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2
T HE CVD-GROWN TWISTED WS2
BILAYER AND THE

WS2/(PEA)2P BI4
HETEROSTRUCTURE

Some of the contents in this chapter were published in ACS Applied Materials and Interfaces.
(doi:10.1021/acsami.1c08377).

17
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2.1. INTRODUCTION
2.1.1. T HE HALIDE-ASSISTED CVD GROWTH

2

CVD is a widely used synthesis method involving chemical reactions of gas-phase precursors. Compared with physical vapor deposition processes such as evaporation and sputtering, CVD provides a significant flexibility by relying on chemical reactions that allows for
high-quality growth with outstanding conformality and fast deposition rates [1]. In addition, a high vacuum is not a prerequisite for CVD, which lowers the conditions and makes
growth easier. All those above make CVD preferable to a large number of users, not only
from research labs but also from industry applications. In the research of 2D materials, I
also use CVD to grow TMD monolayers because it is possible to get monolayers with a low
cost, high yeild and high quality. For CVD growth, it was reported that adding alkali metal
halides (AB where A = Na or K and B = Cl, Br or I) as growth promoters can lower the
evaporation temperature of the reactant and deliver the precursor to the growth substrates
more effectively. It is especially useful for metal oxide precursors, which suffers from low
vapor pressure even at high temperature. Here, from the alkali metal halides library, I chose
NaCl as the additive since it can increase the vapor pressure of metal precursors and hence
enhance the reaction rate [2, 3]. The general reaction can be written as:
𝑁𝑎𝐶𝑙 + 𝑀𝑂𝑧 → 𝑀𝑂𝑥 𝐶𝑙𝑦 + ⋯

(2.1)

𝑀𝑂𝑥 𝐶𝑙𝑦 (𝑔) + 𝐻2 (𝑔) + 𝑋 → 𝑀𝑋2 + 𝐻𝐶𝑙(𝑔) + 𝐻2 𝑂(𝑔) + 𝐻2 𝑋(𝑔)

(2.2)

where 𝑔 stands for gas, 𝑀 for the transiton metals, 𝑋 for S, Se, or Te.

2.1.2. T HE STACKING OF LAYERED MATERIALS
The van der Waals stacks have received significant interest in recent years [4, 5]. The naturally weak van der Waals force between the 2D crystals makes it possible to stack different
layers into hetero- or homostructures, allowing the investigation of new physical effects, as
well as the development of new devices [5–8]. Stacking two TMDs results in many novel
features, such as long-lived interlayer excitons that may be controlled by an electric or magnetic field [9], and the creation of a moiré pattern, which can lead to exotic crystal phases
[10–12]. Since heterostructures present a promising potential for many exotic properties
recently, it become a field attracted many interests.
In this chapter, we first introduce the CVD-grown WS2 . Then the optical properties
of CVD-grown twisted WS2 bilayers will be introduced. Furthermore, since the hBN en18

2.2. R ESULTS AND DISCUSSION OF CVD-GROWN WS2
capsulation can improve the optical properties, the WS2 /(PEA)2 PbI4 heterostructure was
encapsulated with hBN. And we investigate the optical properties related to charge transfer
in the heterostructure.
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Figure 2.1 The CVD growth of WS2 . a) the schematic illustration of the instrument for CVD growth. b) the
practical image of the CVD instrument. c) overview of typical CVD-grown WS2 on a wafer. d) large WS2 flake
and its PL image (insertion). e) PL spectrum and f) Raman spectrum of WS2 grown by CVD. The insertion in e is
the typical AFM image of CVD-grown WS2 .

2.2. R ESULTS AND DISCUSSION OF CVD-GROWN WS2
2.2.1. T HE NAC L -ASSISTED CVD GROWTH OF WS2

MONOLAYERS

Figure 2.1 shows the schematics (a) and images (b) of the instruments for CVD growth.
During the CVD growth, sulfur powder and WO3 (3 mg) powder mixed with NaCl (0.5 mg)
are used as the source materials for S and W. Ar (80 sccm) and H2 (10 sccm) mixed gases
19
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are used as the carrier gas. The WO3 /salt mixture was sandwiched by two Si/SiO2 wafers,
which confines the precursor, promoting the growth of flakes. The sandwiched wafer was
placed in the center of the furnace, where has a higher temperature compared with other
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regions. And the sulfur was placed on the upstream and the edge of the furnace (lower
temperature). The growth temperature was fixed at 800 ◦ C for a duration of 2 minutes. The
typical optical image of the CVD-grown WS2 is shown in Figure 2.1c. WS2 flakes have
sizes ranging from several microns to a hundred microns. The number of layers ranges from
monolayers to tens of layers. Figure 2.1d shows typical large WS2 flakes (size > 150 𝜇m)
and their PL image (insertion). From the image, it is apparent that the PL of the flake is not
very uniform. The edge region is brighter, whereas the central area is darker, which means
more defects present in the center of the flakes [13]. In addition, from the PL image, we
notice that the flake is separated into several parts by boundaries (indicated by white dashed
lines), suggesting that the triangular flake consists of several crystalline domains. To further
identify its quality, the PL and Raman spectra were measured as shown in Figure 2.1. The
monolayer nature of the flakes is confirmed by Raman scattering and PL. The PL peak is
centered around 632.7 nm, and the difference between E12𝑔 (349.7 cm−1 ) and A1𝑔 (416.7

