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Abstract
Uniform deposition of metal oxides on 2D materials, while preserving their structural integrity, is a
crucial step to realize the integration of 2D materials in practical devices. In this study, we
demonstrate the rapid nucleation of ZnO using atmospheric-pressure spatial chemical vapor
deposition (AP-SCVD) on 2D transition metal dichalcogenides MoS2 and WS2. The high precursor
partial pressure and uniform precursor delivery afforded by the AP-SCVD process, as compared to
conventional atomic layer deposition (ALD), led to rapid ZnO nucleation on both CVD-grown
MoS2 and WS2 in as little as 5 AP-SCVD oscillations and complete film closure was achieved on
CVD-grown WS2 flakes in less than 60 AP-SCVD oscillations. The ZnO nuclei formed larger
interconnected clusters on MoS2, whereas more-isolated islands were formed on the WS2. Raman
and photoluminescence (PL) spectroscopy revealed that AP-SCVD is a benign process that does
not damage the underlying 2D materials and rather helps to passivate defects via oxygen/water
adsorption from the air, when performed in an appropriate temperature window. Deposition of
the ZnO was found to impact the optical and structural properties of CVD-grown MoS2 and WS2
differently. For the MoS2–ZnO heterostructure, electron doping and strain dominate, resulting in a
reduction in the PL of MoS2, whereas for the WS2–ZnO, strain and dielectric screening have a
larger impact, resulting in an enhanced PL.

Abbreviations

AFM atomic force microscopy
ALD atomic layer deposition
AP-SALD atmospheric-pressure spatial atomic

layer deposition
AP-SCVD atmospheric-pressure spatial chemical

vapor deposition
PL photoluminescence
TMDC transition metal dichalcogenide

1. Introduction

Since the pivotal discovery of graphene, the family of
2Dmaterials has emerged as a growing area of interest
[1]. 2Dmaterials are known to exhibit unique proper-
ties due to surface effects and quantum confinement.
An emerging class of this family is transition metal
dichalcogenides (TMDCs). These materials have a
chemical formula of MX2 where M is a transition
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Table 1. Nucleation of ZnO on MoS2 and WS2.

ZnO deposition
technique 2D material Surface treatment

Process
temperature

(◦C)

ALD cycles
to initiate
nucleation Growth mode References

Thermal ALD MoS2-exfoliated
flake

No 125 200 Island growth [12]

PEALD MoS2-exfoliated
flake

No 125 20 Layer-by-layer
growth

[12]

Thermal ALD MoS2-exfoliated
flake

UV-O3 125 60 Layer-by-layer
growth

[12]

ALD CVDMoS2 Perylene-
3,4,9,10-
tetracarboxylic
acid (PTCA)

125 Not
reported

Layer-by-layer
growth

[14]

Magnetron
sputtering

Magnetron
sputtered-WS2

No 100 NA ZnO fills
crevices, later
forms film.

[15]

AP-SCVD CVDMoS2 No 100 <10 Island growth This work
AP-SCVD CVDWS2 No 100 <10 Island growth This work

metal atom, such as tungsten (W) or molybdenum
(Mo), and X is a chalcogen atom such as sulfur (S),
selenium (Se) or tellurium (Te) [2]. MoS2 and WS2
are important materials of this class. They transition
from indirect-band-gap semiconductors in bulk to
direct-band-gap semiconductors in monolayer form,
exhibiting unique electrical and optical properties [3,
4]. They are promising materials for ultra-small and
low-power electronics, such as sensors [5, 6], tran-
sistors and LEDs [7]. As miniaturization continues,
devices based on these materials are expected to be
more efficient than current Si-based technology [8].

To use 2D materials, such as TMDCs, in devices,
it is important to understand their integration with
other functional materials (e.g. oxides) and what
impact this has on the properties of the 2D layer.
Different systems have been studied to date, includ-
ing Al2O3 or HfO2 as a high k-dielectric layer on
graphene for transistors [9, 10], ZnO on WS2 for
LEDs [11] and ZnO on WSe2 for photodetectors
[12], among others. These metal oxides were grown
via atomic layer deposition (ALD) due to its abil-
ity to grow pinhole-free, conformal thin films with
precise thickness control. However, depositing func-
tional metal oxides, such as Al2O3 or ZnO, on 2D
materials by ALD has proven challenging as the pas-
sivated 2D surface lacks dangling bonds which act as
nucleation sites for ALD precursors. Previous ALD
studies have reported that layer closure for Al2O3
on exfoliated monolayer WS2 surfaces was achieved
at a very high thickness, i.e. more than 200 ALD
cycles were required to achieve linear growth after
nucleation [13]. Table 1 summarizes similarly long
nucleation times for ZnO on MoS2 and WS2.

Different approaches have been attempted to
facilitate faster nucleation on the inert surfaces of
2D materials, such as growing a seed layer [16],
using a physical vapor deposition technique that does

not rely on the presence of surface dangling bonds,
and/or pre-treating the 2D material using UV-ozone
or electron beam irradiation; however, these routes
can unintentionally dope the 2Dmaterial and change
its properties [12, 17]. To address these challenges,
we demonstrate the rapid nucleation and growth of
ZnO on 2D WS2 and MoS2 using an AP-SALD sys-
tem operated in AP-SCVD mode.

