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Abstract

®

CrossMark

The patterned growth of transition metal dichalcogenides (TMDs) and their lateral
heterostructures is paramount for the fabrication of application-oriented electronics and
optoelectronics devices. However, the large scale patterned growth of TMDs remains

challenging. Here, we demonstrate the synthesis of patterned polycrystalline 2D MoS, thin films
on device ready SiO,/Si substrates, eliminating any etching and transfer steps using a
combination of plasma enhanced atomic layer deposition (PEALD) and thermal sulfurization. As
an inherent advantage of ALD, precise thickness control ranging from a monolayer to few-
layered MoS; has been achieved. Furthermore, uniform films with exceptional conformality over
3D structures are obtained. Finally, the approach has been leveraged to obtain in-plane lateral
heterostructures of 2D MoS, and WS, thin films over a large area which opens up an avenue for

their direct integration in future nano- and opto-electronic device applications.

Supplementary material for this article is available online

Keywords: PEALD, MoS,, patterned growth, lateral heterostructures, large area

(Some figures may appear in colour only in the online journal)

Introduction

Layered two-dimensional (2D) transition metal dichalcogen-
ides (TMDs) offer an exciting platform for myriad optoelec-
tronic applications owing to their ultra-thin bodies and
extraordinary broad spectrum of electrical, mechanical, and
optical properties [1-3]. The integration of atomically thin
TMDs also gives rise to extremely interesting new physical
Original content from this work may b_e used um.ier the terms
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phenomena, such as interband tunneling, optospintronics etc
[4, 5]. Amongst the family of TMDs, MoS, is one of the most
studied materials due to its high earth abundance, stability in
ambient and amenability to get aligned in heterostructure
based architectures [6]. A massive effort has been put into
studying various properties of mechanically-exfoliated MoS,
on the lab scale [7-11], however, the lack of homogeneous
spatial distribution and low yield hinders the scalable pro-
duction of 2D layers with the exfoliation method. Therefore,
there is a quest for developing scalable growth techniques
capable of producing high quality films with precise thickness
control over large areas. To address this, bottom-up synthesis
methods have been employed to produce 2D TMDs over

© 2020 The Author(s). Published by IOP Publishing Ltd Printed in the UK


https://orcid.org/0000-0003-1837-3262
https://orcid.org/0000-0003-1837-3262
https://orcid.org/0000-0002-8749-7755
https://orcid.org/0000-0002-8749-7755
https://orcid.org/0000-0002-7630-8226
https://orcid.org/0000-0002-7630-8226
https://orcid.org/0000-0002-1259-6265
https://orcid.org/0000-0002-1259-6265
mailto:a.a.bol@tue.nl
https://doi.org/10.1088/1361-6528/ab7593
https://doi.org/10.1088/1361-6528/ab7593
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ab7593&domain=pdf&date_stamp=2020-04-07
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/ab7593&domain=pdf&date_stamp=2020-04-07
http://creativecommons.org/licenses/by/4.0

Nanotechnology 31 (2020) 255603

A Sharma et al

large areas. Amongst these methods, chemical vapor
deposition (CVD) is the most widely accepted technique
[12-15], and is capable of producing high quality material
with large grain size, yet it is difficult to achieve accurate
control over thickness and uniformity. Moreover, the direct,
large-area production of high quality TMDs on device-ready
substrates with CVD remains a challenge, as the highest
quality CVD material is often obtained on sapphire substrates.
To be able to deposit high quality TMDs on device-ready
substrates is one of the foremost prerequisites for realizing
high performance electronic devices. Generally, the CVD
grown TMDs are transferred to a relevant substrate using a
polymer-based transfer technique which often results in
polymer contamination causing interface degradation. Sub-
sequently, the device fabrication proceeds with post pattern-
ing of transferred material involving usage of a masking layer
(usually photo/electron beam resists), followed by an etching
step which might further exacerbate the magnitude of
degradation. One of the possible solutions to evade this issue
is the patterned growth of TMDs directly on device-ready
substrates which will not only reduce the device fabrication
steps (i.e. typical reactive ion etching of TMDs), but also
minimize the degree of possible polymer contamination
inferred by the transfer process.

