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ABSTRACT: Rapid and quantitative characterization of atomic defects ‘ i

in two-dimensional (2D) semiconductors and transistors is crucial for
growth optimization and understanding of device behavior. However, Growth Substrate Sit

such defect metrology remains challenging due to limitations of existing [PEuspeeEnIReAnR iz T
characterization methods, which are generally destructive and slow or
lack the necessary sensitivity. Here, we use nondestructive lateral force
microscopy (LFM) to directly map surface defects in monolayer WSe,
and WS, on different growth substrates (SiO, and sapphire), as well as in
WSe, transistors. Through LEM measurements on various WSe, layers,
we show that this technique can detect defect densities well below the
range of typical Raman measurements on this material. We also
demonstrate mapping of spatial variation of defect density within as-
grown WSe, and that the LFM technique can detect defects on
suspended and polymer-supported monolayers, expanding the application space. Applied to WSe, transistors, LFM uncovers defect
densities over double that of similar as-grown films, suggesting that defects can be introduced by common fabrication processes. This
work demonstrates the applications of LEM as a nondestructive defect characterization method for monitoring 2D material growth
and device fabrication.
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B INTRODUCTION

Two-dimensional (2D) semiconductors based on transition
metal dichalcogenides (TMDs) are potential candidates for

analyzing atomic defects. While self-flux growth methods
produce high-quality TMDs,”'* wafer-scale growth methods
such as chemical vapor deposition (CVD), metal—organic

future generations of electronics and photonics."”” However,
challenges remain in the wafer-scale growth of TMDs and the
fabrication of their devices.” A key issue is the presence of
atomic defects in such materials, which can impact their
optoelectronic properties.”* Improving TMD growth quality
and identifying the causes of defect generation are essential for
minimizing defect densities and enhancing the overall
performance of TMD-based devices.”" Therefore, developing
a rapid and ideally in situ defect characterization technique is
essential for identifying defects in such materials and devices.

Existing studies have employed various techniques for
atomic defect characterization in TMDs, including lateral
force microscopy’ (LFM), conductive atomic force micros-
copyé‘7 (CAFM), scanning transmission electron microscopy8
(STEM), and scanning tunneling microscopy6’9 (STM).
Historically, STM has been regarded as the gold standard for
atomic defect characterization in TMDs, as it does not
introduce additional defects, unlike STEM.'”'" STM-based
characterization is commonly applied to the atomic defect
analysis of bulk crystals, such as self-flux materials, for

© 2026 The Authors. Published by
American Chemical Society

7 ACS Publications

CVD"™'* (MOCVD), and molecular beam epitaxy'®> (MBE)
are crucial for large-scale applications.” STM requires a
conductive pathway, which is often unavailable, because
growth is typically performed on insulating substrates. STM
characterization of monolayer TMDs usually requires trans-
ferring the material onto a conductive substrate, which
necessitates careful sample preparation and may introduce
additional defects.'® While previous studies have successfully
performed STM measurements on monolayer and bilayer
MoS, on SiO,/Si using backside gating,17 the STM atomic
defect measurements on monolayer TMDs directly on
insulators have yet to be realized. There is one work we are
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Figure 1. LFM and CAFM sample preparation and measurement. Sample preparation and characterization capabilities of (a) CAFM, which can
detect both top and bottom chalcogen defects as well as metal-site defects, and (b) LEM, which is limited to detecting only top chalcogen defects.
Crosses indicate the detectable defect types. LFM defect measurements on (c) monolayer SS-CVD WS,, (d) monolayer SS-CVD WSe,, and (e)
monolayer MOCVD WSe,. (f) CAFM defect measurement on monolayer MOCVD transferred to a conductive substrate.

aware of that measured atomic defects with STM in an
operational six-layer MoS, transistor.*