AP-SALD is a rapid, open-air, high-throughput
ALD technique in which the precursors are separated
spatially, and the substrate is moved between differ-
ent precursors to replicate the sequential self-limiting
reactions of conventional (temporal) ALD [18]. The
deposition rate is higher for AP-SALD than for con-
ventional ALD, as the slow chamber-evacuation and
purge steps are eliminated, and it can be further
increased by operating the same system in AP-SCVD
mode [19, 20]. This can be done by varying process
parameters to facilitate some mixing of the precurs-
ors in the gas phase, such as increasing the spacing
between the reactor head and substrate or increas-
ing the precursor flow rates. The presence of both
precursors on the substrate facilitates CVD-type film
deposition without compromising on the quality of
the film; AP-SCVD is known to produce conformal
and pinhole-free films similar to those achieved with
ALD [19].

In the present work, we demonstrate that AP-
SCVD facilitates rapid nucleation and faster closure
of themetal oxide layer without pretreating the CVD-
grown WS2 and MoS2 surfaces. The rapid nucleation
is attributed to the ability to deliver a higher precursor
partial pressure at the substrate surface, as it is held at
atmospheric pressure, leading to a shorter saturation
dose time. The nucleation trends are similar to those
observed for conventional ALD, [9, 10, 12, 21] with
ZnO growth starting from the WS2 and MoS2 edges
and grain boundaries; however, fast layer closure is
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observed on some of the CVD-WS2 grains in less than
60 AP-SCVD oscillations, which corresponds to less
than 120 ALD cycles. Raman and PL spectra are stud-
ied to understand the impact of AP-SCVD process
on the underlying 2Dmaterials. Raman spectroscopy
reveals that the relatively low AP-SCVD deposition
temperature of 100 ◦C has minimal impact on the
structural integrity of the 2D TMDCs. Furthermore,
PL spectroscopy indicates that this heating during
the AP-SCVD process helps passivate defects present
in the TMDCs. Hence, AP-SCVD is found to be a
relatively benign processing method on top of these
2Dmaterials. Analysis of the heterostructures formed
by ZnO on CVD-WS2 or CVD-MoS2 indicates that
the presence of ZnO does impact the strain, doping
and dielectric screening. An understanding of these
effects is crucial for building heterostructures with
these TMDCs.

2. Experimental details

The experimental method is summarized in the flow
chart in figure 1(a). To study the nucleation of AP-
SCVD ZnO on 2D materials, MoS2 and WS2 were
prepared using both atmospheric pressure chemical
vapor deposition (AP-CVD) and exfoliation meth-
ods. Exfoliated monolayer and few-layer flakes were
used as a reference to isolate the effect of defects,
which are typically present in the AP-CVD-grown 2D
materials.

2.1. Chemical vapor deposition of MoS2 andWS2
Both MoS2 and WS2 flakes were grown via AP-CVD
in a tube furnace. The substrates used were highly
doped p-type Si substrates with a 285 nm thick layer
of thermally grown SiO2. The substrates were cut to
a size of approximately 15 mm × 15 mm and ultra-
sonicated for 10 min in acetone and IPA successively.
After ultrasonication, a 2% cholic acid sodium solu-
tion was spin-coated onto the substrates, for both
MoS2 and WS2, acting as a seeding promoter. For
MoS2, a drop of aqueous ammonium heptamolyb-
date (AHM) solution (1:1) was then placed on the
substrates. A single drop of roughly 2 mm diameter
at the edge was sufficient. The substrates were then
annealed at 300 ◦C for 24 min in an oxygen-rich
environment to convert AHM into MoO3, which
serves as the precursor forMoS2. Similarly, forWS2, a
fully saturated aqueous solution of ammoniummeta-
tungstate was used. A microliter pipette was used to
drop several droplets (approximately 1mmdiameter)
of the solution on the substrate, as the flakes tend to
grow in the vicinity of the precursor. The samples
were then annealed in air at 500 ◦C for 30 min to
obtain WO3.

The growth process was conducted in a three-
zone hot-wall tube furnace (ThermConcept ROK
70/750/12-3z). In the first zone, 100 mg of S powder

(99.98% purity, Sigma Aldrich) was placed in an alu-
mina crucible at 150 ◦C. The coated substrates were
placed in alumina combustion boats in the second
zone, where a temperature of 750 ◦C was used for
the growth of MoS2 and 800 ◦C for WS2. The tube
was purged with 500 sccm of Ar gas (99.9% pur-
ity) to remove O2 and H2O before the CVD process
commenced and was maintained at that flow dur-
ing deposition. The growth process lasted 30 min,
after which the furnace was rapidly cooled to 100 ◦C.
Finally, the samples were retrieved from the CVD
furnace.

2.2. Exfoliation of MoS2 andWS2
Multilayers were exfoliated from a bulk MoS2 crys-
tal (SPI supplies) using adhesive tape (Nitto, ELP BT-
130E-SL). Additional adhesive tape was then used to
exfoliate a few layers from the multilayer MoS2, and
the process was repeated a few times. The tape car-
rying the MoS2 flakes was then gently placed onto a
Si substrate (n-type, phosphorous-doped<100>, 1–
10 Ωcm). Later, these samples were dipped in acet-
one, to remove the tape and adhesive residue, leaving
few-layer MoS2 flakes. The substrate was dried and
examined under an optical microscope, using color
contrast to identify and locate monolayer and few-
layer MoS2 flakes.