The patterned growth of TMDs is an important aspect for
realizing advanced electronic device architectures as mani-
fested by a recent widespread attention in the literature
[16-21]. The majority of work available in the literature is
based on either surface functionalization or use of pre-pat-
terned seeded areas. The first methodology relies often on the
selective blocking of TMD growth by using pristine graphene
or hydrophobic polymers [16—18]. For instance, Bersch et al
have demonstrated a method based on surface modification
by using a hydrophobic polymer functional layer (PFL) to
preclude TMD nucleation and growth resulting in selective
area growth of MoS, [18]. Other approaches to achieve pat-
terned growth of MoS, is the pre-patterning of parent MoO;
material using lithography or shadow mask, and subsequent
sulfurization which can produce contamination free, high
quality MoS, films with pristine surfaces [19, 22, 23]. Han
et al have demonstrated the synthesis of MoS, monolayer
islands at pre-defined locations by sulfurization of litho-
graphically patterned bead shaped MoOj seeds prepared by
physical vapor deposition [19]. This approach has been
referred to as seeded growth of MoS, monolayers. However,
small regions of multilayer material and poor pattern fidelity
(irregularity in shape of flakes) were observed which is an
undesirable attribute for practical applications. Young et al
have used SiN stencils to produce resist free, templated Mo
films which are subsequently sulfurized to yield a MoS,
monolayer on controlled locations with sub-micron feature
sizes on sapphire substrates [20]. Although, high quality and
layer-controlled MoS, films are produced by this technique,
the preparatory need of the focused ion beam to pattern SiN
membranes increases the overall complexity of the process
and makes it challenging for industrial implementation.
Additionally, the pattern scaling remains limited due to the
lateral dimensions of the SiN membrane. An interesting

approach by Song et al based on pre-patterning of an Au—-Mo
alloy as parent material and subsequent thermal sulfurization
enabled the easy transfer of patterned few-layered MoS, to
arbitrary substrates [21]. However, clustering of metal source
and co-existence of unreacted Au—Mo alloy after sulfurization
might deteriorate the opto-electronic properties. Given this
background, it is clear that the controllable synthesis of
TMDs with high crystallinity and of desired thickness, at
specific locations is imperative for their successful fabrication
and subsequent device integration. It is worth mentioning that
the precise thickness control down to atomic scale during
synthesis of TMDs is crucial as the properties of TMDs are
directly governed by number of 2D layers.

Another application-oriented merit of patterned growth
for 2D TMDs is the possibility to realize lateral hetero-
structures. These heterostructures have gained significant
attention in recent years due to their potential applications for
the next generation nano-electronic device schemes and more
specifically as the main building blocks for tunneling field
effect transistors (TFETs) [24-26]. Many groups have
addressed the formation of lateral heterostructures using
methods like CVD based edge epitaxy and lithography pat-
terning [27-34]. These heterostructures are composed of a
central TMD crystal surrounded by a dissimilar TMD crystal
on their periphery. A wide variety of applications ranging
from p-n junctions, localized photoluminescence enhance-
ment, photovoltaics and photodetector etc has been demon-
strated using these heterostructures [28-30, 33]. Although
very high quality TMD heterostructures (i.e. seamless, sharp
and coherent) have been obtained by using the above men-
tioned synthesis methods, the lack of precise control over
their thickness, uniformity and geometry calls for additional
alternative scalable methods.

Here, we demonstrate an atomic layer deposition (ALD)
based approach to achieve transfer-free patterned growth of
2D MoS, at predefined locations with atomic thickness con-
trol on a wafer scale in combination with high pattern fidelity.
The key distinguishing feature of our approach is the use of
ALD, which, inherently yields atomic-scale thickness control
combined with excellent uniformity and conformality; a
combination of properties not reported so far for the synthesis
of lateral heterostructures. Moreover, the combination of top-
down nanoscale patterning with a bottom-up chemical
method eliminates the need of film transfer and any reactive
ion etching step to achieve patterned growth of polycrystal-
line 2D MoS,. The top-down nanoscale patterning of MoO,
(deposited by PEALD) has been attained by employing
electron beam lithography (EBL). The patterned MoO, thin
film serves as parent material for the controlled growth of
mono- to- few layered polycrystalline MoS, at predefined
locations on SiO,/Si substrates. The use of PEALD allows
for low temperature processing (50 °C), which is indis-
pensable for the primary steps in processing on top of a resist,
enabling high pattern fidelity and eliminating the need of any
etching step. In the second phase, the patterned MoO, is
sulfurized at high temperature (900 °C) using H,S + Ar gas.
The work-flow proposed and demonstrated in this work yields
thickness-controlled, large-area polycrystalline MoS, films
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directly on device-ready substrates without the need for a
transfer process. The excellent conformality over 3D struc-
tures inherent to ALD will be demonstrated in a separate
experiment on a 3D nano-trench structure. In literature, it has
been shown that the integration of 2D TMDs on unconven-
tional substrates with tailored geometry/functionality can
offer vast opportunities for a variety of applications including
gas sensor, photo detection and imaging, optoelectronics etc
[35-37]. Furthermore, our PEALD based approach provides a
route towards formation of seamless in-plane lateral hetero-
structures of 2D MoS, and WS, layers in a controlled way on
technologically relevant SiO,/Si substrates. We thus show a
proof-of-principle by forming atomically thin 2D lateral het-
erostructures grown on predefined locations and with desir-
able shape over a large area, demonstrating the feasibility of
our approach towards integration of heterostructures for nano-
and opto-electronic applications.

