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ABSTRACT Synthetic 2D crystal films grown by chemical vapor deposition are typically optcl —
roscops W e 9,

polycrystalline, and determining grain size within domains and continuous films is crucial for ; v

determining their structure. Here we show that grain boundaries in the 2D transition metal

dichalcogenide WS,, grown by CVD, can be preferentially oxidized by controlled heating in air.

Under our developed conditions, preferential degradation at the grain boundaries causes an

WS:2 Domains

=2

increase in their physical size due to oxidation. This increase in size enables their clear and rapid
identification using a standard optical microscope. We demonstrate that similar treatments in

an Ar environment do no show this effect, confirming that oxidation is the main role in the

KolatedDomain "

Conjunctive Domains

structural change. Statistical analysis of grain boundary (GB) angles shows dominant mirror
formation. Electrical biasing across the GB is shown to lead to changes at the GB and their observation under an optical microscope. Our approach enables
high-throughput screening of as-synthesized WS, domains and continuous films to determine their crystallinity and should enable improvements in future

CVD growth of these materials.
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evelopment of chemical vapor de-

position (CVD) techniques has en-

abled the growth of large-scale
high-quality two-dimensional (2D) materi-
als such as single-atom-thick graphene.'*
However, grain boundaries (GBs) in the as-
synthesized 2D films are easily formed due
to the merger of randomly oriented crystal-
line domains during the growth of the
polycrystalline films.>® The GBs play an
important role in influencing electron trans-
port properties.*”~'° Therefore, there is an
urgent need for not only realizing lateral GB
distributions across a given sized sample
but also being able to detect them on a
large scale and in a time-efficient manner.
GBs in graphene have been extensively
imaged and studied at the atomic scale
using transmission electron microscopy
(TEM)'"12 or scanning tunneling micros-
copy (STM).”'*' This approach is limited
to studying only small regions of the sample
and was substantially improved in terms of
the through-put and area examined by
using optical microscopy for graphene GBs
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directly on copper. This was achieved by a
straightforward moisture-rich oxidation of
the sample.’

Recent advancement in CVD for produ-
cing two-dimensional metal dichalcogen-
ide (TMD) domains and thin films over
large areas'®™° and application of these
2D TMDs in optical studies’’** and
optoelectronics®®~2® have promoted the
need for determining their grain bound-
aries. GBs and grain structures of monolayer
MoS, have been successfully examined
using a color-coded overlay of dark-field-
TEM images.® GBs in WS, domains on sap-
phire substrates were made partially visible
by scanning electron microscopy (SEM)
using mild oxidation under moisture-rich
ambient conditions, taking up to 20 days
to emerge.?® However, this was a random
process with no control and took exces-
sively long for GBs to emerge as visible.
Several parts of the WS, domains also
showed deterioration, making the unam-
biguous assignment of the GBs challenging.
Recent work has shown that UV exposure
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Figure 1. Grain boundaries revealed in monolayer WS, continuous films and crystalline domains using the as-developed
thermal treatment in air (380 °C for 20 min) and observed by an optical microscope. (a) Schematic illustration of the thermal
treatment that enabled direct imaging of WS, GBs using an optical microscope. (b) Optical images of a monolayer WS,
continuous film before and after the thermal treatment in air, resulting in the appearance of WS, GBs. (c) Optical images of
WS, GBs in other monolayer configurations of the as-formed WS, crystal, which can be generally summarized as single crystal,

conjunctive domains, and isolated domain.

leads to deterioration of the GBs in TMDs, and it is likely
that this is the driving cause of GB deterioration when
TMDs are left in room light and in air.3° The GBs of
the 2D materials are not easily detectable using opti-
cal microscopy because of their nanometer-sized
widths.'7 183132 An approach to reveal GBs in 2D
TMDs directly on as-deposited substrates with rapid
throughput time using large-area examination meth-
ods such as imaging by optical microscopy is still
important.