cm−1 ) in the Raman spectrum is around 67 cm−1 , which are very close to the literature [14].
The AFM of the as-grown WS2 monolayer was also measured. As shown in the insert of
Figure 2.1d, the flake appears to be uniform. The measured thickness of the WS2 monolayer
is 1.2 nm, which is also consistent with the value reported in the literature [2].

2.2.2. T HE OPTICAL PROPERTIES OF CVD-GROWN TWISTED BILAYER WS2
When the growth conditions are controlled properly, the WS2 flakes with extensive coverage
can be grown on the wafer. And the flakes are oriented randomly since there is no directional
bond between the out-layer S of WS2 and the substrate. In principle, the WS2 can grow on
passivated surfaces (for example, H-passivated Si) with no preferred orientation. The WS2
itself can also be used as a good substrate for the growth of WS2 . In some of the CVD growth,
WS2 monolayers can grow on top of another monolayer with a random angle, allowing
us to study the optical properties of CVD-grown twisted WS2 bilayers. Figure 2.2a and
Figure 2.2b are the optical and PL images of the CVD-grown WS2 flakes. Among the flakes,
we can identify several twisted WS2 bilayers with different twist angles. In Figure 2.2b,
from PL, it is straightforward to distinguish the different optical responses from overlapped
and un-overlapped regions. Although the PL of the monolayer is also not very uniform,
no grain boundary can be observed, suggesting a single crystalline domain [15]. For the
optical properties, we measured the spectra of one twisted WS2 bilayer (7.5 ◦ ) at cryogenic
temperature (5 K). The PL spectra with different excitation power are shown in Figure 2.2c.
20
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Figure 2.2 a) The optical image of twisted WS2 bilayers grown by CVD. b) PL image of (a). The flakes marked with
white dashed circles are twisted WS2 bilayers. The excitation is a 433 nm laser. c) Excitation power-dependent
PL spectra of CVD-grown twisted WS2 bilayer with twist angle 7.5◦ . The measured temperature is 5 K. d) PL
intensity of X and IX with respect to excitation power. e) The Raman shift of monolayer and twisted bilayer WS2
measured at room temperature. The wavelength of laser for PL spectra and Raman is 532 nm.
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The power decreases from around 300 𝜇W to 1 𝜇W, and the exciton peak ( 1.98 eV) has a
little bit shift to higher energy because of the reduced influence of phonon caused by thermal
heating of laser [16]. We attribute the peak at around 1.93 eV to trion [17]. For the peak
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at 1.48 eV, we attribute it to the interlayer excitons. In the range of high excitation power,
the intensity of the interlayer peak is negligible compared to the exciton or trion peak. But
it becomes more noticeable and dominated than the exciton or trion peak when decreasing
the excitation power.
The influence of laser excitation power on the PL intensity of excitons and interlayer
excitons is shown in Figure 2.2d. The red dot and black square represent the excitons and
interlayer excitons, respectively. The fitting lines matched very well with the power-law
I ∼ P𝛼 , where I is the PL intensity, P is the laser power, and 𝛼 is the power factor that
determines the linearity of the curve. Over the entire power range, the emission from the
excitonic state rises linearly with the increase of excitation power. In contrast, the emission
from interlayer excitons shows a sublinear dependence. With low excitation power (less than
tens of 𝜇W), the interlayer peak is more prominent than the exciton or trion peak, while it
reverses when excited with even high power. This specific property of van der Waals stacking interlayer transitions [9] comes from the substantially longer lifetime (ns) of interlayer
exciton comparing with spatially direct excitons transitions (ps) and charges transfer periods
(a few hundreds of fs [18, 19]). Because only excitons in the light cone can recombine radiatively, the very effective charge transfer (in comparison to the recombination process of
the interlayer excitons) can saturate the optically active states, resulting in a sublinear power
dependence of PL intensity for the interlayer excitons [20].
Figure 2.2e shows the Raman scattering of twisted WS2 bilayer and WS2 monolayer.
For the E12𝑔 (350.0 cm−1 ) and A1𝑔 (416.6 cm−1 ) modes, the monolayer and twisted bilayer
peaks are located at the same places. For the peak intensity ratio (E12𝑔 /A1𝑔 ), the monolayer
shows 5.62, which increases to 6.08 for twisted bilayer. But if we consider the intensity of
peak E12𝑔 only, the twisted bilayer shows 1.8 times higher than the monolayer.
WS2 monolayers have a direct bandgap, whereas WS2 bilayers have an indirect bandgap
due to interlayer electronic interaction [21]. However, because the symmetry between the
top and bottom layers is violated, the twisted WS2 bilayers exhibit different band structures
with the variation of twisted angles. In comparison, PL spectrum is a powerful way to obtain
useful information about the bandgap structure. Figure 2.3 shows the PL spectra of WS2
bilayers with different twist angels, namely 3°, 7.5°, 21° and 50°. For each spectrum, there
are two PL peaks, the excitonsic peak at 1.98 eV and the interlayer excitonic peak at around
1.49 eV. For the excitonic peak, the peak position does not shift with the change of twisted
angle, whereas the interlayer peak has a blue shift along with the increase of twist angle
22
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Figure 2.3 Twisted angle-dependent PL of twisted WS2 bilayers. The measured temperature is 5 K with an excitation 532 nm. The red and green dashed lines indicate the excitons and interlayer excitons peak, respectively.

