lateral size of ~ 4.6 pm and height of

~ 164 nm). Inset in Fig. 3(e) is a height profile along the
marked white line, a thickness ~ 1.08 nm for the monolayer
InySes atop the monolayer WS, is clearly demonstrated.
Raman and PL measurements were carried out to char-
acterize bubbles of InySe3/WS; heterobilayer because the FL
signal is nearly completely suppressed for heterostructure bub-
bles with the layer number of -In;Ses crystal more than one
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layer in thickness. Two heterobilayer bubbles with different
lateral sizes were chosen for the characterization, as marked
by the green dashed rectangle on the optical image and corre-
sponding FL image in Fig. S5, where Newton’s rings and FL
enhancement are clearly visible. Mapping images of peak in-
tensity, position, and width for PL emission peak as well as for
two characteristic Raman modes of the heterobilayer bubbles
are presented in Fig. 4. From the center to the edge of bubbles,
rings with periodic variation in intensity are clearly presented
in the mapping of PL peak and Raman peaks of the A; and
E’ modes (Figs. 4(a)—4(c)), sharing a spatial period depending
on the bubble size. These rings with oscillatory intensity can
originate from the interference of the constructive and destruc-
tive light in which the optical path difference varies as the light
moving from the center to the edge of a bubble. The mappings
of PL emission as well as for two characteristic Raman modes
also display an oscillatory behaviors of the shift in peak po-
sition and broadening in peak width, and are attributed to the
localized oscillatory heating induced by the periodic enhance-
ment and suppression of the incident laser in intensity over the
surface of bubbles.!!:!61 In comparison with the phenomenon
in the pure monolayer WS,,[1%! the oscillatory behavior in the
PL emission and lattice vibrating is more profound in WS,
for the In;Se3/WS; heterobilayer. This is attributed to lower
thermal diffusivity in the In,Se3/WS, heterobilayer than of the
monolayer WS, owing to the much lower thermal conductivity
of monolayer B-In,Se; (< 4 W/m-K) than that of monolayer
WS, (~ 60 W/m-K).[33:34]

The interference phenomena at the surface of bubble de-
pends on the optical path difference which is very sensitive to
the bubble size (as shown in Fig. 4) and the pressure balancing
the interior and exterior gas of the bubble.’3! By placing the
InySe3/WS, heterobilayer bubble into a home-made vacuum
chamber, it tends to be gradually inflated when the vacuum
chamber is subjected to a slow purging with a pump. Mean-
while, a tensile strain owing to the inflation of the bubble can
be precisely generated,!!! which was used to finely tune the
properties of monolayer WS, via strain. %! Figure 5 presents
the PL collected at center position of the 3-In;Se3/WS; heter-
obilayer bubble subject to different exterior pressures. Typical
PL spectra of the heterobilayer bubble at the exterior pressures
of 100, 70, 50, 30, and 10 kPa are shown in Fig. 5(a), demon-
strating a drastically modified emission characteristics of the
monolayer WS, in the heterobilayer upon decreasing the exte-
rior pressure. These spectra are deconvoluted by three Gaus-
sian profiles (symbolized by X°, X!, and X?) and parameters
of intensity /yeax and emission energy Epeak are summarized in
Fig. 5(b). An oscillatory behavior for Ipea and Epeqy is clearly
displayed, and superimposed on a nearly linear background

for E,eac upon decreasing the exterior pressure of the heter-

obilayer bubble. The oscillation is resulted from the interfer-
ence, while the persisting redshift of Epe,x (linear background)
is attributed to the increase of tensile strain during the inflation
of the heterobilayer bubble, which is consistent with previous

results on the counter part of monolayer WS, . [32-36]

o
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Fig. 5. PL characterizations for In,Se3/WS; heterobilayer bubble subjected
to different exterior pressures with an excitation of 532 nm focused on the
center of bubble. (a) PL spectra of the heterobilayer bubble at some typical
exterior pressures of 10, 30, 50, 70, and 100 kPa. The spectra were decon-
voluted by three Gaussian profiles (symbolized by X°, X!, and X?). (b)
Deconvoluted PL peak intensity /peqx and position Epeqx as a function of the
exterior pressure.

4. Conclusion

In conclusion, f-InpSes; crystals are grown on a
millimeter-scale continuous monolayer WS, attached on
Si0,/Si substrate via two-step CVD technique, preparing ver-
After the growth of -

In,Se; at elevated temperatures, high density of In,Se3/WS;

tical van de Waals heterostructure.

heterostructure bubbles with monolayer to multilayer f-
InySe; crystals atop is observed. Newton rings are signifi-
cantly observed in optical images of heterostructure bubbles
due to constructive and destructive interference. In Raman and
PL mapping images of -InpSes/WS; heterobilayer bubbles,
significant oscillatory behaviors of emission intensity and peak
positions are observed due to optical interference effect. How-
ever, oscillatory behaviors of peak position are also observed
and come from a local heating effect induced by laser beam.
The oscillatory mechanism of PL is further verified by chang-
In addition, redshifted

in peak positions are observed due to strain effect during de-

ing the exterior pressure of bubbles.

creasing the exterior pressure of bubbles.
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