Similarly, bulkWS2 crystals (HQ Graphene) were
mechanically exfoliated using adhesive tape (Nitto,
ELP BT-130E-SL). Silicon with a 100 nm-thick SiO2
layer was used as a substrate. The SiO2/Si wafers were
cut and then cleaned using nitrogen gas, followed
by heating on a hot plate at 80 ◦C for 10 min. A
bulk WS2 crystal was pressed onto the tape, which
was then peeled away, removing layers of WS2. To
further reduce the thickness of these layers, the tape
was repeatedly folded and unfolded, gradually thin-
ning theWS2 until monolayer or few-layer flakes were
obtained. The tape, carrying theWS2 flakes, was then
gently placed onto the heated substrate and left for
approximately 5 min to transfer the flakes to the sub-
strate. The tape was then carefully peeled off, leav-
ing WS2 flakes deposited on the substrate surface.
The substrate was then examined under an optical
microscope, using color contrast to identify and loc-
ate monolayer and few-layer WS2 flakes.

2.3. AP-SCVD of ZnO
A custom-built AP-SALD/SCVD system was used to
deposit ZnO on top of WS2 and MoS2 (figure 1(b)).
In this system the substrate moves underneath the
stationary reactor head. Diethyl zinc (DEZ) and
distilled water were used as a zinc precursor and
oxidant, respectively. DEZ (96%, Thermo Scientific
Chemicals) was bubbled with high-purity N2 (5.0
rated) at 40 sccm and was diluted by 200 sccm of N2
carrier gas for a total flow of 240 sccm. Similarly, the
water was bubbled at 45 sccm and combined with a
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Figure 1. (a) Experimental method. (b) AP-SCVD of ZnO on TMDCs using an AP-SALD system.

N2 carrier flow of 200 sccm, resulting in a total flow of
245 sccm at the outlet channels. The DEZ and water
bubblers were kept at room temperature. As shown
in figure 1(b), 1200 sccm of high-purity N2 was
delivered to five inert N2 curtains tominimizemixing
of the DEZ and water. Exhaust channels help remove
excess precursors and reaction products. Unless oth-
erwise specified, the spacing between the reactor head
and substrate was maintained at∼110 µm, a spacing
that results in some intermixing of the precursors in
the gas phase leading to CVD-like deposition. The
substrate stage was heated to 100 ◦C and ZnO was
deposited on top of MoS2 and WS2 by oscillating the
substrate stage 25, 35 and 60 times at 30 mm s−1. The
term oscillation used here represents the back-and-
forth movement of the substrate. Therefore 1 oscilla-
tion is equivalent to 2 cycles in a conventional ALD
system.

2.4. Characterization
AFM measurements were conducted on a Bruker
Dimension FastScan AFM in ScanAsyst mode. The
scan size was varied depending on the area to be
measured. The image analysis was performed using
NanoScope Analysis software. Raman and PL spectra
were measured using a Renishaw inVia Reflex system,

which comes with a sample stage capable of 100 nm
positioning accuracy across three dimensions. A
532 nm laser (Renishaw DPSSL) filtered to 1% of
total power output was focused on the samples, with
a 2400 lines mm−1 grating used to analyze Raman-
scattered light. The laser calibration data is provided
in section S1 in the Supporting Information. The
wavelength and the intensity of the laser were the
same for PL measurements, and the grating was
changed to 1800 lines mm−1.

3. Results and discussion

3.1. ZnO nucleation on CVD-grownMoS2 andWS2
Figure 2(a) shows anAFM image of the pristine CVD-
grown MoS2 (CVD-MoS2) with a flake edge and
underlying Si substrate visible. AFM images were spe-
cifically taken at the flake edges to ensure consistency
when comparing ZnO nucleation on CVD-MoS2 and
CVD-WS2 (discussed below). Figures 2(b)–(d) show
the nucleation and growth of ZnO on the CVD-
MoS2 as the number of AP-SCVD oscillations is
increased from 25 to 60. Figure S1 provides support-
ing SEM images. A high density of nuclei is visible
near the flake edge in figures 2(b) and (c), indicat-
ing that the nucleation initiated from these edges. The
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Figure 2. AFM images and line scans of CVD-grown (a)–(d) MoS2 and (e)–(h) WS2 with varying quantities of ZnO deposited via
AP-SCVD.

nucleation density and surface coverage increased
with the increasing number of oscillations; however,
the initial nucleation density on the CVD-MoS2 was
such that ZnO layer closure was not achieved after
60 oscillations (figure 2(d)). The ZnO nuclei exhib-
ited clustering on CVD-MoS2. Figure 2(b) shows the
AFM image and line scan after 25 oscillations of ZnO.
Some initial clusters were visible, with lateral dimen-
sions on the order of ∼105 nm. After 35 oscillations,
almost all ZnO nuclei were part of a cluster. This is
evident from the AFM line scan in figure 2(c), as the
lateral dimension of the clusters were now∼175 nm.
Furthermore, many of these clusters were seen to be
connected together on MoS2, whereas ZnO on WS2
formed isolated islands, as described below.