Recent advancements in CAFM have shown its ability to
replicate STM results at the identical location, providing
atomic defect resolution comparable to STM under ambient
conditions and at a significantly faster speed.*” This improve-
ment is especially beneficial for rapidly characterizing
monolayer TMDs. However, like STM, CAFM requires a
conductive pathway, which adds complexity to the sample
preparation. This preparation can be partially destructive to the
grown materials and may introduce contamination that lowers
the yield in subsequent device-fabrication steps, whether the
process involves transferring the material or forming lateral
electrical contacts. Because of this required preparation and the
associated risk of reduced yield, routine atomic defect density
characterization to assess the growth outcome is often not
performed, as directly characterizing defect densities in as-
grown materials on insulating substrates remains a challenge.
Therefore, for an appealing in-line metrology technique, both
the sample preparation and characterization process must be
nondestructive, in addition to being high-throughput.

Additionally, while existing literature primarily emphasizes
the reduction of native defects that arise during growth,g’12
there is limited investigation into the defects introduced during
device nanofabrication. Defects introduced during the
fabrication process can impact device performance,” yet direct
characterization of defects in devices is rarely conducted.* One
major challenge is the difficulty of rapidly quantifying atomic
defects in both as-grown TMDs and device channels due to the
insulating substrates. Without a clear understanding of whether
defects originate during growth or fabrication, efforts to
optimize device performance and variability may not be
effective. This is especially problematic if the dominant source
of atomic defects comes from the device fabrication process
rather than the growth itself.

LFM is a mechanical technique which measures cantilever
torsional in response to tip—sample friction, so, in contrast to
STM and CAFM, it does not require a conductive path,”'®
which is an advantage for rapid and straightforward character-
ization. One disadvantage of LEM relative to CAFM and STM
is that LFM seems to detect only top-surface defects (e.g., top
surface chalogen defects in TMDs), as shown by direct
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Figure 2. In-situ device characterization of WSe, devices. (a) Residue removal via the nanobroom process enables LFM defect measurement.
Tapping mode AFM measurements of the TLM structure: (b) height, (c) amplitude, and (d) phase. The nanobroomed region is indicated in (c),
and the defect measurement region is shown in (d), along with the device channel. LFM defect measurements on (e) bilayer WSe, after fabrication,

as labeled in (d), and (f) monolayer WSe, after fabrication.

comparison of CAFM and LFM at the same location on a bulk
MoSe, crystal.” The advantages and disadvantages of these
methods are summarized in Table SI1. LFM defect measure-
ments have been demonstrated on insulating materials (hBN)
and TMD monolayers on SiO,.” However, the application of
LFM in defect characterization on growth substrates and in
situ defect analysis of devices remain unexplored.

In this article, we present LFM as an effective method for
characterizing as-grown TMDs (WSe, and WS,) on their
growth substrates, SiO,/Si and sapphire, using MOCVD and
solid-source CVD (SS-CVD). We also demonstrate the
applicability of LFM for defect characterization on functional
device channels. For example, we found the surface defect
density in a monolayer WSe, transistor was 5.97}3-10'* cm™

(total defect density estimated as 1.27925-10"° cm™2),
significantly higher than the surface defect density of 2.27%3

10" cm™? (estimated total defect density estimated as 4.4*%5,

10'%) in as-grown WSe, from a nominally similar growth. This
result suggests that >50% of defects in a transistor channel may
be introduced during the fabrication process rather than the
growth. We further applied the LFM defect characterization
technique to analyze spatially varying defect densities in
MOCVD WSe, and found more than a 3-fold increase in
defect density within a distance of ~500 nm in a single
triangular domain. Through comparison of WSe, monolayers
from various sources, we demonstrate that the defect density
sensitivity limit of LFM is at least an order of magnitude lower

than simple Raman peak position characterization which loses
sensitivity at ~10** cm™2. Additionally, we applied LFM defect
density characterization to monolayers on polymer substrates
and even suspended monolayers, demonstrating the generality
of the LEM defect characterization method.