RESULTS AND DISCUSSION

Here we demonstrate a reproducible rapid tech-
nique for revealing GBs in CVD-grown monolayer
WS, domains and continuous films on SiO,/Si sub-
strates under a standard optical microscope. This con-
trolled approach relies on simple heating in air to cause
preferential structural changes localized on the WS,
GBs, shown schematically in Figure 1a. High-quality
CVD growth of TMDs provides isolated domains that
can grow from between 20 and 400 um. However,
detecting the size of the grains within TMD continuous
films has been limited due to the absence of suitable
techniques that can detect the GBs on the micro- to
millimeter scale. We have improved our recently re-
ported CVD approach to enable control of either
isolated domains or continuous film growth of WS,
monolayers (see supporting Figure S1). This gives us
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the ability to probe both types of TMD crystal forms:
isolated single crystals and polycrystalline films. Raman
spectroscopy and photoluminescence spectros-
copy confirmed that both the isolated domains and
the continuous films are predominantly monolayer
(supporting Figure S2). We explored several heating
conditions to reach the conclusion that 20 min at
380 °C provided both rapid transformation and achiev-
ing a clear GB appearance. Figure 1b and ¢ show that
before heat treatment there are no lines of contrast,
but after heat treatment strong contrast lines asso-
ciated with GBs appear in the WS,. For isolated WS,
domains there are several shapes grown during the
CVD. In Figure 1c we show the results from heating a
perfect triangular-shaped domain, most likely a single
crystal, and then two multifaceted structures, likely
formed from several crystals merging together. Multi-
faceted WS, domains after heat treatment show strong
contrast lines in locations where one would expect GBs to
have formed based on the faceted structures. In contrast,
the single-crystal triangle in Figure 1c does not show any
contrast lines after heat treatment, which provides a
strong indication that the contrast lines are GBs. The heat
treatment of the continuous films shows similar strong
contrast lines, and we can extrapolate from our findings
that these lines are the GBs in these films.

We used selected area electron diffraction (SAED)
within a TEM to map out the crystal structure within
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Figure 2. TEM characterizations of monolayer WS, domains with regard to the GB locations and crystallinity performed on a
holey SiN TEM grid. (a) Optical microscopy image of a WS, domain transferred onto the SiN TEM grid with highlighted (red)
hole arrays (A, B, and C) for SAED characterizations. Green circles indicate as-determined WS, GB positions across the domain
with highlighted numbered holes for corresponding SAED diffractions patterns in (f), (i), (I), and (m), respectively.
(b) Aberration-corrected (AC)-TEM image of the WS, domain showing a hexagonal lattice structure with a hole created by
an electron beam to show itis a monolayer, and the corresponding FFT pattern is introduced in the inset (a color look-up-table
of “Fire” is used to improve visual inspection). (c) Smoothed AC-TEM image taken on the back-folded edge of a monolayer WS,
with part (d) showing its corresponding FFT image. (e—g) SAED diffraction patterns taken from the hole array A, which spans
from hole number 1 to 73. (h—j) SAED patterns obtained from hole number 1 to 53 of the hole array B. (k—n) Hole number 1 to
58 SAED patterns acquired from the hole array C. The corresponding WS, crystal orientations relative to the horizontal level
are presented in (e) and (g) as 19° in green and 17° in blue, respectively, which also applies to the color coding in parts (h) to

(n). This SiN TEM grid has a hole-center to adjacent hole-center distance of 4.5 um.

two connected monolayer WS, domains transferred
onto a holey SiN TEM grid, Figure 2. A hole was intro-
duced into the WS, using the 80 kV electron beam, and
the atomic resolution image taken by an aberration-
corrected TEM, Figure 2b, shows the hole opens to
vacuum, confirming it is monolayer thickness. Exam-
ination of the back-folded WS, edge also shows only a
single line of contrast, expected for folded monolayer
2D materials, Figure 2c. Taking SAED patterns from
each hole provides accurate tracking of the crystal
orientation and reveals a grain boundary running
through locations A43 and B26 and between C31 and
C32 (Figure 2e—n). The as-transferred WS, domain has
only two crystal orientations across approximately
~324 um (see supporting Figure S3). This confirms
our findings in Figure 1. Another example of GB map-
ping by SAED measurements also confirms the find-
ings, supporting Figure S4.