The first three sections of this paper discuss the PEALD
enabled patterned growth of MoS, and the detailed char-
acterization of the obtained layers, including the uniformity
and conformality. The final section of paper demonstrates the
formation of lateral heterostructures of MoS, and WS, thin
layers and the related characterization. Our work presents a
supplementary path to the range of approaches adopted in
literature for obtaining lateral heterostructures targeting
towards future generation devices and integrated circuits.

Experimental methods

Thin film growth

The MoO, (WO,) thin films were deposited at 50 °C in an
Oxford Instruments FlexAL™ ALD reactor on 4” Si wafers
with a thermally grown 90 or 450 nm thick SiO, layer on top.
The Mo (W) precursor employed was [(NtBu),(NMe,),Mo]
([(NtBu)>(NMe,)>,W]), (98%, Strem Chemicals) and was
contained in a stainless-steel canister which was heated to
50 °C. At this temperature, the vapor pressure of the precursor
is reported to be 0.13 Torr [38]. The delivery lines were kept
at 90 °C to avoid condensation of the precursor while the
reactor walls were heated to 50 °C. For the precursor delivery
to the deposition chamber, a 100 sccm Ar (>99.999% purity)
bubbling flow was employed. An intermediate Ar purge step
with 100 sccm of Ar flow was applied after each precursor
and plasma exposure steps. As the co-reactant, an O, plasma
was employed as generated in an inductively coupled plasma
(ICP) source using 50 sccm O, gas. The plasma power was
100 W with a reactor pressure of 6.6 mTorr during the plasma
step. The ALD recipe was established with the first half cycle
consisting of precursor dosing for 6 s followed by 6 s purge.
The second half cycle consisted of 8s of plasma exposure
followed by 6s purge. The detailed characterization of the
PEALD process at 50 °C for MoO, can be found in the pre-
vious work from our group [39].

The film thickness evolution during deposition was
monitored by in situ spectroscopy ellipsometry (J A Woollam
M2000F, 1.25-5¢eV). For MoO, films, a general oscillator

model in the SE modeling was used to analyze the thickness
evolution during PEALD process. A combination of Tauc-
Lorentz and Gaussian oscillators were used to account for the
interband absorption and absorption below the band gap at
low photon energy (~1 eV) respectively.

Thermal sulfurization, patterning and lateral heterostructures

MoO, and WO, thin films were sulfurized in a tube furnace at
900 °C under atmospheric pressure. A combination of
H,S + Ar gas (10% H,S) was used as sulfurization gas. The
recipe employed for thermal sulfurization is shown in figure
S1 is available online at stacks.iop.org/NANO/31/255603/
mmedia (supporting information). The patterned MoO, films
were obtained by using conventional EBL. Poly (methyl
methacrylate) (PMMA) type A4 was used as e-beam resist.
For lift-off of PMMA layer, acetone (=>99.5%) was used as
the solvent. A Cauchy dispersion model was used to extract
the thickness of the PMMA from the SE data. Finally, the
fabrication scheme for lateral heterostructures is provided in
the figure S7 (supporting information).