from 3° to 21°. The interlayer excitonic peak position of the WS2 bilayer with the twisted
angle 50° is almost the same as that with twisted angle 20°. That is because the interlayer
excitonic peak first has a blue shift and then a redshift when the twist angle varies from 0 to
60° with the maximun change at 30° [22].

2.2.3. T HE CHARGE TRANSFER BETWEEN WS2 MONOLAYER AND (PEA)2 PBI4
IN A HETEROSTRUCTURE

Heterostructure is a promising choice for applications because of the encouraging findings in
optics and electronics [10–12, 23]. Here, we investigated a hybrid transition-metal dichalcogenide/2D perovskite heterostructure, more exactly WS2 /(PEA)2 PbI4 heterostructure, where
PEA stands for phenyl-ethyl ammonium.
23
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Figure 2.4 The transfer process: a-e is the schematic images of the transfer process. The corresponding optical
images are presented below each of the steps. d is the schematic illustration of the hBN encapsulated heterostructure. The scale bar in the bottom left of each image is 50 𝜇m.

2.2.4. D EVICE FABRICATION
The device has a multilayer structure composed of a boron nitride (hBN) capping layer
(∼100 nm), a WS2 monolayer, a (PEA)2 PbI4 perovskite layer (∼50 nm), and an hBN bottom layer (∼120 nm). The WS2 monolayer is obtained from the CVD growth mentioned
above. Both (PEA)2 PbI4 perovskite and boron nitride flakes are exfoliated from their bulk
crystals. Single crystals of (PEA)2 PbI4 were grown at room temperature using the layered
solution crystal growth technique [24]. And the boron nitride flake is cleaved from the bulk
crystal (HQ-graphene). To avoid the degradation of (PEA)2 PbI4 perovskite under the ambient condition, cleavage, transfer, and stacking are all carried out in an argon-filled glovebox
with trace amounts of H2 O and O2 (both less than 0.5 ppm). During the transfer process,
the top hBN layer is picked up by a polycarbonate film (PC) at 80 °C, and then WS2 monolayer and (PEA)2 PbI4 perovskite flakes are picked up by the top hBN layer at 110 and 40 °C,
respectively. Care was taken to minimize the heating process to minimize the thermal degradation of the perovskite. The PC on the sandwiched structure is then quickly dissolved in
chloroform within 3 min. Figure 2.4a to e show each step of the transfer process. On the top
24
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Figure 2.5 (a) optical and (b) PL images of PEPI/WS2 heterostructure. The excitation is a 433 nm laser. (c) and
(d) are the PL spectra of heterostructure and WS2 taken at 5 K. The excitation of (c) is a 540 nm laser and (d) is a
488 nm laser, respectively. Black color denotes the heterostructure and red denotes the bare WS2 flake.

of each figure is its schematic, below which is the corresponding optical image. Figure 2.4f
is a schematic figure of the heterostructure, which shows the hBN encapsulated multilayer
PEPI and WS2 monolayer.