B RESULTS AND DISCUSSION

Defect Characterization on As-Grown Materials

Enabling defect density characterization on as-grown substrates
can accelerate the evaluation of the material growth conditions.
Additionally, applying this technique as a nondestructive, in-
line metrology process would allow for near real-time
monitoring of the growth quality from batch to batch. While
existing methods, such as CAFM, reduced the time required
for defect density measurements on monolayer TMDs, the
need for sample preparation still incurs additional time
costs”' (Figure 1a). In contrast, the LEM defect character-
ization eliminates the need for sample preparation, offering a
more efficient approach (Figure 1b). Further, LFM does not
require a conductive path for defect characterization in the top
chalcogen atom layer, as depicted in the cartoon on the right
side of Figure 1b. Although LFM is only appropriate for
measuring top surface defects, this provides a quantitative
metric of growth quality. Further, the defect density of metal-
site defects is often roughly an order of magnitude lower than
that of chalcogen defects.” To demonstrate the utility of LEM,
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Figure 3. Defect density mapping of a MOCVD-grown WSe, monolayer using LFM. (a) Optical microscope image of the monolayer. (b) AFM
topography of the region outlined in (). (c) Zoomed-in AFM image of the area in (b); the blue dotted line marks the region analyzed by LFM. (d)
Defect location (labeled dark) mapping of a 540 X 40 nm” region shown in (c), indicated by green boxes. (e) Plot of LFM defect density and
estimated total defect density (2X LEM defect density) vs position; (f, g) LFM images corresponding to boxed regions in (d). (h) Defect density as

a function of distance from the monolayer edge.

we conducted two new types of atomic defect measurements:
atomic defect characterization of monolayer TMDs on
insulating growth substrates and in situ atomic defect
characterization in a bilayer TMD FET device channel.

To demonstrate the atomic defect characterization of
monolayer WSe, and WS, on insulating growth substrates,
we employed the LFM defect quantification method for both
SS-CVD and MOCVD grown materials on SiO,/Si and
sapphire growth substrates. Figures 1c and 1d show LFM
measurements of SS-CVD grown monolayer WS, and WSe, on

10164

Si0,/Si growth substrates, with a defect density of 1.3793-10"
em™? and 2.27%3-10"* cm ™, respectively. Figure le presents the
LFM measurement of defect density on a MOCVD WSe,
monolayer grown on a sapphire substrate, yielding a defect
density of 5377510 cm™. The total defect density is
estimated to be approximately double the LFM defect density,
assuming that the defect density on the top layer is similar to
that on the bottom layer.” This assumption is often valid, as
demonstrated in our past work on exfoliated bulk TMDs> and
as described below for the MOCVD material in this work.

https://doi.org/10.1021/acsami.5c19328
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However, it is important to note that this one-to-one ratio
between top and bottom surface defects may not hold strictly
for all CVD-grown materials. The defect density of metal-site
defects is often roughly an order of magnitude lower than that
of chalcogen defects. To validate the LFM results, we
transferred the same MOCVD-grown WSe, monolayer onto
a graphite-on-gold substrate and performed CAFM measure-
ments (Figure 1f). The defect density measured via CAFM was
8.473%-10" cm™, approximately double the LFM measure-
ment within the margin of error, 10.673%-10"* cm™ (Figure
1d). We also note that the growth conditions for the samples
shown in Figure 1 are not necessarily state-of-the-art, so
comparison between different growth methods, namely, SS-
CVD and MOCVD, does not necessarily indicate a
fundamental difference in quality between different methods.