Figures 2(e)–(h) show equivalent AFM images
and line scans for the nucleation and growth of ZnO
on CVD-WS2. For direct comparison with CVD-
MoS2, figure S2 provides AFM images with consistent
height scaling. The AFM scan size was reduced from
2 µm for CVD-MoS2 to 500 nm for CVD-WS2, as
a higher density of smaller nuclei was observed than
for CVD-MoS2. This is evident by comparing the line

scans (Figures 2(b), (c), (f), (g) and S3). Figure S3
shows that over a 400 nm length, the CVD-WS2 line
scans show∼13 peaks as compared to∼5 peaks in the
CVD-MoS2 scans. The smaller values of peak height,
width and spacing between the peaks in the line scan
suggest a larger density of ZnO nuclei on CVD-WS2.
In contrast to the CVD-MoS2, this higher initial nuc-
leation density of ZnO on CVD-WS2 led to complete
layer closure for most of the CVD-WS2 flakes after 60
AP-SCVD oscillations. A continuous ZnO layer is vis-
ible on the WS2 surface in figure 2(h) and the line
scan from that sample is noticeably smoother than
the line scan of the CVD-MoS2 after 60 oscillations
(figure 2(d)).

Another notable difference from the nucleation
on CVD-MoS2 was the minimal ZnO nuclei clus-
tering observed on the CVD-WS2 in Figures 2(f)–
(h). This claim is supported by the line scan analysis,
which showed nuclei clustering at irregular intervals
and cluster widths that were ∼8 times smaller than
what was found for CVD-MoS2. The ZnO clusters
formed on CVD-WS2 after 35 AP-SCVD oscillations,
for example, were only∼20 nm inwidth (figure 2(g)),
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Figure 3. Preferential nucleation of ZnO on flake edges of (a) CVD-MoS2 (5 AP-SCVD oscillations) and (b) CVD-WS2 (25
AP-SCVD oscillations).

compared to ∼175 nm for CVD-MoS2 (figure 2(c)).
To allow a more direct comparison, AFM scans for
35 oscillations of ZnO on CVD-MoS2 and CVD-WS2
are shown in figure S3 under identical magnification.
More significant nuclei clustering is clearly seen for
CVD-MoS2.

Park et al showed that the adsorption energy of
a precursor molecule has a strong dependence on
the 2D material on which the ALD is performed.
Since 2D materials have very low surface energy, the
film formation is dominated by physisorption [22].
It was reported that van der Waals physisorption of
the adsorbate (precursor molecule) on a 2D mater-
ial is primarily driven by a dipole-dipole interac-
tion. The magnitude of the induced dipole polariz-
ation of the 2D material, caused by the adsorbate,
governs the adsorption energy and thereby the film
coverage [22]. It is known that the induced dipole
polarization of a material is dependent on its elec-
tronic and atomic structure [23]. Therefore, in this
case the heavier element, i.e. the W-based com-
pound, is expected to exhibit a larger induced polar-
ization than the lighter element in the Mo-based
compound, leading to higher adsorption energy
and greater coverage [22]. This may explain the
higher nucleation density and greater surface cover-
age observed for CVD-WS2 (figure 2(h)) than CVD-
MoS2 (figure 2(d)). The ZnO surface coverage was
calculated from the images in figure 2 and is provided
in table S1.

The observed differences in nucleation density
and ZnO film closure could also be influenced by dif-
ferent defects/impurities introduced in the CVD-WS2
and CVD-MoS2 samples during their respective syn-
thesis processes. For example, exfoliated WS2 (figure
S4) did not show complete ZnO coverage within 60
AP-SCVD oscillations. This may be attributable to
the fact that the exfoliated sample is expected to be

better passivated, with less dangling bonds, making
precursor adsorption difficult.

Apart from differences in nucleation density and
layer closure, it was observed that the ZnO nuc-
lei morphology was different on MoS2 and WS2.
Larger clusters were formed on CVD-MoS2, which
showed a greater degree of connectivity, gradually
forming a web-like network (figures 2(b)–(d)). A
similar observation was reported by Zhang et al for
the nucleation of Al2O3 on MoS2; however, they used
synthetic polycrystalline MoS2, and the nucleation
was predominantly observed on the grain bound-
aries and defects, leading to formation of nanorib-
bon structures [21], whereas single-crystal flakes were
studied here. The different ZnO clustering behavior
observed here for AP-SCVD seemed to be mater-
ial specific and not simply due to differences in
defects/impurities, as it was also observed on exfo-
liated samples. Interconnected ZnO clusters were
seen to be formed on exfoliated MoS2 (figure S5),
whereas isolated nuclei were formed on exfoliated
WS2 (figure S4). This might be due to a difference
in the surface energy that makes cluster formation
more favorable on MoS2. Other plausible reasons
that can influence clustering could be different elec-
tronic properties at the ZnO-TMDC interface [21,
24], different surface interactions (e.g. van der Waals
forces) between the TMDCs and ZnO precursors,
and local temperature variations arising from differ-
ences in thermal conductivity between CVD-grown
MoS2 (κ = 62.2 W m−1·K at room temperature on
SiO2/Si substrate) and WS2 (15.4 ± 1.9 W m−1·K at
room temperature on SiO2/Si substrate) [24, 25] dur-
ing deposition. Further investigation is required to
understand the contributions of these factors.

