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We introduce the synthesis of hybrid nanostructures comprised of ZnO nanocrystals (NCs)
decorating nanosheets and nanowires (NWs) of MoS; prepared by atomic layer deposition (ALD).
The concentration, size, and surface-to-volume ratio of the ZnO NCs can be systematically
engineered by controlling both the number of ZnO ALD cycles and the properties of the MoS:
substrates, which are prepared by sulfurizing ALD MoOs. Analysis of the chemical composition
combined with electron microscopy and synchrotron X-ray techniques as a function of the number
of ZnO ALD cycles, together with the results of quantum chemical calculations, help elucidate the
ZnO growth mechanism and its dependence on the properties of the MoS; substrate. The defect
density and grain size of MoS» nanosheets are controlled by the sulfurization temperature of ALD
MoOQ;3, and the ZnO NCs in turn nucleate selectively at defect sites on MoS> surface and enlarge
with increasing ALD cycle numbers. At higher ALD cycle numbers, the coalescence of ZnO NCs
contributes to an increase in areal coverage and NC size. Additionally, the geometry of the hybrid
structures can be tuned by changing the dimensionality of the MoS;, by employing vertical NWs
of MoS; as the substrate for ALD ZnO NCs, which in turn leads to improvement of the relevant
surface-to-volume ratio. Such materials are expected to find use in newly expanded applications,
especially those such as sensors or photo-devices based on a p-n heterojunction which relies on

coupling transition metal dichalcogenides (TMDCs) with NCs.

KEYWORDS: hybrid nanostructure, ZnO-decorated MoS» nanosheets, ZnO-decorated MoS:

nanowires, atomic layer deposition
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Recently, transition metal dichalcogenide (TMDC) 2D materials have generated intense
interest due to their interesting structures and properties as well as their importance to various
applications, including sensors,! catalysts,? photonics,® and energy storage.* MoS;, which has
become the most representative 2D TMDC, has attracted much attention because it has the
following attributes: a direct band gap (1.8 eV), high surface-to-volume ratio relative to bulk
semiconductors, and outstanding field-effect transistor (FET) behavior.® However, many
opportunities still exist to develop new synthetic strategies to tune the properties of MoS:

nanostructures for advanced applications.

Decorating MoS: with nanocrystals (NCs) has significantly expanded the applications for
MoS:. At the same time that these decorated structures maintain the individual properties of each
component, they provide synergistic characteristics resulting from the combined materials. For
example, Pt-MoS; nanohybrids exhibit much higher electrocatalytic activity toward hydrogen
evolution reaction (HER)® and electrocatalytic methanol oxidation’ compared to commercial Pt
catalysts. Nevertheless, most studies to date have focused on decorating MoS2 nanostructures with
a small set of noble metal nanoparticles (e.g., Pt, Pd, Ag, and Au).%8 Currently, there have been
only limited reports on MoS; functionalized with NCs of other materials such as metal oxides;
examples include MoS> nanostructures coated with TiO2 nanobelts which showed high
performance in photocatalytic properties;® the p-type semiconductor Cu.O decorating MoS;
nanostructures, which led to an increase in solar hydrogen production;° and, ZnO on MoS;, which

will be discussed below.

ZnO provides an interesting metal oxide system for decorating MoS: structures. ZnO is an
attractive n-type semiconductor which has been widely studied for a variety of applications!*2

due to its good response of gas sensing and photo-detection, environmental friendliness, relatively
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low production cost, and simple synthesis process with size-controllability.®*'* Since MoS;
nanosheets act as a narrow band gap, p-type semiconductor and ZnO serves as a wide band gap
(3.37 eV), n-type semiconductor, a hybrid system allows the construction of a p-n
heterojunction.®*>!® The built-in potential in this ZnO/MoS; p-n junction leads to separation of
electron/hole pairs and resultant current flow, so better performance may be achieved in

applications such as sensors and photo-devices compared to a single ZnO or MoS; system.

Controlling the morphology of the ZnO NCs including their concentration, size and surface-
to-volume ratio is crucial for the overall performance of electronic devices.”'° Hence, developing
a synthesis process for fabricating ZnO/MoS: hybrids with tunable morphology is important. There
have been a few reports on the synthesis of ZnO/MoS: hybrids by several techniques to grow ZnQO,
including a hydrothermal method,?®?! atomic layer deposition (ALD),?*?* and a solvothermal
method.?® Kang et al. reported ALD of ZnO that was indirectly used to make ZnO/MoS;
assemblies by depositing ZnO films on Si onto which MoS; nanostructures were then transferred.?2
On the other hand, using ALD to achieve direct decoration of NCs on 2D materials is especially
promising because it allows one to take advantage of ALD’s inherent growth characteristics and
NC-size controllability.?? In particular, because ALD is based on self-limiting chemical
reactions at the surface, the lack of chemically reactive surface groups on 2D materials should
permit selective decoration of the 2D material with NCs in which the NC size can be atomically
controlled by cycle number.?® For example, Walter et al. recently presented ALD ZnO on bulk
crystal MoS; and showed island growth of ZnO NCs by comparing morphologies before and after
ALD.?® Kang et al. recently described ALD ZnO with varying ALD cycle numbers on MoS; that
had been prepared by a hydrothermal method and applied the resulting structures to

photodetectors.?* However, because they mainly focused on fabricating uniform ZnO layers on
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MoS; substrates, none of the previous studies examined the detailed mechanisms of ZnO
nucleation and growth on MoS; by ALD nor on controlling the morphologies of the resulting ZnO
NCs. Since the size and distribution of NCs govern the overall performance of NC-decorated MoS>

devices, understanding how to control the morphologies of ZnO NCs requires more attention.