Characterization

Raman spectroscopy (RS) and photoluminescence (PL)
spectroscopy measurements were performed with a Renishaw
InVia Raman microscope equipped with a 514 nm laser,
integrated switchable gratings with 600 or 1800 lines/mm,
and a CCD detector. For each Raman scan, 5 accumulations
with acquisition time of 10 s were taken using a laser power
of <0.2mW focused on a ~1 pum region. Atomic force
microscopy (AFM) was also employed to study the surface
topology of the as-deposited films. The images were acquired
at room temperature on a Veeco dimension 3100 system
operated in tapping mode using Al coated Si tip (PointProbe
Plus-NCHR) having a radius <7 nm. Images were processed
in Gwyddion software and RMS roughness was obtained
statistically from a scan area of 500 x 500 nm. The patterned
structures before and after sulfurization process were char-
acterized with a Zeiss Axio Imager 2 Optical microscope. To
determine the elemental composition, x-ray photoelectron
spectroscopy (XPS) was performed using a Thermo Scientific
K-alpha spectrometer (Thermo Fisher Scientific, Waltham,
MA) equipped with a monochromatic Al Ka x-ray radiation
source (hv = 1486.6eV). For the XPS point and line scan
analyses, a 400 pm and 50 ym diameter spots were used
respectively. The photoelectrons were collected at a take-off
angle of 60°. The samples were neutralized during the XPS
analysis using an electron flood gun in order to correct for
differential or non-uniform charging. All peaks in the XPS
survey scans are referenced to the binding energy of the Cls
peak of adventitious carbon (284.8 eV) for charge correction
and quantification of the survey scans have been performed
using Avantage software. The selectivity of MoS, line bars
was determined by energy dispersive Xx-ray spectroscopy
(EDX) with an EDAX UMSII EDX spectrometer integrated
in a scanning electron microscope (FEI Nova 600i DualBeam
system). The film microstructure was studied by Transmission
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Figure 1. (a)—(f) The scheme shows the process flow for the ALD enabled patterned growth of large area MoS,.

electron microscopy (TEM) analysis using a probe corrected
JEOL ARM 200 F operated at 80kV, using both the bright
field TEM mode and the high angle annular dark field
(HAADF) scanning TEM mode. Atomic resolution imaging
of the poly-crystalline MoS, film was performed in HAADF-
STEM mode using a camera length of 20 cm; at this camera
length, some diffraction contrast is present, enhancing the
visibility of the crystal dimensions. For the top planar view
images, MoO, films were grown on SiN, TEM windows,
coated with ~5nm ALD SiO,, which were subsequently
thermally sulfurized at 900 °C. Selected area electron dif-
fraction (SAED) patterns were acquired from a 1.3 ym dia-
meter area on each sample. The conformality of the MoS,
ALD process was determined on substrate coupons with high
aspect ratio (HAR) nanostructures. These HAR nanos-
tructures were created by etching PECVD grown SiO; on a Si
wafer. The SiO, nanostructures were then coated with a SiN,
layer deposited by high-temperature CVD, onto which a SiO,
thin film was deposited using ALD. Prior to focused ion beam
(FIB) sample preparation, the MoS, sample was coated with a
layer of spin-on epoxy to fill the remaining gaps in the
trenches and to protect the film from curtaining damage
during the subsequent lift-out FIB sample preparation.

Results and discussion

ALD enabled patterned growth of MoS.

A simplified scheme of the process flow which we used to
obtain the patterned MoS; films is given in figures 1(a)—(f). As
shown, firstly, the SiO,/Si substrates are spin-coated with Poly
(methyl methacrylate) (PMMA) and subsequently patterned
using EBL (figures 1(a) and (b)). Thereafter, MoO, is deposited
using low temperature PEALD (50 °C) which covers the pat-
terned regions and the surrounding PMMA as depicted in

figure 1(c). Next, the resist and unwanted MoO, are removed
using standard lift-off techniques resulting in isolated patterns of
MoO, (figure 1(d)). These MoO, patterns are thermally sul-
furized at 900 °C (figure 1(e)), resulting in patterned MoS,
squares (10 x 10 umz) (see figure 1(f)). It is to be noted that
any residual PMMA remaining after the lift-off process is
removed in the subsequent high temperature thermal sulfur-
ization process which ensures pristine MoS, films.

It is important to realize here that the low growth temp-
erature (50 °C) during PEALD (figure 1(c)) is the key to attain
high fidelity patterned MoS; films. The conventional polymers
(such as PMMA) used for lithography have a low glass trans-
ition temperature, low plasma etch resistance and therefore
might suffer from reflowing issues and plasma damage during a
standard ALD process at higher temperature. However, it has
been demonstrated earlier that the use of low temperatures
during PEALD enables metal oxide deposition on polymer
substrates including PMMA without any reflowing issues [40].
In our case, since we also use low temperature (50 °C) during
PEALD, we were able to deposit MoO, on PMMA without
damage/reflowing of PMMA. In order to investigate this, we
monitored the change in thickness of PMMA during MoO,
deposition using in situ spectroscopic ellipsometry (figure S2 in
supporting information). It was observed that the PMMA
thickness was slightly reduced only during few initial PEALD
cycles and thereafter MoO, could be deposited without any
damage to the PMMA layer undermeath.