To further investigate the early-stage nucleation,
ZnO was deposited on a single-layered flake of CVD-
MoS2 using 5 AP-SCVD oscillations (figure 3(a)) and
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Figure 4. AFM images of ZnO deposited by 5 oscillations of AP-SCVD on (a) CVD-MoS2 and (b) CVD-WS2 at 100 ◦C. A larger
reactor-substrate spacing of 150 µm (compared to 110 µm in figures 2 and 3) was used to further increase the deposition rate.

amultilayered flake of CVD-WS2 using 25 oscillations
(figure 3(b)). While MoS2-growth contaminants are
visible on the flake edges in figure 2(a), larger nuc-
lei are visible on the flake edges in figure 3(a)
after 5 AP-SCVD oscillations, suggesting ZnO forma-
tion. Furthermore, in the case of WS2 (figure 3(b)),
ZnO nucleation clearly starts at the edges of the
CVD-grown TMDC flakes, further demonstrating
that AP-SCVD nucleation preferentially begins at the
edges. Preferential nucleationwas also observed along
grain boundaries (figure S6), consistentwith previous
reports for conventional ALD. This is attributed to the
higher surface energy associated with the edges and
defects, as compared to the more pristine basal plane
[9, 10, 12, 21]. ZnO nucleation might help to reduce
the overall surface energy of these defects, making
the nucleation process energetically favorable at these
sites.

Notably, it is evident in figures 2 and 3 that AP-
SCVD yielded rapid nucleation of ZnO on what are
expected to be passive 2D surfaces. We achieved com-
paratively faster nucleation without the requirement
of any surface treatments. For example, in previ-
ous work (table 1) by Walter et al plasma-enhanced
ALD (PEALD) of ZnO on MoS2 reduced the ZnO
nucleation period to !20 ALD cycles, whereas an
almost complete ZnO layer was observed on the
CVD-WS2 sample in figure 2(f) after only 25 AP-
SCVD oscillations.

The deposition rate was further increased by
increasing the spacing between the reactor head and
the substrate from ∼110 µm to ∼150 µm, keeping
all the other parameters constant. This allowed for
increased precursor crosstalk, meaning the precurs-
ors can mix on the substrate surface, allowing for

higher deposition rate. Figure 4 shows ZnO depos-
ited on CVD-MoS2 and CVD-WS2 with 5 AP-SCVD
oscillations using this larger reactor-substrate spa-
cing. After only 5 oscillations, we could see significant
nucleation with higher areal coverage as compared to
figures 2 and 3.

While further optimization is warranted, the
rapid nucleation facilitates layer closure at reason-
ably low film thicknesses. It is seen in the line scan
of figure 4(a) that the ZnO clusters had a height of
approximately 5 nm when approaching layer clos-
ure. This rapid nucleation is attributed to the nature
of the AP-SCVD process. There are various stages
involved in thin film formation. This includes pre-
cursor delivery, which involves diffusion of precursor
molecules to the substrate, physical adsorption of pre-
cursors on the substrate, followed by surface reac-
tion and desorption of by-products. Since the reactor
is held at atmospheric pressure, the effective diffu-
sion coefficient of precursor molecules is very low.
Poodt et al have shown that in many practical exper-
imental conditions, the precursor saturation dose is
limited by the diffusion regime, which involves pre-
cursor delivery steps [26]. To offset this limitation, a
high partial pressure of precursors is used in an AP-
SALD/AP-SCVD system. Using a higher partial pres-
sure shortens the time required for a precursor to sat-
urate a substrate in two ways: it helps to increase the
diffusion rate of the gaseous precursors and ensures a
higher dose of precursor, thereby increasing the reac-
tion rate. Operating the system in AP-SCVD mode,
further increases the growth rate without comprom-
ising on film conformality. Improper precursor pres-
sure and supply are considered to be a major road-
block to achieving conformal films in conventional
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Figure 5. Raman spectra for (a) CVD-MoS2 and (b) CVD-WS2 before and after simulated AP-SCVD conditions (heating in air at
100 ◦C for 10 min).

CVD [27]. AP-SCVD addresses these issues by deliv-
ering the precursor gases in close proximity to the
substrate, which ensures enough precursor delivery to
form conformal films with high growth rates.

3.2. Structural and optical properties of
CVD-grownmonolayerMoS2 andWS2
To determine the impact of the AP-SCVD process
on the TMDCs´ properties, Raman and PL spectro-
scopy measurements were conducted in three stages:
(1) pristine conditions, (2) after exposure to simu-
lated AP-SCVD deposition conditions, and (3) fol-
lowing the deposition of ZnO on the 2D materials.
This allowed identification of whether any changes to
the properties of the TMDCs are caused by the AP-
SCVD processing conditions or the presence of the
ZnO.

To simulate the AP-SCVDprocess without depos-
iting any material, the 2D TMDCs were heated at
100 ◦C in air for the time that would be required to
complete 100 oscillations (∼10min). Raman spectro-
scopy indicated no observable peak shift after sub-
jecting the CVD-MoS2 (figure 5(a)) or CVD-WS2
(figure 5(b)) to the heating at 100 ◦C. This suggests
that no significant structural defects or strain were
introduced into the 2D TMDC material and that the
heat applied during the AP-SCVD process is relat-
ively gentle and does not cause significant material
degradation.