We have carried out an extensive study of how
heating temperature in air over time affects the ap-
pearance of WS, GBs under optical microscopy (as
demonstrated in supporting Figure S5). Figure 3a de-
picts the unveiling of GBs in monolayer WS, domains
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after 90 min exposure to a heating temperature of
250 °C in air. If the heating temperature is lower than
250 °C, in our study, the GBs in WS, domains are not
observable with optical microscopy after 90 min. On
the other hand, the efficiency of this particular ap-
proach can be much improved by having a higher
heating temperature, as shown in Figure 3b. By treat-
ing the WS, domains at 380 °C in air, the amount of
time needed for GBs to be visible by optical micros-
cope can be shortened to 20 min. This provided a
pathway for more time-efficient GB imaging of mono-
layer WS, domains or films in this context. Further
increase in the heating temperature or prolongation of
the treatment can eventually result in damaging the
crystal domains, instead allowing GBs to only mildly
develop (supporting Figure S6), and makes the unam-
biguous identification of GBs challenging. In addition
to the control of the heating temperature, the envi-
ronment in which to process monolayer WS, domains
or films is also of great importance. Figure 3c demon-
strates that using the same heating temperature and
the same duration as in Figure 3b but processing
instead in an Ar atmosphere led to failure in observing
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Figure 3. Optical images of WS, domains showing the effect of time and heating temperature in air or in an inert argon
atmosphere on GB visualization. (a) Before and after 90 min in air at a heating temperature of 250 °C. (b) Before and after
20 min in air at a heating temperature of 380 °C. (c) Before and after 20 min in argon at a heating temperature of 380 °C.

WS, GBs optically. This reveals that the thermal treat-
ment for the GB imaging of monolayer WS, domains
with optical microscopy should be done in an oxidizing
environment.

Raman spectroscopy and photoluminescence (PL)
spectroscopy were used to probe the GBs after the
heat treatment, Figure 4. Figure 4a shows that thereis a
small decrease in PL peak intensity of the bulk region of
the treated WS, domains compared to the pristine
domains. Moreover, the PL emission of the GBs of the
treated WS, shows nearly a 2-fold decrease in signal
relative to that of the central part of the treated
domains. Thermal treatment with air may cause ad-
sorption of O,/H,0 from the air or defect creation due
to applied thermal energy at WS, GBs, which may
result in either PL enhancement®*** or quenching.8*°
We have found only a small peak shift of 1 nm between
the pristine and treated WS, domains. We were also
able to detect the WS, GBs from a PL map of a treated
domain, Figure 4b (ie, PL mapping was generated
by plotting integrated PL peak intensities against
XY coordinates where multipoint PL analysis was car-
ried in that specific area of the WS, domain). Raman
spectroscopy and 2D Raman mapping can also detect
changes of crystallinity either in monolayer WS,
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domains or in GBs after heating in air at the designated
temperature, Figure 4c—f. The pristine and treated
WS, domains show similar monolayer characteristic
Raman profiles of WS, with an in-plane vibrational (E}g)
mode of ~351 cm™' and an out-of-plane vibrational
(A1g) mode of ~418 cm™', with no peak shifting or
quenched intensities observed.> For the treated WS,
GBs, the intensity of E3g and A, 4 peaks were reduced by
2-fold as compared to the central part of the treated
WS, domains (and pristine WS, domains). Similar to
the PL mapping of WS, GBs, both E}g and A4 peak
intensities from the treated GBs can be used in 2D
Raman mapping to see the GBs, Figure 4d and e. In
addition, the WS, GBs after the treatment can also be
mapped out using the ratio of Elg to A,q, Figure 4f.
Without heating the WS, domains, as we have done, PL
and Raman 2D mappings cannot clearly reveal the GBs
(supporting Figure 57).'7%°

GBs in as-produced high-quality CVD monolayer
WS, domains and polycrystalline films are difficult to
detect even under SEM, Figure 5a. However, in certain
cases of CVD growth of 2D TMD crystals, some contrast
can be detected from the GBs under SEM?®® or optical
microscopy'®3? due to unwanted multilayer crystal
growth or contamination, as shown in the case of
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Figure 4. PL and Raman characterizations for as-treated monolayer WS, domains at a 532 nm excitation laser. (a) PL emission
profiles obtained in a pristine monolayer WS, domain as opposed to the treated monolayer WS, on a GB or in a domain. (b) PL
2D mapping of the as-developed WS, GBs according to the integrated characteristic photon emission intensities from
wavelengths of 600 to 660 nm. (c) Raman spectra obtained in a pristine monolayer WS, domain in comparison with the
treated monolayer WS, on a GB or in a domain, with highlighted Si peak and WS, characteristic peaks, E;g and A, 4. (d) Raman
2D mapping of the WS, GBs with regard to the integrated characteristic E;g peak intensities from 330 to 370 cm™ . (¢) Raman
mapping of the WS, GBs executed for the A4 characteristic peak with integrated intensities from 400 to 430 cm . (f) Raman
mapping of the WS, GBs corresponding to the ratio of integrated E;g peak intensities (330—370 cm ™ ')/integrated A4 peak