Defect Characterization in Device Channels

The developed LFM technique enables in situ defect
measurement in functional transistor channels, in addition to
defect characterization on the growth substrates. To perform
this measurement, we first employ the nanobroom (also
known as “squeegee”) technique’’ ** before LFM defect
measurement, as shown in Figure 2a. Previous work suggests
that the nanobroom process does not damage the device
channel but instead improves device performance.u’23 Later,
we also present device measurements after the brooming
process, demonstrating that the device remains functional.
Since previous studies have demonstrated that the standard
LFM defect measurement process does not introduce atomic
defects,” we infer that, by employing similar scanning
parameters, the nanobroom process also does not introduce
additional atomic defects into the material structure. In
addition, we performed transfer-characteristic measurements
before and after the nanobroom process and found that the
device did not degrade following the described nanobroom
treatment (Figure S1). It is also important to note that the
nanobroom process can potentially damage the device channel
if the process parameters used deviate from the described
nanobroom process. Figure 2b presents the tapping mode
height measurement of a bilayer transfer length measurement
(TLM) structure with channel lengths Ly, = 1 gm, 0.5 um,
0.25 pm, and 0.1 ym from left to right. Figure 2c shows the
amplitude signal of the tapping mode measurement. The blue-
dotted box indicates the region where the nanobroom process
was performed, while the red dotted box shows the region
where the polymer residues from the fabrication process
remain.

Figure 2d depicts the phase signal from the tapping mode
measurement with the device channel and the defect
measurement region clearly marked. Figure 2e is the defect
measurement within the bilayer WSe, device channel at the
location depicted in Figure 2d, showing an LFM defect density
of 1.857%15-10" cm™ (the estimated total defect density is
double, or 3.7733%-10" cm™ per layer). The transfer
characteristics for Ly, = 1 um are shown in Figure SI,
demonstrating that the device is operational. We further
measured defect density on a postfabricated monolayer WSe,
device (Figure 2f) and observed an LFM defect density of
5.9*13-10" cm™2 (the estimated total defect density is 1.27%25-
10" cm™?). While the WSe, monolayer shown in Figure 2f
grew under nominally identical growth conditions as Figure 1d,
the fabricated device appears to have more than double the
defect density compared to the as-grown material. While we

cannot completely rule out the possibility that the increase in
defect density is due to variations in the growth process, the
results suggest that the fabrication process can potentially play
a role in creating new defects. This experiment highlights that
assuming the defect density in the device channel is identical to
that in the as-grown material could be inaccurate, and defect
densities should be measured on the fabricated devices.

Atomic Defect Mapping

To demonstrate the utility of LFM for defect density
measurements over extended length scales (>500 nm) in
monolayer materials, we performed LFM analysis on an
isolated triangular MOCVD-grown WSe, flake, while noting
that most of the substrate is covered by the continuous thin
film of WSe, monolayer, as observed under optical microscopy.
Figure 3a shows an optical image of the flake, and Figure 3b
presents the corresponding AFM height map with labeled
regions. A zoomed-in AFM height image of the area marked in
Figure 3b is shown in Figure 3¢, with the dotted blue rectangle
indicating the region where LFM measurements were
conducted. The total scanned area is approximately 150 X
530 nm? All LFM measurements were performed by using a
single BioAC-3 AFM probe to demonstrate its operational
stability and longevity. Due to the high density of defects, only
those within the green solid rectangle (40 X 530 nm?®) are
labeled and shown in Figure 3d.

Based on atomic defect mapping using LFM, the defect
density is lower near the flake edge compared to regions closer
to the center. To further illustrate this trend, Figures 3f, 3g, and
3h show LFM images taken at increasing distances from the
flake edge. The measured defect densities in these images
reveal a clear decreasing trend with distance, beyond what
would be expected from statistical variation based on Poisson’s
distribution.

To quantify this trend, we calculated the local defect density
and the average interdefect distance (L) within 40 X 20 nm®
windows and plotted these values as a function of distance
from the flake edge (Figure 3e). Within the first 250 nm from
the edge, the surface defect density increased from 0.547§%:
10" cm™ to 1.83792%-10" cm ™, corresponding to more than a
3-fold increase. As the observed defect density increases
beyond 2-10" cm™, the defect density saturates, possibly due
to limitations in the LFM resolution when distinguishing
closely spaced defects. This resolution strongly depends on the
tip conditions.” We previously demonstrated that LFM can
resolve defects at densities exceeding 5-10"* cm™ (Figure Ic).
However, such high-resolution imaging is not always feasible
for routine measurements over large areas. Importantly, for
technologically relevant transistor device applications, the
target chalcogen-site defect densities are typically” well
below 10" cm™ Therefore, the demonstrated LFM sensitivity
threshold of <2:10" cm™ is generally sufficient for these
applications.