In this work, we introduce the ALD-assisted synthesis of hybrid nanostructures comprised
of ZnO NCs decorating MoS», in which the morphologies of the NCs are tuned by controlling the
synthesis conditions of both MoS; and ZnO. The MoS; system provides an excellent platform for
controlled OD NC deposition when the ALD technique is employed. Since the number of
chemically reactive surface groups on MoSz, which serve as the nucleation sites for ALD ZnO,
depends strongly on the sulfurization temperature of MoQ3,?° the system provides an additional
lever for systematically tuning the concentration of the ZnO NCs through the MoS> annealing
temperature, while the NC size is governed by the ZnO ALD cycles. To achieve the hybrid
nanostructures, the MoS; quality, defined by defect density and grain size, was varied by changing
the temperature at which ALD MoOs was sulfurized to MoS». ZnO was subsequently deposited
on the MoS; structures as a function of ALD cycle number. The ZnO nucleation and growth
mechanisms were studied by correlating different characterization results, including vibrational
energy states, atomic scale images by electron microscopy, synchrotron X-ray scattering patterns,
surface chemical compositions and morphology. The experimental results were complemented by
theoretical calculations. This combined experimental and theoretical study on ZnO-decorated

MoS; hybrid nanostructures should significantly expand the applications of such nanostructures.

RESULTS AND DISCUSSION
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MoS: nanosheets and NWs are fabricated by the two-step sulfurization process from ALD-
grown MoQOg3, as described in Methods and shown schematically in Figure 1(a). Raman
spectroscopy is performed on the 600 °C-, 800 °C-, and 1000 °C-MoS> nanosheet samples to
examine the sulfurized film quality, with the resulting spectra shown in Figure 1(b). Note that the
Raman-active vibrational modes are polarization-dependent and the intensity and positions of the
modes depend on the layer stacking sequence of the MoS; film;*® the polarization of the vibrational
E',g mode (symmetric) and the A1g mode (anti-symmetric) are along the in-plane and out-of-plane
direction, respectively.®! The three annealed films exhibit both in-plane and out-of-plane peaks
near 383.5 and 403.6 cm™?, respectively, corresponding to vibrational modes of MoS; nanosheets.®!
In addition, the Elq and Aiq peak separation of 23.2 cm™ indicates that the MoS; nanosheets are

multilayers comprised of more than three layers.!

The height and width of the Raman E,q and A1g modes provide information on the degree
of crystallinity of the MoS: layers. Both Raman peaks become sharper and more intense at higher
peak annealing temperatures, which indicates improved structural quality of MoSz. The full width
at half maximum (FWHM) values of the Aiq and El,y peaks are presented in Figure 1(c). The
FWHM decreases from 10.7 to 5.2 cm™ for the A1q peak and decreases from 14.9 to 6.0 cm™ for
the Elyq peak when the annealing temperature is raised from 600 to 1000 °C. The broadening of
the Raman peaks for MoS: sulfurized at lower annealing temperature can be attributed to several
factors. The main factor is the crystal structure of the film, i.e., whether it is polycrystalline or a
mixed structure of horizontal and vertical growth.3 Other factors are poor crystallinity due to
defects existing in the crystal and finite grain size.?® The narrower spectral line-width of films
made at 1000 °C, compared to their counterparts synthesized at lower temperatures, thus indicates

the formation of the highest quality crystalline film at the highest temperature studied.



Oh et al., ACS Nano 2020
Cite This: https://dx.doi.org/10.1021/acsnano.9b07467

The crystalline structure of the MoS; substrates was probed by grazing incidence wide-angle
X-ray scattering (GIWAXS), shown in Figure S1 in Supporting Information. The crystallite size
of MoS; (002) increases about 10% as annealing temperature is increased from 600 °C to 1000 °C
(from 36.7 A to 39.0 A). The trend of increased MoS; crystallinity with increased annealing
temperature agrees with what we observed from Raman spectra shown in Figure 1(b) and 1(c).
This increased crystallinity of MoS> as the annealing temperature increases corresponds to
previous reports,®®32 indicating that the density of dislocations and defects in MoS; decreases with
increase in annealing temperature resulting in improvement of the crystalline quality.*® Also, the
crystalline structure of the 800 °C-MoS; material was further observed by high-resolution scanning
transmission electron microscopy (HR-STEM) shown in Figure 1(d). The image shows
periodically arranged atoms with several different orientations of crystalline MoSz planes. 1D
grain boundaries, highlighted by white dashed lines, are seen. The lateral size of the crystallites is
in the range of 4 ~ 30 nm. Additionally, Moiré patterns indicate that the MoS; films are multilayers

containing more than three layers.®*

Figure 1(e) and 1(f) show X-ray photoelectron spectroscopy (XPS) spectra of the Mo 3d and
S 2p core levels, respectively, of 600 °C-, 800 °C-, and 1000 °C-MoS> nanosheets on Si. The Mo
3d spectra show three peaks at 232.5, 229.3, and 226.5 eV, which correspond to the Mo 3ds» and
Mo 3ds2 doublet state and the S 2s state, respectively. The S 2p core level spectra contain two
peaks at 163.4 and 162.2 eV, which are assigned to the S 2p12 and S 2ps2 doublet, respectively.
The calculated stoichiometric ratio (S/Mo) is close to 2 (1.98 for 600 °C-MoS; and 1.95 for 800
°C-and 1000 °C-Mo0S;), and all the XPS results agree with the previous reported results for MoS,.%

Additionally, the XPS survey spectra show that all three MoS2 nanosheets samples have the same
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chemical compositions of molybdenum and sulfur elements, with little incorporation of carbon

impurity from surface contamination (see Figure S2(a) in the Supporting Information).