intensities (400—430 cm ™).

Figure 5b.'%3¢ After our controlled heat treatment in
air, a strong contrast (blisters) from the GBs in SEM
(Figure 5¢) may arise from balling of as-formed WO, in
the GB defect area due to reduction of surface energy.
Atomic force microscopy (AFM) revealed that the GBs
increased in width after heating in air, Figure 5d—i.
The actual width of the GB after heating, Figure 5g,
is approximately 0.55 um, Figure 5i, which is large
enough to be detected under an optical micro-
scope.”

The ability to measure the GBs in a large number of
WS, domains under an optical microscope enabled a
statistical study of their relative orientation with re-
spect to the WS, triangle orientation. We found that
mirror GBs (i.e., GB formed at half-angle () of the two
neighboring domain zigzag edges (o)) dominated
(Figure 6a). Figure 6b plots the o/ ratio distribution
for 100 GBs measured in oxidized-treated joined do-
mains, fitted with the Lorentz curve (red). In Figure 6c,
typical optical images of GBs are shown, emphasizing
that the o/ ratio is mostly 2. The creation of GB defects
occurs when one single crystal merges with another
single crystal of different orientation (Figure 6d,e).
While the GBs may appear straight at the micro-
scopic level, previous work using STEM has shown
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that mirror GBs predominantly consist of eight- and
four-membered rings at the atomic level in MoS,
(Figure 6€).2* Given that the mirror GBs form for all
domains, regardless of their initial relative orientation
and separation of domain centers, it is likely that the
mirror GBs do not represent the region where the two
domains initially meet and connect, but rather that the
system reconstructs after two domains merge together
and the GBs adjust until reaching the mirror symmetry.

The large size of the CVD-grown WS, domains
enables electrical contacts using sharp W probes in a
probe station brought directly into the crystals without
any lithography needed and thus reduces contamina-
tion. Figure 7a and b show the typical IV electrical
properties of the as-grown WS, domain as well as
domains that were oxidized in air. Probes were placed
in specified regions likely to be the same crystal to
ensure no grain boundary would lie in-between the
probes. Both pristine and heat-treated WS, domains
are conductive at an applied source—drain bias of 10V
onward (i.e., a current compliance of 500 nA was used
to avoid excess current, which heats the sample and
causes irreversible deterioration). The W probes form a
Schottky barrier with the WS, and result in a nonlinear
IV curve and large onset bias voltage. The similar /V
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Figure 5. Topological characterizations of the treated WS, GBs using SEM and AFM. (a) Untreated WS, GBs that are invisible
under the SEM observation. (b) Untreated WS, GBs that are partially visible with SEM. (c) Treated WS, GBs that show strong
contrast with SEM. (d) AFM topological mapping of the untreated WS, GB. (e) Close-up mapping of the untreated WS, GB.
(f) Corresponding line profile indicated (blue) in (e). (g) AFM topological mapping of the as-treated WS, GBs. (h) Finer AFM
mapping specifically carried out for determination of the topology within the as-treated WS, GBs. (i) As-obtained topological
line profile indicated (blue) in (h).
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Figure 6. Preferential GB orientations incurred from mismatching of as-grown monolayer WS, domains. (a) Schematic
illustration of GB angle (6 = angle between the GB and the neighboring domain edge) bisecting the domain angle (o = angle
between two neighboring zigzag edges). Scale bar = 20 um. (b) Domain angle (a)/GB angle (6) ratio distribution in
100 monolayer WS, domains obtained from our CVD approach. (c) Optical images showing that the majority of GB 6 angles
bisect the domain a angles in as-synthesized WS, joined domains (all scale bars are 20 um). (d) Schematic illustration of two
pristine WS, triangular single crystals with zigzag edges merging together to form a GB. (e) Schematic atomic model showing
the formation of a GB structure at an orientation that bisects the domain edge angle.
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Figure 7. IV source—drain electrical measurements of monolayer WS, against its domain (or GB) that is pristine and heat-
treated, respectively. (a, b) Output /;4V4 curves of an as-grown WS, domain that is unprocessed and processed by heat
treatment in air, respectively. (c) Optical images | to VI showing an untreated WS, GB being revealed under optical microscope
at elevated source—drain biases applied against the pristine GB. (d) Corresponding output profile of the untreated WS, GB
appearing in (c). (e) Optical images showing before and after applying source—drain bias against a thermally treated WS, GB.
(f) Corresponding output profile of the WS, GB presented in (e). All measurements were conducted at a source—drain-bias
increase rate of approximately 1.24 V/s.