Raman Shifts and Defect Density Correlations

The existing literature examines the correlation between ion
dose and Raman shift in MoS,,* as well as ion irradiation
damage and Raman shift in WSe,.”” However, both studies
lack direct defect density measurements. Here, we explore the
correlation between WSe, Raman shifts and defect density
within MOCVD-grown material, as well as with WSe,
synthesized using self-flux and SS-CVD.

To investigate correlations between defect density and
changes in the Raman spectra, we performed spatially resolved

https://doi.org/10.1021/acsami.5c19328
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Figure 4. Raman spectra and defect density. (a) Raman normalized intensity (I/I,,,, where I is the A’} + E’ Raman peak intensity and I, is the
maximum intensity in the image) and (b) Raman shift of the isolated WSe, monolayer shown in Figure 3a. (c) Raman spectrum with normalized
intensity from the edge to the center of the WSe, monolayer flake, showing increasing transparency from edge to center. The red dotted line is from
a self-flux grown WSe, with a total defect density of 1.467335-10"> cm™ (d) Raman normalized intensity and Raman shift as a function of distance
from the flake edge as indicated in the inset image. (e) Total defect density of monolayer WSe, samples grown using different synthesis methods as
a function of A’} + E’ Raman peak shift. The devices shown before fabrication (Figure 1d) and after fabrication (Figure 2f) were grown under
nominally identical conditions but originated from different growth batches. The self-flux-exfoliated sample is shown in Figure S2.

Raman spectroscopy on the isolated WSe, crystal grown on
sapphire using MOCVD shown in Figure 3a. The WSe, Raman
peak near 250 cm™' consists of two nearly degenerate
peaks,”® ™" the in-plane E’ and out-of-plane A’;. Separating
these peaks is possible but not routinely done, and here we
seek to uncover if the combined peak could be used to discern
changes in defect density. Thus, the normalized intensity (I/
I« where I'is the A’; + E’ Raman peak intensity and I, is the
maximum intensity in the image) and Raman peak position are
presented in Figures 4a and 4b, respectively. We observed
variations in both Raman peak shifts and normalized intensity
when comparing the edge of the flake to the center. To better
illustrate this, Figure 4c shows individual spectra taken from
the edge to the center. For comparison, we also included the
Raman spectrum of a self-flux-grown WSe, sample with a total
defect density of 1.46:9355:10"* cm™ (LFM defect density of
7.3t4% 10" cm™) in Figure S2. Figure 4d presents the Raman
shift and normalized intensity measured from the edge to the
center of the flake. The results suggest that the defect density is
higher at the center of the flake, consistent with Figure 3.

By comparing the Raman spectrum at the edge of the
MOCVD-grown WSe, flake (total defect density: ~10" cm™?)
with that of a self-flux-grown WSe, sample (total defect
density: ~10'* cm™2), we observe that, despite around 10-fold
difference in defect density, the shift in the A’; + E’ Raman
peak remains negligible. However, spatially resolved Raman
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spectroscopy reveals a clear shift in the A’} + E’ peak within
the MOCVD WSe, flake itself (Figures 4b—d). When
combined with the defect density measurements presented in
Figure 3d, these results suggest that the A’} + E’ Raman peak
position becomes sensitive to defect density when a defect
density threshold is exceeded. Further, an increase in the defect
density results in a decrease of the A’} + E’ Raman peak
intensity and a blue shift of the Raman peak when comparing
the flake center to the edge.