The combined results of Raman and XPS analysis confirm that the as-prepared MoS>
samples are comprised of stoichiometric MoS2 nanosheets which increase in crystallinity as the
annealing temperature increases. These films serve as the substrates for decoration by ZnO NCs.
Therefore, onto 600 °C-, 800 °C-, and 1000 °C-MoS: nanosheets, we deposited ZnO by ALD for
10 to 150 cycles. The process for ZnO ALD on the MoS> was characterized by XPS. Figure 2(a)
and 2(b) show XPS spectra of the Zn 2p and O 1s core level, respectively, for samples made by
applying 10, 30, 50, and 150 ZnO ALD cycles on 1000 °C-MoS;. In Figure 2(a), there are two
main peaks near 1045 and 1022 eV, assigned to the Zn 2p12 and Zn 2ps, states of ZnO.*® The O
1s spectrum shown in Figure 2(b) for MoS. is comprised of a single peak at 530.5 eV,
corresponding to Mo—O. After ZnO ALD, a new peak at 529 eV is additionally observed which is
associated with O% ions bonded to Zn?*.%® This assignment agrees with the O 1s peak position
previously reported for chemical vapor deposited ZnO grown by diethylzinc (DEZ) and 023" As
more ZnO is deposited, the Mo—O peak can be seen as a shoulder on the higher binding energy

side of the Zn—O peak.

With increased ALD cycle numbers, the intensities of the two Zn peaks and the O peak grow,
consistent with the formation of more Zn—0O bonds and a thicker film. Because the average escape
depth of photoelectrons in a ZnO film is less than 3 nm,® once a fully continuous ZnO film reaches
a thickness above 3 nm, the intensity of Zn—O bonds detected in XPS would be expected to reach
a steady state intensity and no longer increase. Given the ZnO ALD growth rate of 1.8 A /cycle,
this would be expected to occur by ~17 ALD cycles on a Si substrate. However, as seen in Figure

2(a), the Zn and O signal intensities in XPS for ZnO deposited on the MoS; substrate increase
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gradually up to 150 cycles. This observation indicates that the deposited ZnO film is either very
thin or does not have continuous coverage on MoS: due to island growth. Thus, we propose that a
significant nucleation delay of ALD ZnO on the MoS: nanosheet surface exists, in comparison to

ALD on a typical substrate such as Si.®

Figure 2(c) shows the Zn 2p spectra after 30 cycles of ZnO ALD on 600 °C-, 800 °C-, and
1000°C-MoS: nanosheets. Interestingly, the Zn signal intensity decreases with increased annealing
temperature, which indicates that more ZnO is deposited on the MoS: films prepared at lower
annealing temperatures. For a more quantitative comparison, the relative atomic percentages of
Zn/(Zn + Mo) extracted from survey XPS spectra (see Supporting Information in Figure S2(b)-(d))
are plotted in Figure 2(d) as a function of increasing ZnO cycles on 600 °C-, 800 °C-, and 1000 °C-
MoS: nanosheets. While ZnO ALD on all MoS; samples leads to a gradual increase of the amount
of Zn on the surface, the rates of increase differ between the samples. The fastest increase in the
Zn amount is observed for the 600 °C-MoS; sample, indicating that more ZnQO is deposited on this
sample, followed by the 800 °C-MoS; and then the 1000 °C-MoS> sample. For all three MoS:
samples, the rate of increase gradually slows as the cycle number increases, finally achieving the
saturation value of 100 at. % at 150 cycles. These results suggest that 150 cycles of ZnO are
sufficient to cover the entire surface of MoS: independent of the MoS: annealing temperature. At
the same time, the data in Figure 2(d) also indicate that ZnO does not form a continuous film until
at least 50 cycles even for the fastest growing sample, consistent with the conclusion reached from
Figure 2(a). Additionally, as the number of ZnO ALD cycles increases, a decrease in the intensity
of Mo-S bonds is observed, as shown in Figure S2(e). This decrease is attributed to the increase
in ZnO film thickness covering the MoS;. Also, compared to bare MoS, the shoulder at higher

binding energy than Mo—S bonds is observed after 10 cycles of ALD ZnO. It corresponds to Zn—
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S bonds which would be attributed to the reaction of DEZ with MoS». This intensity of the shoulder
decreases similar to Mo—S bonds indicating that Zn—S bonds mainly exist at the surface of MoS..
Because ALD ZnO was performed on all of the MoS; substrates under the same process conditions,
the different behaviors seen for ZnO uptake must arise solely from the different surface

characteristics of the MoSz nanosheets depending on their annealing temperature.

Scanning Auger electron spectroscopy (AES) maps of 50 cycles ALD ZnO on MoS: reveal
non-uniform growth of ZnO (see Figure S3 in Supporting Information), in contrast to the growth
behavior of ZnO on Si observed by scanning electron microscopy (SEM) (see Figure S4 in
Supporting Information). To understand the growth behavior of ZnO on MoS,, the morphologies
with increasing ZnO ALD cycle number are investigated by SEM. Figures 3(a), 3(b), and 3(c)
show ALD ZnO after 10, 30, and 50 cycles (from left to right images) on 600 °C-, 800 °C-, and
1000 °C-MoS; nanosheets, respectively. SEM images of MoS> substrates before and after 150
ALD cycles are presented in Figure S5(a) and S5(b), respectively, in Supporting Information. The
images show that after 10 cycles, ALD ZnO deposits on MoS: as small 0D ZnO particles. With
increasing cycle number up to 50, the ZnO particles grow and they also branch out on the MoS,
expanding into a 1D dotted line shape, indicating that the 0D ZnO nuclei become interconnected

along the 1D lines.