response of the WS, before and after oxidization shows measurements on more than 100 domains and found
that the material conductivity of the WS, domain after qualitatively consistent behavior.

heat treatment was not greatly affected by the mild These results show not only that controlled heat
oxidation. treatment of WS, domains can lead to the GB becom-

Electrical measurements were then taken across a ing visible under the optical microscope through an
GB for the as-grown WS, domains by placing the probe oxidization process but also that applying a relatively
tips on either side of a GB. Upon applying the bias, large bias also causes the GB to become visible. During

current started to flow, as in the case of the non-GB the biasing across a GB, current flows, causing heating
area, but surprisingly, the GB started to emerge visibly that instigates an oxidization process in the more
under the optical microscope after a period of current reactive area of the GB, similar to the heat-treatment
flow, shown in the sequence of images in Figure 7c. The process we developed. This is important when con-
optically invisible GB junction at two domains was sidering the operation of WS,-based field effect tran-
found vulnerable to further increase of source—drain sistors in air where similar effects might occur if current

bias until the two domains became fully separated at levels are high. If we limit current flow across the GB by
the GB site. The corresponding /V measurement shown implementing a severe compliance value (i.e,, 10 nA),
in Figure 7d monitors how the level of current across then this GB degradation does not occur, indicating
the WS, GB increases at first (source—drain bias stages | that it is related to some form of joule heating and not

to IV), but then drops suddenly to zero when the driven by the electric field alone. On the other hand,
source—drain bias reaches ~30 V and remains zero the increase of the GB width in Figure 7e results from
for further ramping of the source—drain bias (stages heat localization in the W tip area rather than at the GB
V to VI). This correlates in the optical images of area. When current does not flow in between a GB, a
Figure 7c to the increase of the WS, GB width, resulting leaking current through the SiO, substrate (large
in the formation of two isolated WS, domains with no resistance) will generate heat to that WS, region,
current flowing between. To further study this, W resulting in further oxidation of the WS, domain close
probes were placed on either side of a GB made visible to the GB.

by the heat-treatment process in WS, and bias was

applied to monitor the IV response. Figure 7e and f CONCLUSION

show that no current flows across the oxidized GB as The combination of diffraction mapping, optical
the bias is increased, but that the width of the GB imaging, Raman and PL mapping, and AFM has re-
increases substantially after ramping the bias up to vealed that simply heating WS, domains in air at the
40 V (as in Figure 7c). Another identical example is right temperature for a short 20 min burst causes the
provided in supporting Figure S8. We repeated these GBs to increase and be observed using a standard
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optical microscope. This demonstrates that the grain
boundary, which is known to contain defects, has a
lower oxidation reaction temperature than the bulk
crystal. The process works for both domains and poly-
crystalline films, is high-throughput and large-area,
and does not require any fancy equipment for pre-
paration. The ease of this approach should enable its
uptake across the community for TMD 2D materials to