To clearly illustrate this result, we present the Raman shifts
of WSe, monolayers as a function of total defect density,
comparing materials grown via different methods: self-flux,’
SS-CVD, and MOCVD (Figure 4e). Additionally, we include a
SS-CVD postfabricated device in the analysis (Figure 2f). The
total defect density is estimated as twice the value obtained
from LFM measurements. The data indicate that Raman shifts
of the combined A’} + E’ peak are relatively insensitive to
defect densities below ~10" c¢m™. In other words, without
further advances [e.g., separating A’;, + E’ peaks, mapping
LA(M) peaks, or their respective peak widths, to disentangle
the role of defects and strain®”*'], basic Raman spectroscopy
of the A’} + E’ peak in WSe, may not reliably map defect
densities below 10'* cm™ in this material. We did observe that,
for defect densities above 10" cm™ in the MOCVD material,
each additional 10" cm™ defect correlated with an
approximate 0.4 + 0.1 cm™' blue shift of the combined A’
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+ E’ Raman peak position. In contrast to Raman, LFM
provides direct defect density measurements (ie., counting
individual point defects), which are necessary for accurately
mapping more technologically relevant 2D materials with
lower defect densities.

Universal Substrates

To further generalize the LEM defect characterization method,
we applied it to defect characterization in both a WS,
monolayer on a polymer substrate and a suspended WSe,
monolayer. The WS, monolayer was transferred onto a
polystyrene film using a wet-transfer process,” as shown in
Figure Sa. Figure Sb displays the height measurement of the

Suspended Flux
Monolayer WSe,

a  Monolayer WS, on d
Polymer

Figure S. Generalization of LFM defect characterization. (a) Cartoon
showing the WS, monolayer on the polymer. (b) Height measure-
ment of the WS, monolayer on the polymer. (c) LFM-based defect
measurement of the WS, monolayer on the polymer. (d) Cartoon
showing the suspended WSe, monolayer. (e) Height measurement of
the suspended WSe, monolayer. (f) LFM-based defect measurement
of the suspended WSe, monolayer.

WS, monolayer on the polymer surface. Defect measurements
were then performed on the WS, monolayer following transfer,
as depicted in Figure Sc. In addition, LFM can be used to
measure defect density, even for suspended monolayers. Figure
5d shows a suspended WSe, monolayer over a silicon hole,
prepared using a gold tape exfoliation.”” The height profile of
the suspended material is shown in Figure Se, and defect
measurements on the suspended WSe, are presented in Figure
Sf. We note that LEM serves as a complementary character-
ization technique to CAFM and STM that can accelerate the
quantification of atomic-scale defects in appropriate situations,
several of which are demonstrated in this work. These results,
together with those in Figure 1 and Figure 2, suggest that LFM
can detect defects regardless of the substrates or sample growth
method, making it generally applicable to the exploration of 2D
materials” defect—property relationships.

B FUTURE WORK

This work has demonstrated LFM’s capability to measure
atomic defects in device channels. This is a critical result, as

nondestructive atomic defect quantification in channel regions
is rarely achieved due to significant experimental challenges.
Future work will focus on understanding the impact of atomic
defect density on device performance and its effects on the
underlying transport properties.

B CONCLUSIONS

In summary, this work demonstrates that LFM is a
nondestructive atomic defect characterization technique that
is applicable to various 2D semiconductor samples, substrates,
and devices. Our findings show more than two times greater
LFM defect density in fabricated devices versus as-grown
material with nominally identical growth conditions. This
suggests that defects may be introduced to the device channel
during the fabrication process and highlights the importance of
in situ defect measurements on devices. Additionally, we found
that, when the atomic defect density is above 10 cm™,
conventional Raman peak shifts of WSe, can be used to
estimate the defect density. However, when the material defect
density is well below 10" cm™2, direct defect characterization
methods such as LFM are necessary. Finally, we further
generalize the use of LFM for defect characterization on
polymer substrates and even when the material is suspended.
Our work shows that LEM can be potentially utilized as a
nondestructive method for defect characterization, providing
an in-line metrology tool to monitor and evaluate the
fabrication process.