We believe that the behavior reflects the nucleation and growth of ZnO particles along MoS>
grain boundaries for the following two reasons. First, the grain boundaries in 2D materials have
been reported to be linearly-arranged intrinsic defects,*>** which was also observed in Figure 1(c).
Second, in previous studies, ALD NCs were shown to selectively form on line defects of 2D
materials such as grain boundaries due to the higher chemical reactivity at the defects than at the

pristine sites.*%4243 Thus, we conclude from this work that ZnO islands nucleate along 1D grain

10
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boundaries in the MoS; and form 1D line shapes upon further ALD cycles. Notably, after 150
cycles, coalescence of the ZnO particles is observed, resulting in full coverage of ZnO on MoS;
for all the MoS> surfaces studied (see Figure S5(b) in Supporting Information). However,
differences in the deposited ZnO morphology are seen between the MoS» samples for some of the
intermediate ALD cycle numbers. As evident in Figure 3, although the areal coverages of ALD
ZnO after 10 cycles are not clearly distinguishable across three different MoS> surfaces, by 30
cycles of ALD ZnO, the areal coverage of ALD ZnO on 1000 °C-MoS: is apparently much smaller

than that on 600 °C-MoS:.

For quantitative analysis, the areal coverage and number density of ZnO NCs at various ZnO
ALD cycle numbers determined from the SEM images are plotted in Figures 3(d) and 3(e),
respectively. As shown in Figure 3(d), higher areal ZnO coverages are observed on the MoS>
prepared at a lower annealing temperature for ALD cycles up to 50, consistent with the observation
by XPS shown in Figure 2. By 150 cycles, the areal coverage of ZnO reaches ~100% for all the
samples, evident in the SEM images of Figure S5(b). For comparison, the areal coverages of ZnO
on MoS; are much smaller than those on Si for all ALD cycle numbers studied,*® with SEM images
showing that the ZnO morphologies at even 10 and 30 cycles on Si are flat and smooth (see Figure
S4 in Supporting Information). Because the density of reactive sites such as —OH groups for ALD
nucleation on a Si surface is much greater than the density of defect sites on MoS,, the nucleation

rate is expected to be higher on Si than on MoS;, leading to high surface coverage.

For all MoS, samples, the number density of ZnO particles shown in Figure 3(e) gradually
increases, then decreases after a certain number of cycles due to the coalescence of nuclei.
Although there is uncertainty in the exact cycle number, the data in Figure 3(e) show that

coalescence begins at around 30 cycles for all three MoS2 samples. The areal nucleation rate of

11
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ALD ZnO, which is defined as the number of nuclei per ALD cycle per area, can be estimated
from the initial slope of the number density plot because we assume that prior to coalescence, each
particle represents a nucleus. The resulting rates of ALD ZnO during the initial 10 cycles are 1.39,
1.16, and 1.04 x 10%cm?-cycle for 600 °C-, 800 °C- and 1000 °C-MoS.. Note that the slope of the
number density plot after 30 cycles does not represent the areal nucleation rate of ZnO because the
population of particles observed at that point are dominated by NCs formed from coalescence.
Since the only difference between these experiments was the preparation condition of the MoS;
substrate, we conclude that the different nucleation rates of ZnO ALD on MoS; correspond to the
following reactivity trend of the as-prepared MoS: surfaces: 600 °C-MoS; > 800 °C-MoS; > 1000
°C-MoSz. Moreover, the maximum number density of ZnO particle (reached at 30 cycles in Figure
3(e)) can be used as an estimate of the lower limit of the density of nucleation sites on MoS: (a
lower limit because it is likely that some of the nuclei have already begun coalescing by 30 cycles);
these values indicate that the nucleation site density decreases with increased MoS; annealing
temperature. Thus, the higher areal coverage of ALD ZnO on 600 °C-MoS: is attributed to a higher

density of nucleation sites at the MoS; surface.

While SEM measurements are widely used to evaluate surface morphologies of
nanomaterials, SEM cannot easily provide some of the information about NC morphology such as
average size with varying cycle numbers, due to its limited spatial resolution and probe area. Hence,
to further quantify the average sizes of ZnO nuclei, grazing incidence small angle X-ray scattering
(GISAXS) technigues are employed. Representative GISAXS patterns of Si and of 1000 °C-MoS;
on Si are shown in Figure 4(a) and 4(b), respectively, and those of 600 °C- and 800 °C-MoS; on
Si are shown in Figure S6(a) and S6(b) in Supporting Information, respectively. Qualitatively,

these GISAXS data confirm the presence of smooth and thin MoS2 nanosheets on the Si substrates.

12
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The position of the Yoneda peak (o = o) typically corresponds to the weighted critical angle ()
of the substrate and the deposited materials, which allows for tracking of the deposition process.
For Si, a weak diffuse scattering signal is observed in Figure 4(a) along the Yoneda peak denoted
by the red arrow, matching the critical angle of Si (o = 0.18° at 10.0 keV X-rays). For MoS;
nanosheets on Si (Figure 4(b)), scattered X-rays denoted by the white solid arrow are found to
locate mainly along the vertical direction (26 = 0°), which also indicates that the deposited MoS>
nanosheets have uniform and smooth surfaces. Additionally, the film fringes indicated by the white
dashed arrow in Figure 4(b) can be used to estimate the thickness of MoS; nanosheets, h, where
h ~ 2n/AQ; and AQ; is the difference between the two intensity minima along the vertical direction
(26 = 0°), after converting the images into reciprocal space.* The estimated thicknesses of MoS;
nanosheets on Si from this analysis are ~3.1, 4.4 and 3.9 nm for 600 °C-, 800 °C-, and 1000 °C-
MoSy, respectively, which are consistent with the observations by Raman and TEM analysis. The
GISAXS patterns of the samples after 10, 30, 50 and 150 ALD cycles of ZnO on 1000 °C-MoS;
nanosheets are shown in Figure 4(c)-4(f), and those on 600 °C- and 800 °C-MoS; are in Figure
S6(c)-(f) and Figure S6(g)-(j) in Supporting Information, respectively. For all three MoS; samples,
the Yoneda peak gradually shifts from 0.18° to 0.25° with increasing ZnO ALD cycle number,

which indicates the formation of ZnO NCs, since ac = 0.27° for ZnO with 10.0 keV X-rays.