The assessment of patternability attained for MoS,
(figure 1(f)) was performed using Raman spectroscopy.
Figure 2(a) shows the Raman spectra for the patterned region
with and without MoS,. It is clearly evident that the char-
acteristic Raman signal is visible only for regions with MoS,
which confirms the patternability achieved using the process
flow as described above. Furthermore, notably the MoS,
squares retain the pre-defined geometry and therefore yield
high fidelity of the targeted patterns which is difficult to
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Figure 2. (a) Raman spectra of regions with and without patterned MoS,. These regions are indicated by the red and blue dots on the optical
microscopy image of patterned MoS, respectively, as shown in the inset. The region with characteristic vibrational Raman modes is
highlighted by the gray band. (b) Raman mapping image of the region consisting of two patterned MoS, squares highlighted by the dashed
square in the inset of (a). Note that the intensity drop-off observable at the edge regions can be attributed to the large spot size (~1 pm) of the
laser beam. The inset shows the PL. mapping image for a pattern containing the acronym of our research group (PMP). The region with letters
(black) represents the SiO, substrate while the red color corresponds to the MoS, monolayer. (¢) SEM image showing the patterned MoS,
line bars with width ranging from 0.8 to 25 pm. (d) The EDX line profile (overlaid) clearly displays the Mo signal appearing from the

patterned regions.

achieve with some methods based on the ‘seeded growth’ as
described previously (see figure S3 in supporting informa-
tion). In order to assess the homogeneity of the film on the
patterned areas, we performed a mapping of the spatial dis-
tribution of the out-of-plane Raman vibrational mode (Ay)
using a diffraction-limited beam spot and a step size of
~200 nm. The out-of-plane (A;,) Raman mode is one of the
characteristic vibrational modes observed for MoS, (dis-
cussed below). Figure 2(b) shows the area map for fitted peak
intensity of the A, vibrational mode across the area shown in
the optical micrograph (inset of figure 2(a)). A homogeneous
Raman signal is obtained over the entirety of the patterned
area and no signal is observed outside the pattern, displaying
an excellent selectivity of the MoS, films while retaining the
pre-defined geometry. Further, in order to demonstrate the
versatility of our process, we developed a pattern containing
the acronym ‘PMP’ of our research group ‘Plasma and Mat-
erial Processing’ surrounded by a monolayer MoS,. The
corresponding PL. map is shown in the inset of figure 2(b).
The Raman frequency difference (A) of 20.6 em ™! (not
shown) registers the presence of a monolayer on the patterned
area (as discussed later).

Additionally, a SEM-EDX line scan was performed on
sub-pm features (line bars) containing MoS, film (figures 2(c)
and (d)), which clearly shows the presence of Mo species only
in the patterned areas and confirms the nanoscale pattern-
ability of our process. These results demonstrate the viability
of our ALD based process as an effective route to achieve
patternable large area synthesis of mono-to-few layered 2D
MoS, thin films.

Patterned polycrystalline 2D MoS. films

The parent patterned MoO, films with different thicknesses
were obtained by varying the number of ALD cycles (10-60)

during the PEALD process. This subsequently resulted into
systematic controllability over thickness of resultant MoS,
films. The thicknesses of the initial patterned MoO, (before
sulfurization) films as assessed by in sifu spectroscopic
ellipsometry during the PEALD process are given in the
supporting information (table S1 in supporting information).
To confirm the precise controllability over number of layers
in MoS, films, AFM was used to measure the height of
patterned MoS, films. Figures 3(a) and (b) shows the AFM
images for the monolayer (10 ALD cycles) and few layered
(60 cycles) samples respectively.

The measured heights were ~1 nm and 4.5 nm respec-
tively. The larger measured height of ~1 nm than expected
for a monolayer (0.65 nm) might be attributed to the effect of
distinct tip-sample and tip-substrate interactions as reported in
the literature [41]. Concurrently, the 4.5 nm (60 cycles) thick
sample indicates 7-8 layers, which is in accordance with the
Raman analysis (A =25.8 cem™Y) (as discussed below) and
therefore confirms the precise thickness control achievable
with ALD. The topography of the films was also studied
using AFM. The corresponding images are shown in figure
S4 (supporting information) which reveals smooth poly-
crystalline films with a roughness in the range of 0.2-0.3 nm
which is comparable to the roughness of the underlying Si
substrate.