2.2.5. T HE OPTICAL MEASUREMENTS
The optical and PL images of hBN encapsulated PEPI/WS2 heterostructure are shown in
Figure 2.5a and b, respectively. In Figure 2.5a, the shape of PEPI and WS2 was marked
with dashed lines. And from the PL image Figure 2.5b, it is also straightforward to recognize the PEPI flake and WS2 monolayer. For the PL intensity, PEPI is much stronger than
the WS2 monolayer. In the overlapped region, the signal is almost occupied by PEPI. To
better understand the optical properties of the heterostructure, the PL spectra were measured
with different wavelengths of excitation. The PL spectra taken on the bare WS2 flake and
the PEPI/WS2 heterostructure with excitation energy above the perovskite optical bandgap
are shown in the Figure 2.5c (excitation wavelength of 488 nm). On the bare WS2 flake, we
can observe a strong excitons A peak (X) and a small peak on the low energy side, both of
25
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which are due to negatively charged trions (T). However, on the heterostructure, the signal
from the excitons and trion is significantly influenced by a very broad and strong peak (at
higher energy) that we attribute to bound excitons (BE) states in PEPI. Precisely estimating

2

the WS2 trion to excitons ratio in the heterostructure area, which would offer evidence for
the occurrence of a partial hole transfer from WS2 to PEPI, is challenging. To differentiate
the signal from the WS2 monolayer and PEPI, lower pumping energy was used (excitation
wavelength 540 nm). The excitation energy is enough to excite the WS2 monolayer but not
enough for PEPI. Figure 2.5d shows representative PL spectra taken on the bare WS2 flake
and the PEPI/WS2 heterostructure with the excitation wavelength 540 nm. Three peaks
related to A-excitons were distinguished, which were attributed to the free excitons (X),
trion (T), and localized excitons (L) from high to low energy [25]. Despite the fact that
the PL from WS2 was acquired using 540 nm excitation in Figure 2.5d (i.e., below the absorption band of PEPI), the spectra of the bare WS2 flake and the heterostructure are not
identical. The trion-to-excitons ratio for the bare flake is 1.2, which increases to 2 for the
heterostructure. Furthermore, the total intensity of WS2 trion and excitons emission from
the heterostructure is lower than that of the bare flake. This discovery supports the theoretically expected hole transmission from the WS2 layer to the PbI 4 slab [26]. The effective
transmission of holes lowers the total PL intensity in the heterostructure area. Furthermore,
because the WS2 layer is intrinsically 𝑛-doped [27], the trions are negatively charged. The
rise in the T/X emission ratio in the heterostructure implies an increase in the electron/hole
concentration ratio, which is caused by photoinduced hole transfer from the WS2 to the PEPI
layers.
We examined PL spectra stimulated below the PEPI bandgap with 540 nm excitation to
investigate the change in the trion-to-excitons ratio on the heterostructure area compared to
the bare WS2 flake. The X and T intensities were calculated by fitting Gaussian functions
to example PL spectra recorded in different regions. As shown in Figure 2.6, the trion
to excitons A ratio for the WS2 emission is always less than that obtained on the bare WS2
flake, but it is at least three times higher on the heterostructure. The T/X intensity ratio is, on
average, 6 times enhanced in the heterostructure area for the fourteen spectra we measured.
This result provides more evidence about the hole transfer from the WS2 layer to the PEPI
layer.

2.3. CONCLUSIONS
Adding NaCl can promote the CVD growth of WS2 flakes by lowering the evaporating
temperature of WO3 . With this growth method, the size of a WS2 monolayer can reach
more than 150 𝜇m. By fine tuning the growth conditions, the CVD-grown twisted WS2
26
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Figure 2.6 The trion to excitons PL intensity ratio was calculated by fitting sample spectra from different locations
of the spatial PL map excited at 540 nm to a Gaussian distribution. Spectra 1-7 are of the bare WS2 flake, while
spectra 8-14 are of the heterostructure area. The dashed lines represent the average trion/excitons intensity ratio in
each location.

with different twisted angles can be realized. The optical properties of CVD-grown twisted
WS2 have been studied optically. The interlayer excitons from the CVD-grown twisted WS2
bilayers has a sublinear dependence on the excitation power. The interlayer exciton is easier
to be excited with low power compared to excitons. In addition, the position of the interlayer
exciton peaks shows dependence on the twisted angle. The peak shows a blue shift first
and then a redshift as a function of the twist angle changes from 3° to 50°. Furthermore,
using the CVD-grown WS2 monolayer, a hBN encapsulated PEPI/WS2 heterostructure was
fabricated. The hole transfer from WS2 to PEPI was identified by the optical studies. In
summary, the stacking of 2D materials can change the band structure. And the changes
show dependence of twisted angle. In addition, the charge re-distribution occurs in the
heterostructures.
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