To produce a more quantitative analysis of the GISAXS data, the data were fitted using a
model in which each ZnO nucleus possesses a spheroid shape. The extracted average lateral radius,
defined as the half of diameter (D) value, of ZnO nuclei on 600 °C-, 800 °C-, and 1000 °C-MoS;
are plotted in Figure 4(g) for 10, 30, 50, and 150 cycles. More dimensional information (D and
height (H)) is summarized in Table S1 in Supporting Information. The average lateral radius of

the ZnO nuclei on MoSz shows a continuous increase, finally reaching ~8 nm at 150 cycles. Within

13
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the uncertainty of the data, the radii of ZnO NCs are the same for the 600 °C-, 800 °C-, and 1000
°C-MoS; samples at each number of ALD cycles studied. The similarity in the sizes of the ZnO
NCs on the three MoS: nanosheets with increasing ALD cycle numbers is consistent with
expectation, since once the ZnO nuclei form at defect sites on the MoS: nanosheets, the steady
state ZnO growth rate on these nuclei should ideally be constant under the same process condition.
On the other hand, deviations in the radii across the three samples should arise if the onset of
coalescence differs significantly between them, since a NC comprised of a group of coalesced
islands will have a larger radius. However, such an effect is not observed, suggesting that all three
samples experience coalescence at a similar number of ALD cycles. In fact, this is what is observed
in Figure 3(e), in which the nuclei number density peaks at 30 ALD cycles for all samples. Also
informative is the asymptotic approach to a constant lateral radius value for all three MoS, samples
by 150 ALD cycles. Considering that the areal coverage increases to 100% by 150 cycles (Figure
3(d)), the data indicate that at this point in the ALD process, the ZnO NCs can’t get any larger

because the surface is fully covered and the NCs abut one another.

The crystalline structure of the ZnO NCs on MoS; is also probed by employing the GIWAXS
techniques. The GIWAXS patterns obtained from the 600 °C-, 800 °C-, and 1000 °C-MoS>
nanosheets are shown in Figure 4(h). By matching the crystalline peak positions, the data indicate
that the hexagonal 2H-MoS; phase is formed for all three annealing temperatures, as the d-spacings
correspond to the major (002) peaks for 2H-MoS; at a Q value of 1.0 A in the out-of-plane
direction. The broad peak located at Q = 1.5 A - corresponds to amorphous SiO> diffraction. The
GIWAXS patterns collected for ZnO on the 800 °C-MoS; nanosheets are shown in Figure 4(i), and
those on 600 °C- and 1000 °C-MoS; are shown in Figure S7(a) and S7(b) in Supporting Information,

respectively. In addition to the crystalline MoS; diffraction peaks, three major peaks located

14
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between Q = 2.2 A1and 2.6 A1, corresponding to the ZnO (010), (002), and (011) diffraction
peaks, are seen for the 50 and 150 ALD cycle samples. These peaks are observed on all three types
of MoS; substrates, and in each case the 150 cycle samples have a much higher intensity compared
to the 50 cycle samples. The domain sizes of ZnO, B, for all 150 cycle films are estimated to be
~6.4 nm according to the Scherrer equation (B = 1.87/AQ). Note that this value represents the
average single crystal grain size, even though the NCs coalesce. Since it is smaller than the average
diameter of ZnO NCs, 16.5~17.4 nm at 150 cycles shown in Table S1, we conclude that most ZnO
NCs are composed of several single crystal grains of ZnO. Meanwhile, the preferred orientation
of ZnO NCs with respect to the basal plane of the MoS, might have profound implications on the
nucleation behavior since the (100) surface is charge neutral and the (002) surface is a charged
plane. However, as shown in a 2D GIWAXS image in Figure S7(c), there is no notably preferred

orientation with respect to the MoS; planes.

To complement the investigation of nucleation and growth mechanisms of ALD ZnO on
MoSy,, the adsorption of the DEZ precursor on the basal plane and edge site of MoS: is calculated
by density functional theory (DFT), and the results are shown in Figure 5. The reaction pathways
of the basal plane versus S-edge site toward dissociative adsorption of DEZ into ethyl and ethylzinc
moieties are compared. Molecular adsorption of DEZ exhibits a small exothermicity of ca. -0.7 eV
for both basal plane and edge sites at the intermediate state, as is typical for a physisorption
configuration. On the other hand, while dissociative adsorption of DEZ on the MoS: edge site
involves only a small barrier of 0.15 eV and provides further stabilization compared to molecular
adsorption, the same reaction step on the basal plane faces a larger activation energy of 0.94 eV

and is endothermic. Thus, the DFT calculation results show that adsorption of the DEZ precursor
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is unfavorable on the basal plane of MoS;, but will occur spontaneously on the defect sites,

corresponding to the first step in growth of ZnO.