The thickness and crystalline quality of patterned MoS,
films with varied thickness were characterized by Raman
spectroscopy. Figure 3(c) shows the progression of the
Raman vibrational modes with increasing thickness of the
MoS, film on SiO,/Si substrates. The two characteristic
vibrational modes (i.e. A, and Eég) are clearly visible for all
the samples investigated. The frequency difference (A)
between the two vibrational modes generally increases with
increasing number of layers present in the MoS, film and thus
is used as an indicator to determine the number of layers [42].
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Figure 3. (a) and (b) AFM images of the polycrystalline mono and few-layered MoS, films. The insets in both images show the measured
height at the edge of the patterns of 1 and 4.5 nm for the mono and few-layered films respectively. (¢) Raman spectra showing the progression
of two vibrational modes with increasing thickness of MoS, film. The regions with two predominant vibrational modes and LA (M) mode at
low Raman frequency region (~227 cm™ ") are highlighted in gray. The inset shows the increasing frequency difference (A) as a function of
increasing film thickness (increasing number of ALD cycles for parent MoO, film). (d) Photoluminescence (PL) spectra showing strong
emission for a monolayer (10 cycles) associated with the A and B exciton at 1.85 eV and 2.0 eV, respectively. The intensity thereafter
reduces as the thickness of MoS, film increases with the increasing number of ALD cycles for parent MoO, films.

In our case, ‘A’ increases monotonically (20.6-26.2 cmfl)
with increasing number of MoO, ALD cycles (from 10 to 60
cycles) which indicates the formation of monolayer to thick
film (~7 to 8 layers). Thus, by controlling the number of
MoO, ALD cycles, a systematic control over the thickness of
the final MoS, films is attained. It is noteworthy that the value
of ‘A’ increases in a continuous manner with increasing
number of ALD cycles, i.e. a value of 21.1 cm ™' is obtained
(for 12 cycles) amidst formation of a monolayer (20.6 cm )
to bilayer (22.3cm ') after 10 and 15 cycles, respectively.
This is a consequence of the typical sub-monolayer film
growth per ALD cycle.

Furthermore, it has been reported that the structural defects
in the MoS, film can be quantified by assessing a low frequency
peak at ~227 cm™ " in the Raman spectrum [43]. This peak is
assigned to the longitudinal acoustic phonons at the M point of
the Brillouin zone and denoted as LA(M) [43, 44]. The Raman
spectra in figure 3(c) do not show the LA(M) mode in all the
samples investigated, pointing towards a good quality of the
films obtained after thermal sulfurization. Moreover, the full

width half maximum (FWHM) values of the in-plane vibrational
peak (Eig) for all samples remain in the range of 4.6-5.0cm ™',
which is comparable with the typical CVD grown polycrystal-
line material [45-47], reaffirming the good quality of our sam-
ples. The photoluminescence (PL) results are in line with the
Raman analysis and the corresponding spectra are shown in
figure 3(d). A strong signal at ~674 nm and a weak shoulder
at ~623 nm are observed for a monolayer (10 ALD cycles)
material, which corresponds to the A and B excitonic peaks
associated with the direct band gap transitions [48]. The PL
intensity subsequently becomes weaker with increasing number
of layers in the MoS, films owing to a transition to thick MoS,
with an indirect band gap [9].

The microstructure of patterned MoS, films was char-
acterized by high resolution transmission electron microscopy
(HRTEM) analysis. The cross-sectional HAADF-STEM
image for few-layered (~8 to 9 layers) MoS, film (70 cycles)
shown in figures 4(a) and (b) reveals the ordered in-plane
oriented layers grown on SiO,/Si substrate corroborating the
good quality of the MoS, film. The STEM image shown in
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Figure 4. (a) Cross-sectional HAADF-STEM image showing a few layered (7-8 layered) MoS, film on SiO,/Si substrate. (b) The magnified
image clearly reveals the individual layers stacked on each other with interlayer distance of ~0.6 nm (as highlighted). (c) Top view STEM
image showing the uniform coverage of the polycrystalline MoS, film. The inset shows a selective area electron diffraction pattern from the
same sample which confirms the polycrystalline, textured nature of the film. (d) High resolution STEM image showing the hexagonal atomic
arrangement and the corresponding FFT pattern (inset) clearly displaying the sixfold symmetry of MoS,.

figure 4(c) allows to gain additional microstructural insights.
The uniform surface coverage of polycrystalline MoS, film
with grain size in the few to 50 nm range is clearly displayed.
The polycrystalline nature of MoS, film is further confirmed
by SAED (figure 4(c)) which shows the closed rings
corresponding to randomly oriented nanodomains. The pre-
sence of the 110 and 010 rings and the absence of a 002 ring
reflects the (002) texture of the film.