The pristine CVD-MoS2 and CVD-WS2 showed
strong PL emission at ∼1.819 eV (figure 6(a)) and
∼1.962 eV (figure 6(d)), respectively, consistent with
previously reported values in literature for these
materials [28, 29]. After simulated AP-SCVD treat-
ment, both TMDC spectra show a slight redshift
with an increase in PL (figures 6(a) and (d)). To
quantify the relative changes, we compare the decon-
voluted PL spectra. The deconvoluted spectra for the
CVD-MoS2 in its pristine form and after simulated

AP-SCVD processing (heating at 100 ◦C in air for
10 min) are shown in figures 6(b) and (c). The PL
spectrum for CVD-MoS2 is known to consist mainly
of A and B peaks. The A peak was deconvoluted into
an A− peak, which represents negatively charged tri-
ons, and anA0 peak corresponding to neutral excitons
[28]. The trion peak arises due to electron doping
induced by the SiO2 substrate [30]. The B peak rep-
resents the B excitons. Similarly, the CVD-WS2 PL
spectra were deconvoluted into an A0 peak associ-
ated with neutral excitons and an A− peak associated
with trions, which are at a comparatively lower energy
level (figures 6(e) and (f)) [31]. As the samples are
heated in open atmosphere, O2 and H2O molecules
from air are expected to physically adsorb on the
CVD-TMDC surfaces. This should lead to deple-
tion of electrons (p-type doping), generating neut-
ral excitons (trion-to-neutral-exciton conversion),
which radiatively recombine to give an increase in
PL [29, 32]. As these adsorbed molecules, especially
oxygen, act as p-type dopants, they are expected to
slightly reduce the bandgap, resulting in the observed
red shift for CVD-MoS2 [33, 34] and CVD-WS2
[31, 35, 36].

To quantify the trion-to-exciton conversion, we
calculated the intensity and area ratios of neutral
excitons to negatively charged trions in table 2. Both
the CVD-MoS2 and CVD-WS2 showed an increase
in the ratio of excitons to trions after being heated
at 100 ◦C, consistent with the enhanced PL intensity
observed in figures 6(a) and (d).

It was also observed that non-triangular CVD-
MoS2 flakes show a comparatively larger increase in
PL than triangular flakes, after subjecting them to AP-
SCVD conditions (figure S7). This might be because
of the presence of defects/imperfections that lead to
depletion of excess electrons due to a higher prob-
ability of adsorbing O2/H2O molecules [32]. Hence,
we found that the thermal processing associated with
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Figure 6. (a) PL spectra of CVD-MoS2 (pristine vs AP-SCVD simulated conditions). Deconvoluted spectra of (b) pristine
CVD-MoS2 and (c) CVD-MoS2 after simulated AP-SCVD conditions. (d) PL spectra of CVD-WS2 (pristine vs AP-SCVD
simulated conditions). Deconvoluted spectra of (e) pristine CVD-WS2 and (f) CVD-WS2 after simulated AP-SCVD conditions.
To simulate AP-SCVD process conditions, the samples were heated at 100 ◦C in air for 10 min.

Table 2. Intensity and area ratios of exciton (A0) and trion (A−)
PL peaks for CVD-MoS2 and CVD-WS2 before and after
simulated AP-SCVD treatment (heating at 100 ◦C in air for
10 min).

CVD-MoS2 CVD-WS2

Pristine
I(A0)/I(A−) 1.46 1.84
Area(A0)/Area(A−) 0.66 0.78

Simulated (100 ◦C in air
for 10 min)
I(A0)/I(A−) 2.07 1.85
Area(A0)/Area(A−) 0.85 0.79

AP-SCVD was not only benign, but also helped in
passivating the defects present in the 2D materials,
suppressing non-radiative recombination that might
occur at defects [29].

We then investigated the effect of a ZnO sur-
face layer on CVD-TMDCs. Figure 7 shows Raman
and PL spectra of CVD-MoS2 and CVD-WS2 before
and after deposition of a ZnO layer using 60 AP-
SCVD oscillations and the original reactor spacing of
∼110 µm (i.e. surface coverage similar to that shown
in figures 2(d) and (h)). Raman spectra analysis of the
MoS2–ZnO structure in figure 7(a) revealed a red shift
and a slight broadening of the out-of-planeA1g mode.
This could be attributed to an increased electron con-
centration after the deposition of ZnO, which is an
n-type material. These changes in the Raman mode

due to electron doping are consistent with literature
[29, 37].

The in-plane E12g mode in CVD-MoS2 showed a
blue shift after ZnO deposition, potentially due to a
change in lateral strain [29, 37]. Pollmann et al repor-
ted a transformation matrix to quantify the strain-
and doping-dependent Raman shift in MoS2 exper-
imentally and by calculations, which is presented in
equations (1) and (2) [38],

T

=

(
−0.490%/cm−1 0.073%/cm−1

0.088× 1013cm−2/cm−1 −0.464× 1013cm−2/cm−1

)

(1)

T

(
∆E12g

∆A1g

)
=

(
∆Strain

∆Doping

)
. (2)

Calculating the Raman shift from figure 7(a):

∆E12g = E
1
2g (ZnO coating) − E12g (pristine)

∼ (384.33− 383.02) = 1.31 cm−1

∆A1g =∆A1g(ZnO coating) −∆A1g(pristine)

∼ (402.59−−403.9) =−1.31cm−1.