These results are consistent with the experimental observation that the nucleation rate of
ZnO NCs can be varied by the defect density at the MoS; surface, which in turn can be controlled
by the MoS; preparation conditions. By the Raman results in Figure 1(b), we observe that the
structural quality of MoS: related to crystallinity and grain size is improved at elevated annealing-
temperature of the MoS; substrate. It is well known that the reactivity of the basal planes of MoS;
is much smaller than that of defective sites such as edges,**® as supported by the current DFT
results. Taken together, these results indicate that the surface density of grain boundaries, which
are the main nucleation sites for ZnO on the MoS; surface, is larger for the 600 °C-MoS; sample
compared to the 1000 °C-MoS2 sample, which has larger grains. Hence, nucleation will occur more
readily on MoS; surfaces that are annealed to a lower temperature and have a higher density of
defects. The amount of deposited ZnO as determined by the XPS results in Figure 2 increases as
the annealing temperature of MoS: decreases, consistent with this analysis. The density of
nucleation defects on the MoS: surface also influences the morphology of the deposited ZnO.
Since the grain boundaries of MoS; are mostly composed of linear arrangements of defects, 1D
ZnO can grow selectively by connecting 0D ZnO NCs that nucleate along the grain boundaries, as

observed in the SEM images of Figure 3.

Meanwhile, although the DEZ adsorbs predominantly at defect sites, there still exists the
possibility of growth on pristine basal plane sites. Previous studies of ALD of metal oxides on
MoS: suggested physisorption of the metal precursor as the first step leading to film deposition.*”
49 However, the low physisorption energy of small-sized metal precursors such as DEZ

(intermediate energy calculated in Figure 5), suggests a low nucleation density on the basal plane.
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In contrast, the spontaneous dissociative chemisorption of DEZ predicted by DFT calculations to
occur on defect sites would allow more facile nucleation of ZnO. This prediction from DFT is
consistent with the SEM images, which show interconnected ZnO NCs that appear to follow grain

boundaries.

Because the growth mechanism favors nucleation of ZnO NCs at defect sites on MoS», and
because that defect site density can be controlled by varying the preparation conditions of the MoSo,
the process provides an opportunity to create controlled hybrid nanostructures. To this end, we
improved the surface-to-volume ratio of a hybrid nanostructure by employing vertical NWs of 3D
MoS; as a substrate for decorating by OD ZnO NCs. Figure 6(a) shows an SEM image of as-
synthesized MoS2 NWs prepared by sulfurization of MoO3z on SiO2/Si NWs at 800 °C. The NWs
are arranged as freestanding features with an average height of 10 pm and diameter of 400 nm.
Figure 6(b) shows Mo (left) and S (right) elemental mapping images measured by Energy-
dispersive X-ray spectroscopy (EDS) taken as a top-view of the MoS, NWs, with the inset in the
left image in Figure 6(b) showing a top view SEM image. The chemical composition analysis
shows both Mo and S signals are randomly distributed over the top-surface of the NWs. Figure
6(c) shows an SEM image of 3D MoS, NWs after depositing 0D ZnO NCs with 30 ALD cycles.
On the surface of the 3D MoS2 NWSs, small ZnO NCs are observed as connected segments, similar
to what was observed on the 2D MoS; nanosheets shown in Figure 3. In addition, isolated 0D ZnO
NCs are also seen on the MoS2 NW surface, which may be caused by the existence of 0D surface

defects sites far from the grain boundaries present on the NWs, shown in the inset of Figure 6(c).

Figure 6(d) and 6(e) show cross-sectional, atomic scale HR-STEM images for vertical and
horizontal directions along the NWs, respectively (other views are presented in Figure S8 in

Supporting Information). Spheroid-shaped features associated with the ALD ZnO NCs can be seen
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adsorbed on the MoS2 NWs, most clearly observed in the right image of Figure 6(d) and in Figure
6(e). The average diameter of the ZnO NCs after 30 cycles ALD ZnO on 800 °C-MoS; seen in the
HR-STEM images is 5~7 nm, consistent with the results measured by GISAXS shown in Table

SL.

The crystalline structure of the ZnO NCs on MoS2 NWs is obtained by fast Fourier transform
(FFT), shown in Figure 6(f), from the entire image of Figure 6(e). There are three notable peaks,
assigned to MoS (002) together with ZnO (010) and (011), corresponding to the crystalline
patterns observed from GIWAXS shown in Figure 4(i). The left-side images in Figures 6(g) and
6(h) are magnified HR-STEM images, and the right-side images are the corresponding FFT
patterns, both from the A and B regions in Figure 6(e), respectively. From the magnified HR-
STEM images, the d-spacing values of ZnO obtained were 2.48 A and 2.81 A for ZnO in Figure
6(g) and 6(h), respectively. Matching these values with the JCPDS card reveal that they correspond
to ZnO (010) and (011), respectively, in agreement with the FFT and GIWAXS analysis. These
preferred orientations of (010) and (011) agree with previous observation obtained from ZnO
grown below 200 °C.>° The hybrid material synthesis method introduced here and the improved
understanding of its nucleation and growth mechanisms may help guide the fabrication of

functional MoS,-based electronic devices.