Further, the HAADF-STEM image in figure 4(d) reveals
the hexagonal arrangement of atoms, again displaying the in-
plane orientation of the MoS, layers of the 2-H phase. An
additional analysis of this image is presented in figure S5
(supporting information). The chemical composition of the
films before and after sulfurization was examined by x-ray
photoelectron spectroscopy (XPS). It is noteworthy to men-
tion that the MoO, films deposited at 50 °C before sulfur-
ization are sub-stoichiometric in nature. This is evident from a
clearly observable shoulder on the Mo3d peak corresponding
to oxygen vacancies in agreement with earlier reports [38].

After sulfurization, the oxidation state of the Mo in MoS,
films was found to be predominantly Mo*" based on the
binding energy position for Mo3d peaks. The stoichiometry
of the MoS, after sulfurization ranged between 2.0 and 2.2 for
all samples which confirms the good quality of the films. A
more comprehensive discussion of the XPS results, high-
resolution spectra of Mo3d, S2p, Ols peaks with detailed
peak assignments can be found in figure S6 (supporting
information).

Large area and conformal 2D MoS: films

As mentioned earlier, ALD is capable of producing films with
wafer scale uniformity and high conformality on intricate
structures. We therefore assessed both these attributes for our
resultant MoS, films as well. In order to confirm the wafer
scale uniformity of our process, a Raman line scan was per-
formed over 9 points (1 cm apart) on a 10cm wafer strip.
Figure 5(a) shows the Raman vibrational modes corresp-
onding to measured points for a sample with 7-8 layers
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Figure 5. (a) The plot shows the homogenous Raman spectral features throughout the 9 different scanned areas on the wafer strip (~10 cm)
which is shown as inset of (b). The resultant MoS, film is 7-8 layers obtained in this case with 60 cycles of ALD processed for the parent
MoO, film. (b) A consistent intensity ratio between two Raman vibrational modes across the measured points for samples with varying
number of ALD cycles confirms the uniform nature of the film over large area. The wafer strip (~10 cm in length) with different
measurement points is shown in the inset. (c) The cross-sectional TEM image shows the conformal MoS, coating on high-aspect ratio
nanostructures. Note: the highlighted areas (—) were damaged during FIB preparation of the sample due to insufficient filling of voids by the
protective epoxy film (i.e. part of the TEM sample preparation) as shown. (d) The magnified image of a curved section from one of the trench
structures clearly reveals the conformal coverage of layered MoS, on the planar surface and side wall and thus registering the conformal
nature of our PEALD based approach. The inset shows the bottom planar part of the same trench structure where the similar conformal

coverage of MoS, is obtained.

(60 ALD cycles). The consistent Raman peaks along the
scanned region reveal the homogenous crystalline nature of
the MoS, film. In addition, figure 5(b) shows the integrated
intensity ratio between two peaks (I(Elzg) /1(A,,)) for samples
with varying MoS, thickness over the 9 measured points. This
integrated ratio increases slightly with increasing number of
layers which is attributed to the optical field enhancement
phenomenon affecting both vibrational modes equally with
increasing number of layers [49]. The intensity ratios for the
investigated samples with different thicknesses (i.e. 10 cycles,
30 cycles, 60 cycles) over the measured points remain

spatially homogeneous which demonstrates both the high
quality and large area uniformity of MoS, films.

The conformality of the films was investigated using high-
aspect ratio (HAR) nano-sized trench structures with varying
aspect ratios (depth =394nm and width = 44-650 nm) as
shown in figure 5(c). It is evident that the 7-8 layered thick
MoS, uniformly coats the trench structures. A magnified image
of a trench structure (figure 5(d)) shows an excellent con-
formality on both the side walls and planar areas of the HAR
structure. A markedly high conformality of 88% (side walls
with respect to planar area) was evaluated for a trench structure
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Figure 6. (a) Schematic cross-section of the as-fabricated structures (b) Top-view optical microscope image of the final lateral WS,/MoS,
hetero-structures with dimensions of 100 x 100 um? (scale bar is 100 um) (c) Raman line scan of a WS, /MoS; heterojunction. The black
and red dots represent the intensity of the A;, vibrational mode for MoS, and WS, respectively, while the solid line is the numerical fitting.
The inset shows the region of interest probed by Raman line scan. (d) The XPS line scan across several lateral features (length of 700 pm)
showing the intensity of Mo3d and W4f signals and solid line representing the numerical fit.

with an aspect ratio (AR) of 12 (AR = depth/width). Recently,
Martella et al have demonstrated a high degree of conformality
for MoS, growth on nano-trench patterns using a similar
approach as ours by combining ALD and CVD [35]. It has
been shown that MoS, bending on curvatures of trenches
dramatically affects the electron phonon coupling as char-
acterized by resonant Raman scattering and thus paves the path
to manipulation of opto-electronic properties of TMDs. Like-
wise, some next generation 3D applications based on 2D
materials might get benefit from this particular aspect attainable
by ALD [36]. Based on the above results, it can be concluded
that ALD enables a way to synthesize layer controlled 2D
MoS, films in combination with high uniformity and excellent
conformality over 3D structures.