After solving the matrix using (1) and (2):

(
∆Strain

∆Doping

)
=

(
− 0.737%

0.723 × 1013cm−2

)
.
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Figure 7. (a) Raman and (b) PL spectra of CVD-MoS2 before and after ZnO deposition; (c) Raman and (d) PL spectra of
CVD-WS2 before and after ZnO deposition.

The positive ∆Doping indicates that the num-
ber of charge carriers in the MoS2, namely elec-
trons, have increased in number. A negative ∆Strain
can be interpreted in two ways: the most straight-
forward explanation could be that the ZnO depos-
ition led to a reduced strain in tensile-strained CVD-
MoS2, or it could also mean that the material was
initially compressively strained and that after depos-
iting ZnO on top, the compressive strain increased.
As-grown CVD-MoS2 is reported to be under strain
(e.g. compared to exfoliated MoS2) and with ZnO
coating the strain is decreasing, either reducing ten-
sion or increasing compression, depending on the ini-
tial strain state [38]. However, further experiments
are warranted to investigate the strain relationship
between the TMDCs and deposited oxide films. After
the deposition of ZnO on CVD-MoS2, we observed
PL quenching along with a red shift and broaden-
ing of the PL emission (figure 7(b)). This can be
explained by a possibility of charge transfer occurring
from ZnO (n-type) to CVD-MoS2, converting neut-
ral excitons to trions, and by the creation of trap states
at the ZnO–MoS2 interface that lead to non-radiative
recombination [29, 31]. This is consistent with the
Raman findings in figure 7(a), where broadening of

the A1g mode was attributed to electron doping of the
MoS2 [26, 36].

For ZnO deposition on CVD-WS2, the Raman
spectra in figure 7(c) show a red shift in the E12g
mode, which overlaps with the longitudinal acoustic
phonon 2LA (M) mode. This could suggest the pres-
ence of tensile strain in the WS2–ZnO system [39].
The A1g mode, however, shows negligible change.
Since this peak mainly describes the doping state of
CVD-WS2 [39], we can say that the doping effect
is not as prominent as for the CVD-MoS2. The
PL spectra of the WS2 and WS2–ZnO system are
shown in figure 7(d). A red shift in the PL was again
observed; however, in contrast to what was observed
for CVD-MoS2, a prominent increase in PL intens-
ity was seen with the addition of ZnO on WS2. In
this system, there are several competing mechan-
isms at play, namely dielectric screening, doping, and
strain effects. The ZnO deposition may lead to charge
transfer from ZnO to CVD-WS2, creating a n-doped
region at the interface, generating trions that reduce
the PL intensity. However, the negligible shift of the
A1g peak in figure 7(c) indicated that little doping
resulted from the ZnO deposition. From the nucle-
ation studies, we know that ZnO forms a complete
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layer on the WS2 (figure 2(h)). This complete layer
of ZnO might cause dielectric screening, suppressing
trion formation and enhancing emission from neut-
ral excitons [40], which could explain the enhanced
PL intensity. A similar effect has been reported for
MoS2 as well [41–43]. Both tensile strain, as indic-
ated by the Raman shift in figure 7(c), and dielec-
tric screening could contribute to the PL redshift
observed in figure 7(d) [40, 44, 45]. Therefore, the
Raman and PL analysis of the WS2–ZnO system are
consistent and suggest that the strain effect is more
prominent than doping.

Therefore, the different photoexcited behavior
observed here for the MoS2–ZnO andWS2–ZnO sys-
tems can be attributed, at least in part, to the com-
peting effects of doping, strain, and dielectric screen-
ing. For the MoS2–ZnO system, electron transfer
from ZnO to MoS2 results in n-type doping. The
ZnO deposition also induces strain in the MoS2 flake,
introduced after the deposition of the material and
not due to the conditions during the process, as
confirmed from the Raman analysis. Interconnected
clusters are formed on the MoS2, which do not fully
cover the MoS2 flake and do not appear to result in
a significant dielectric screening effect that impacts
the PL. In the absence of strong dielectric screening,
trions created by n-doping remain stable, leading to
PL quenching. While depositing the ZnO using AP-
SCVD at 100 ◦C in open air helps to passivate defects
and enhance the PL, this is offset by the impacts of
the strain and doping, resulting in a net decrease in
PL with the addition of ZnO at 100 ◦C.

In contrast, ZnO almost completely covered the
CVD-WS2, andRaman analysis showed that the strain
induced by the ZnO is more prominent than the dop-
ing effect. Some charges from ZnO might transfer to
CVD-WS2, creating a n-doped region, however this
region also experiences dielectric screening due to the
significant coverage of ZnO, thereby reducing trion
formation and instead promoting the formation of
neutral excitons, which radiatively recombine leading
to an increase in PL. Therefore, in the case of CVD-
WS2, strain along with dielectric screening appear to
play a major role in influencing its properties.