CONCLUSIONS
We investigate the growth characteristics of ZnO on MoS. and successfully achieve
morphological engineering of ZnO/MoS: hybrid structures through variations in the crystallinity

and dimensionality of the MoS; substrate and tuning of the concentration and size of ZnO NCs.
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The morphologies can be systematically controlled by changing the sulfurization temperature used
to form the MoS; and by varying the number of cycles of ZnO ALD. We elucidate a growth
mechanism in which selective nucleation of 0D NCs of ZnO occurs at defect sites on the MoS; at
low cycle numbers, followed by a rise in areal coverage and nucleus size with increasing ALD
cycle number, finally resulting in coalescence by neighboring OD NCs at high cycle numbers.
Importantly, larger grains with fewer grain boundaries of MoS; are obtained when the MoS: is
prepared at higher temperatures, resulting in a low concentration of ZnO NCs due to fewer reactive
nucleation sites. The sizes of the ZnO nuclei are similar for the three MoS; surfaces studied,
independent of the defect density of MoS. At the highest cycle numbers, the coverage of NCs on
the MoS; surface increases, with the NCs approaching a limiting average lateral radius of ca. 8 nm.
The surface reaction of the DEZ molecule on MoS; is analyzed using quantum chemical
calculations, showing that spontaneous dissociative chemisorption of the DEZ precursor on defect
sites allows nucleation of ZnO, rendering the morphologies of the hybrids tunable by controlling
the number of defects on MoS». The results of this combined experimental and theoretical study
are expected to inform fundamental understanding of nucleation and growth mechanism of NCs

on TMDCs and should significantly expand the applications of TMDC nanostructures.

METHODS

Substrates and MoS2 Synthesis Methods. The MoS, samples were made by depositing
MoO:s films on either crystalline Si samples or SiO2/Si NWs, then sulfurizing them in H.S. A
commercial 6-inch ALD chamber (Plus 150, Quros) containing a loadlocked chamber was used
for the deposition of the MoOs films. The films were deposited on Si (100) substrates by plasma-

enhanced ALD (PE-ALD) using Mo(CO)s and O plasma at a 200 °C growth temperature after

19



Oh et al., ACS Nano 2020
Cite This: https://dx.doi.org/10.1021/acsnano.9b07467

cleaning the substrates in RCA solution (1:1:5 NHsOH/H202/H20 by volume) at 70 °C for 10 min,
followed by dipping in buffered oxide enchant solution for 30 s to remove native oxide. The
temperature of the bubbler containing Mo(CO)s was maintained at 35 °C to produce adequate
vapor pressure. Vaporized Mo(CO)s molecules were transported into the chamber by pure Ar
(99.999%) carrier gas, of which flow was controlled by mass flow controller (MFC). The O flow
and plasma power were fixed at 300 sccm and 200 W, respectively. A MoO3s ALD cycle consisted
of four steps: 5 s of Mo(CO)e precursor exposure, 12 s of Ar purging, 5 s of O> plasma reactant

exposure and another 12 s of Ar purging, leading to a growth rate of 1.2 A /cycle.

For the sulfurization, we used a home-made furnace?® specifically designed for high-
temperature annealing. MoOs samples were annealed with a two-step process: initially, the
samples were heated to 200 °C from room temperature (RT) and held for 60 min. Subsequently,
the temperature was gradually increased from 200 °C to the desired annealing temperatures of 600,
800, or 1000 °C at 13.3 °C/min for the sulfurization of MoOs. Samples were kept at each peak
temperature for 60 min, and then cooled down. In the process of annealing, the Ar (50 sccm) and
H>S (5 sccm) were flowed continuously before cooling began, then only Ar (50 sccm) gas was
flowed when cooling to RT. The MoS. samples prepared at 600, 800, and 1000 °C will be

abbreviated as 600 °C-, 800 °C-, and 1000 °C-MoSy, respectively.

Both MoS; 2D nanosheets and 3D NWs were fabricated. The MoS2 2D nanosheets were
prepared on planar Si (100). The 3D NWs were made by performing the MoO3 deposition on
thermally oxidized Si NWs substrates and subsequent sulfurization, using the following process.
Aligned Si NWs were fabricated by a gold-assisted chemical etching method®! and oxidized in O
ambient (0.6 Torr) at 1000 °C for 1 h to form a SiO> layer on the Si NWs surface. A MoQO3 film of

50 cycles (thickness ~6 nm) was deposited by PE-ALD on the SiO2/Si NWs which have a diameter
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of 400 nm and a length of 10 pm. Subsequently, MoO3/SiO>/Si NWs were sulfurized to form
MoS2/SiO2/Si NWs arrays at 800 °C. Details of the ALD and sulfurization process configuration

were presented in our previous work on the fabrication of WSe; nanotubes.?®

ZnO ALD. A commercial ALD reactor (GEMStar-6 reactor, Arradiance, Inc.) was utilized
for ZnO ALD using DEZ (Sigma-Aldrich) and H>O as the precursor and counter reactant,
respectively. One cycle of ZnO ALD included 30 ms for DEZ and H20 exposure, and 10 s for the
nitrogen purge between each pulse, and films were deposited at 150 °C. Under these ALD
conditions, ZnO deposition exhibited linear growth characteristics with a growth rate of 1.8
A Jcycle. After the ZnO growth, samples were removed from the reactor for ex-situ characterization

and analyses.

Characterization. The number of MoS> layers and their structural quality were analyzed by
Raman spectroscopy (HORIBA, Lab Ram ARAMIS; 532-nm laser excitation wavelength). The
elemental composition and chemical bonding structure were analyzed by XPS (PHI VersaProbe)
microprobe using an Al Ka monochromatic source of 1486.6 eV. The surface morphology of the
films was analyzed by plan-view observation with SEM (FEI Magellan 400 XHR). EDS was
performed using an SEM equipped with a XFlash 630 detector for elemental mapping of
ZnO/MoS; surface. The surface coverage of ZnO was calculated from the planar SEM images
using ImageJ software. To count the number of ZnO particles and measure their size, we changed
the SEM image into a binary, black and white, image with an automatic-threshold setting in the
ImageJ program. This allows the ZnO particles to be distinguished from the MoS. substrate so that
the software can count the number of particles and their average size. The 2D elemental mapping
and chemical compositions were further carried out by AES (PHI 700 Field Emission Scanning

Auger Nanoprobe). The atomic structure of 2D MoS> nanosheets and hybrid 3D nanostructures
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was explored by STEM (FEI Titan 80-300) which was operated at an accelerating voltage of 80
kV. Each sample of 2D MoS: nanosheets and hybrid 3D nanostructures was transferred onto a
TEM grid using the conventional wet transfer method®? as polymethyl methacrylate (PMMA) is
coated onto the MoS; as a film support and the composite stack is separated from the substrate

using chemical etching.