METHODS

CVD Synthesis of Monolayer WS,. The monolayer WS, domains
and continuous films were fabricated by adopting the sulfur
preintroduction protocols recently reported by Rong et al.'”
However, rather having sulfur and WO; precursors placed in the
same tube, we optimized the system by separating them using
a double-walled-quartz-tube CVD setup (supporting Figure S1).
This has successfully prevented sulfur vapor from reacting with
WO; powder, which has led to the growth of WS, continuous
films. Sulfur powder (400 mg of purum grade =99.5%)
was placed in the outer tube at 180 °C, whereas WO5; powder
(200 mg of puriss grade 99.9%) was positioned in the inner tube
at 1070 °C. SiO,/Si (90 nm) substrates were positioned 10 cm
downstream of WOs. An argon flow rate of 250 sccm was used
for transporting WO3 and sulfur vapors to the designated
substrates. The growth was initiated by ramping sulfur at
~30 °C/min and WO; at ~40 °C/min and giving a 3 min reaction
time for domain growth or a 5 min reaction time for continuous
film growth after reaching the target reaction temperature
(1070 °C). The as-deposited WS, samples were quickly cooled
as soon as the reaction finished.

Transfer of WS, Domains. The as-produced samples were first
spin-coated with a PMMA scaffold (8 wt % in anisole, 495k
molecular weight) at 4700 rpm for 60 s and then cured at 150 °C
for 15 min. The underlying SiO,/Si substrates were subsequently
detached by floating the sample on a 1 M KOH (Sigma-Aldrich
reagent grade 90%) solution at room temperature. The floating
PMMA/WS, films were carefully cleaned by several DI water
baths. With regard to the TEM characterization, the PMMA/WS,
films were transferred onto holey silicon nitride (SiN) TEM grids
(Agar Scientific Y5385) and left to dry overnight in air. PMMA/
WS,/SiN was subsequently baked at 150 °C for 15 min to
improve sample adhesion. Lastly, TEM samples were prepared
by removing PMMA using a 2 h acetone solution bath at 45 °C.

Treatment of WS, for GB Optical Imaging. In order to unveil GBs in
WS, domains and continuous films, the as-prepared WS, sam-
ples were heated in air by placing them at the center of a
Carbolite 1 in. tubular furnace (MTF 12/38A). Samples were
removed instantly from the furnace when the treatment was
finished and left to cool in air spontaneously. Subsequently, as-
treated samples were imaged instantly with the optical micro-
scope at our disposal. In the experiment of an Ar-rich atmo-
sphere for WS, GB treatment, we prepared the environment by
flushing 500 sccm of Ar for 1 hiin a 1 in. quartz tube CVD before
ramping up the furnace to 380 °C. The thermal treatment of
the WS, sample was then carried at 380 °C for 20 min with only
10 sccm of Ar flowing.

Characterization of As-Treated WS, Domains. The optical images of
WS, GBs in domains and films were taken by an eVue Pro 40X
digital imaging system lens built for the Cascade MicroTech
probe station. A magnification of 5x was used to visualize all
aforementioned WS, GBs. All as-obtained optical images were
brightness/contrast enhanced to improve the presentation of
WS, GBs using an image processing tool, ImageJ. Raman and
photoluminescence characterizations of treated WS, domains
were conducted using a JY Horiba Labram Aramis imaging
confocal Raman microscope at an excitation wavelength of
532 nm. SEM images taken of WS, GBs were generated from
a Hitachi-4300 scanning electron microscope. Topological
characterizations regarding WS, GBs were performed using an
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provide a robust way of determining the degree of
polycrystallinity of continuous large-area films and can
be implemented on the centimeter scale. Knowing the
grain size of TMD films will help correlations between
electronic performance and structure and should lead
to the rapid improvement of continuous TMD films by
CVD growth, which is critical to their further develop-
ment in optoelectronics.

Asylum Research MFP-3D atomic force microscope. The study of
WS, GBs regarding TEM SAED patterns was carried using a JEOL
2100 high-resolution TEM operating at 80 kV. The aberration-
corrected-TEM images were obtained from Oxford's JEOL JEM-
2200MCO field-emission gun TEM, fitted with a CEOS probe,
image aberration correctors, and a double Wien Filter mono-
chromator operated at an accelerating voltage of 80 kV. Elec-
trical measurements were conducted on our homemade probe
station equipped with two ultrafine tungsten tips (Signatone,
SE-T, 5 um in diameter) and a Keithley source meter (2400-LV).
Measurements were all done in room-temperature ambient
conditions.
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available free of charge via the Internet at http://pubs.acs.org.
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