Further study is warranted of how the DEZ pre-
cursor impacts theMoS2 andWS2, as well as the inter-
facial defect densities in the MoS2–ZnO and WS2–
ZnO systems, as these may also influence the PL
behavior. For example, the discontinuousMoS2–ZnO
interface formed due to incomplete ZnO coverage
and a high interfacial trap density may cause the non-
radiative recombination and PL quenching in MoS2–
ZnO, whereas the smooth interface between CVD-
WS2 and ZnOdue to complete coveragemight reduce
or passivate recombination sites.

To investigate the AP-SCVD temperature window
for which these results are valid, ZnO was deposited
on CVD-WS2 at temperatures ranging from 50 ◦C
to 250 ◦C. Figure S8 shows the PL spectra for each

Figure 8. Change in PL intensity of CVD-WS2 after
simulated AP-SCVD treatment (annealing in air for
10 min) or ZnO deposition at different temperatures.

temperature, including measurements for pristine
samples, samples annealed in air to simulate the AP-
SCVD processing conditions, and samples after the
deposition of ZnO at that temperature using 300
AP-SCVD oscillations. The change in PL intensity
resulting from the simulated AP-SCVD conditions
and ZnO depositions are summarized in figure 8
as a function of temperature. The increase in PL
intensity (relative to the pristine CVD-WS2) due to
annealing in air was seen to increase gradually with
annealing temperature (blue data points), consist-
ent with a gradual increase in the adsorption of O2
and H2O molecules and p-type doping. At 200 ◦C,
the PL for simulated samples was seen to slightly
decrease, indicating the initiation of degradation of
the 2D layer, which is further supported by the sud-
den drop in PL at 250 ◦C. The PL of the ZnO-
coated samples is observed to be enhanced, as com-
pared to pristine samples, for deposition temperat-
ures ranging from 50 ◦C to 200 ◦C. The 300 AP-
SCVD oscillations are expected to result in complete
coverage of the flake with ZnO, such that the dielec-
tric screening effect is still expected to be present.
However, the increase in PL intensity for the ZnO–
WS2 samples initially increased with temperature up
until 100 ◦C and then was reduced at higher ZnO
deposition temperatures. This trend may be attrib-
utable to different competing effects such as vary-
ing crystallinity of the ZnO film [46], increased car-
rier concentration that affects doping [47], reduced
thickness of the ZnO layer due to thermal desorp-
tion of precursor at higher temperatures resulting
in a decrease in the dielectric constant [48], and
the induced strain in the material. Thus, while fur-
ther study of the deposition-temperature-dependent
behavior of the TMDC—ZnO heterostructures is
warranted, it is clear that the behavior observed here
occurs across a range of typical AP-SCVD deposition
temperatures.
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4. Conclusion

To conclude, we demonstrated the rapid nucleation
and growth of AP-SCVD ZnO on 2D TMDCs for
the first time. The results demonstrate that AP-SCVD
has a very high potential for the development of het-
erostructures with 2D TMDCs. It was observed that
AP-SCVD leads to comparatively rapid nucleation of
a metal oxide on top of 2D materials without any
need for surface treatment. This was attributed to the
nature of the process itself. High precursor dosage
is usually used, as compared to conventional ALD,
to compensate for the low effective diffusion coeffi-
cient of the precursor molecules, as the system oper-
ates in open air. This leads to a short saturation time
and high possibility of adsorption of precursors on
the 2D surface, leading to rapid nucleation, growth,
and layer closure. Initial observations on nucleation
mechanisms weremade, including preferential nucle-
ation at flake edges, layer edges, and grain boundaries.
However, further studies are warranted to understand
the factors influencing nucleation, including defects
in the TMDCs and the effect of different AP-SCVD
parameters.

Also, from PL and Raman spectroscopy, it was
confirmed that the AP-SCVD process is ‘gentle’ when
compared to other processes for depositing oxides
on 2D TMDCs, such as spin coating, thermal ALD,
and plasma-enhanced ALD [39, 49–51], as it does not
affect the structure and properties of the 2D materi-
als when operated in the right temperature window.
In fact, the fast AP-SCVD process, which uses mod-
est deposition temperatures (∼100 ◦C) in air, was
found to lead to increased PL, likely due to passiv-
ation of defects by O2 and/or moisture adsorption.
Deposition of ZnObyAP-SCVDwas found to quench
the PL of CVD-MoS2, whereas it enhanced the PL
of CVD-WS2. This was attributed to the compet-
ing effects of strain, doping, and dielectric screen-
ing. For the MoS2–ZnO, doping and strain domin-
ate, whereas for the WS2–ZnO, strain and dielectric
screening appear to have a larger impact on the prop-
erties of the 2D TMDC. Greater ZnO surface cover-
age is observed on the WS2, which would contribute
to the greater dielectric screening.

Hence, AP-SVCDusing anAP-SALD system is not
only found to be a promising method to rapidly form
an oxide layer on 2D TMDCs without damaging the
2D material, but also to control the properties of the
underlying TMDC. Hence, this work introduces AP-
SCVD as a promising method for 2D-heterostructure
development; further study of its integration with
other 2D materials is warranted in the future.
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