The microstructures of the films were analyzed by GISAXS at Beamline (BL) 1-5 at the
Stanford Synchrotron Radiation Lightsource (SSRL). For the GISAXS measurements, 10 keV X-
rays were shined on the samples with a 0.6° incident angle. The beam center position and the
distance between sample and detector were calibrated by using silver behenate with an lgor-based
Nika software.>® The calibrated images were analyzed using FitGISAXS software** to extract the
particle D and H by fitting the horizontal line-cut along the Yoneda peak.>* To investigate
crystalline structures, GIWAXS was also performed at BL 11-3 at the SSRL. The GIWAXS data
were collected by a MAR345 2D imaging detector using a 12.7 keV X-ray source with an incident
angle of 0.5°. The detector was ~150 mm away from the sample, and the position was calibrated

using a LaBg reference and the WxDiff software package.>®

Quantum Chemical Calculation. DFT calculations were carried out with the Quantum
Espresso package®® using the PBE functional > semi-empirical Grimme’s D2 dispersion
correction for van der Waals interactions,>® projector augmented-wave method,*® and an energy
cutoff of 450 eV. All atoms were allowed to relax until residual forces became smaller than 0.02
eV/A . For the (002) basal plane, a (4x4) area of monolayer of 2H MoS; slab was considered with
a (5x5x1) Monkhorst-Pack k-point mesh. Each slab was separated for more than 15 A in the
vertical direction to minimize the neighboring interactions. Using this method, an in-plane lattice

constant of MoS; of a = 3.22 A could be obtained. In addition, a 50%-S-edge®® monolayer slab
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with a (4x4) area behind the edge was considered, which was separated for more than 15 A in
lateral direction as well. For the S-edge slab, a (1x5x1) Monkhorst-Pack k-point mesh was used.
The transition states were located using the climbing image-nudged elastic band (CI-NEB)

method.%!
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Figure 1. (a) A two-step synthesis process of MoS; by HS sulfurization from ALD MoOs at three
different annealing temperatures, 600, 800, and 1000 °C. (b) Raman spectra for 600 °C-, 800 °C-,
and 1000 °C-MoS,. (¢) FWHM values of the Raman peaks for MoS, annealed at different
temperatures from Figure 1(b). (d) HR-STEM image of 800 °C-MoS, surface. Chemical
composition analysis measured by XPS of 600 °C-, 800 °C-, and 1000 °C-MoS; for (¢) Mo 3d and
(f) S 2p core level spectra, respectively.
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Figure 2. XPS results of 1000 °C-MoS; decorated with 10, 30, 50, and 150 cycles ALD ZnO for
(a) Zn 2p and (b) O 1s core level spectra. XPS results of 600 °C-, 800 °C-, and 1000 °C-MoS; with
50 cycles ALD ZnO for (c) Zn 2p core level spectra. (d) Relative atomic percentage of Zn/(Zn+Mo)
for ALD ZnO on 600 °C-, 800 °C-, and 1000 °C-MoS,.
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Figure 3. SEM images of ALD ZnO on three MoS: samples with increasing ZnO ALD cycles (for
10, 30, and 50 cycles from left to right) on (a) 600 °C-, (b) 800 °C-, and (c) 1000 °C-MoS.. (d)
Extracted areal coverages and (e) number density of ZnO particles on the MoS» surfaces. Scale
bars for all images in (a) through (c) are the same.
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Figure 4. GISAXS patterns of (a) Si substrate and (b) 1000 °C-MoS: nanosheets on Si. The
horizontal Yoneda peaks (oy = o), reflected beam (ay = oz = 0.6°), and film fringes are indicated
by red arrows, white solid arrows, and white dashed arrows, respectively. GISAXS patterns after
ALD ZnO on 1000 °C-MoS: for (¢) 10, (d) 30, (e) 50, and (f) 150 cycles. (g) Average lateral radius
of ZnO nuclei on 600 °C-, 800 °C-, and 1000 °C-MoS; with increasing ZnO ALD cycle numbers,
measured by GISAXS. GIWAXS patterns of (h) 600 °C-, 800 °C-, and 1000 °C-MoS: and (i) ZnO
on 800 °C-MoS; with increasing ALD cycle numbers.
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Figure 5. Quantum chemical calculation results of DEZ reaction on edge sites and basal planes of

MoS; by DFT. Yellow and green atoms indicate S and Mo, respectively.
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Figure 6. (a) SEM image of 800 °C-MoS, NWs. (b) Elemental signals of Mo and S detected by
EDS for top-view image of 800 °C-MoS> NWs shown in the inset of Figure 6(b). (c) Magnified
SEM image of 800 °C-MoS> NWs after 30 cycles of ZnO ALD with a higher magnification image
shown in the inset. HR-STEM images of 30 ALD cycles ZnO on 800 °C-MoS> NWs along (d)
horizontal and (e) vertical directions of the NWs. (f) FFT of the HR-STEM image of Figure 6(e).
(g) and (h) Magnified images obtained in the A and B boxes in Figure 6(e) and their FFT images,
respectively.
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