Lateral growth of 2D heterostructures

The integration of atomically thin TMDs to create lateral
heterostructures is an extremely interesting area of research
for numerous future applications [4, 5]. However, despite the
high technological relevance, there is still a lack of feasible
methods to obtain sharp and seamless lateral stitching of
heterostructures. In this context, we have leveraged our
technique based on EBL and low temperature PEALD (as
discussed above) to realize lateral heterostructures of MoS,
and WS, thin films. To this purpose, we have implemented a

two-step process flow identical to that as shown in figure 4 by
combining the patterns of MoS, and WS, in a lateral fashion.
The detailed description along with the simplified schematic
of the process used are given in supporting information
(figure S7). Figures 6(a) and (b) show the schematic cross-
section and optical microscopy image of the fabricated lateral
hetero-structure patterns, respectively. The interface abrupt-
ness between WS, and MoS, was assessed by performing a
Raman line scan encompassing 20 um across the interface
with a step size of 0.1 um. The corresponding spatial dis-
tribution of intensity for out-of-plane (A;,) Raman vibrational
modes for both WS, and MoS, is plotted in figure 6(c) which
shows a smooth transition at the interface of heterojunction.
This smooth transition is mainly attributed to the limited
incident beam spot size (~1 pm) which was further supported
by modeling the shape of the line profiles using a normalized
Gaussian distribution with Heaviside step function. The full
width half maximum (FWHM) of the numerical fitting for
both MoS, and WS, line profile was on average
570.1 & 30 nm similar to the expected diffraction limited
radius of the spot size used in the Raman experiment, clearly
ascertaining that the interface is sharper than 1 ym. In addi-
tion, figure 6(d) shows the XPS line scan which was per-
formed along 700 um over the patterns (as shown in
figure 6(b)) with a step size of 5 um. The observed periodic
profiles for Mo3d and W4f scans are in complete accordance
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Figure 7. (a) Low magnification cross-sectional HR-STEM characterization of WS,/MoS, junction. Magnified cross-sectional HR-STEM
images of (b) WS, and (c) MoS, regions. Low magnification STEM-EDX elemental maps of (d) as-fabricated hetero-structure (e) WS,

region and (f) MoS, region.

with the Raman line scan results and reconfirm the formation
of a seamless interface. Moreover, a homogeneous line profile
obtained for S2p (not shown here) for both WS, and MoS,
regions clearly indicates towards the formation of stoichio-
metric thin films.

A cross sectional HAADF-STEM image of the junction
in low magnification mode is shown in figure 7(a) in which
the two well-defined regions of WS, and MoS, can be dis-
tinguished. The individual regions of WS, and MoS, in
higher magnification mode are shown in figures 7(b) and (c)
respectively. The images clearly indicate the layered structure
of MoS, and WS, processed by the two-step synthesis tech-
nique (as mentioned earlier). In addition to HAADF-STEM
images, STEM-EDX elemental mapping of the hetero-
structure is provided in figure 7(d). Despite the partial overlap
(~30nm) of W and Mo, figures 7(e) and (f) respectively
reveal the predominance of WS, on the left side and MoS, on
the right side of the heterojunction further confirming the
precise pattern fidelity by means of EBL. The partial overlap
observed at the heterojunction is most likely due to mis-
alignment of the adjacent patterns during EBL process used
and further process optimization should mitigate this.

Conclusion

In this paper, we have demonstrated a PEALD based
approach coupled with EBL which can enable patternable

10

synthesis of 2D MoS, over a large area without the need of a
transfer process and etching. The approach has also been
leveraged to obtain in-plane lateral heterostructures of 2D
WS, and MoS; thin films which paves a path towards a broad
range of future nano- and opto-electronic applications. In
addition, the large area uniformity and a high conformality of
the in-plane oriented layered MoS, over intricate 3D struc-
tures have been demonstrated owing to the innate character-
istics of ALD. Raman and PL spectroscopy have revealed the
precise thickness control and polycrystalline nature of pat-
terned MoS, films with high fidelity attained by our PEALD
based process. Overall, a powerful technique with high con-
trollability and scalability has been developed which could be
readily extended to form other 2D materials based hetero-
structures for ultrathin electronics.
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