B METHODS

LFM and CAFM Characterization

Conductive AFM is done using an Asylum Cypher ES using
BudgetSensors (All-In-One DD) with a standard spring constant of
0.5 or 6.5 N/m at a scan speed of around 1 ym/s. The pixel size is less
than 0.1 nm. Lateral force microscopy (LFM) measurements are done
on the same instrument, using qp-SCONT and qp-BioAC-1
(NANOSENSORS) at a scanning speed of between 1 and 1.5 ym/
s. The pixel size for the LFM defect measurement is less than 81 pm.
All scans are done in ambient or argon purged environment at ~25
°C. For CAFM, samples are transferred via PDMS to a gold/graphite
substrate, where exfoliated graphite is used as ground. The
nanobrooming process uses a BioAC-1 at a scan speed around 2
um/s with a pixel resolution of 2 nm for around S times or until the
surface is clean.

AFM Nanobroom

The nanobroom process, shown in Figure 2 and Figure SI, was
performed using a qp-BioAC-1 probe (NANOSENSORS) with a
measured spring constant of 0.141 nN nm™". The probe’s inverse
optical lever sensitivity (InvOLS) was 17.4 nm V™', and the set point
was 0.607 V, corresponding to an applied load of approximately 1.5
nN. Scans were conducted at 0.75 Hz over a 0.95 X 0.95 um? area,
yielding a scan speed of 1.78 ym s™' and ~25% total overscan. The
exact tip radius was not measured; however, the probe was not new
and had previously been used for LFM defect measurements.
Therefore, its radius of curvature should exceed the manufacturer’s
nominal value of 10 nm.

Growth Methods

SS-CVD Growth of WSe,. Monolayer and bilayer SS-CVD WSe,
are synthesized in a PlanarTech two-zone tube furnace. Samples are
directly grown on 90 nm of thermally grown SiO,, on highly doped
p'" Si substrates using perylene-3,4,9,10-tetracarboxylic acid tetrapo-
tassium salt (PTAS) as a growth promoter.®® Solid Se pellets and
WO; powders served as the precursors. First, the tube is flushed using
Ar gas; then, the main zone of the furnace is heated to 900 °C while
the selenium zone is heated to 550 °C. Then, the furnace is held at
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these temperatures, at the atmosphere, for 40 min with 5 sccm of H,
and 25 sccm of Ar as a carrier gas. The furnace is then left to cool to
room temperature.

SS-CVD Growth of WS,. Monolayer tungsten disulfide (WS,)
was synthesized via CVD using separate solid precursors. Sulfur (10—
40 g) was placed in a small quartz boat and positioned upstream in a
1-in. diameter quartz tube furnace. A mixture of tungsten trioxide
(WO,, 56 g) and sodium chloride (NaCl, 42 g) was placed in a
second quartz boat, which was centered within the furnace. A clean
growth substrate was placed face-down directly on top of this central
boat. The quartz tube was purged with argon (Ar) gas and maintained
under a continuous Ar flow of 25 sccm throughout the process. After
purging, the furnace temperature was ramped to 850 °C and held for
S min to facilitate growth, followed by natural cooling to room
temperature.

MOCVD Growth. The growth of monolayer WSe, was carried out
in a 1 in. hot-wall quartz tube furnace. Tungsten hexacarbonyl
(W(CO)g, WHC, Sigma-Aldrich) and dimethyl selenide ((CHj),Se,
DESE, Sigma-Aldrich) were used as chemical precursors for tungsten
and selenium. They entered the furnace in the gas phase using argon
as carrier gas, which were regulated individually using mass flow
controllers (MFCs).** The growth was performed at ~800 °C. The
flow rates were 10 sccm for WHC, 0.6 sccm for DESE, S sccm for H,,
and 20 sccm for Ar. The growth time for continuous monolayer WSe,
was 30 min.

Self-Flux Growth. WSe, crystals were synthesized by using a two-
step self-flux method. Tungsten powder (99.999% purity) and
selenium shot (99.999+% purity) were added to a quartz ampule in
either metal-to-chalcogen molar ratios of either 1:5 or 1:100. The
ampule was then evacuated to ~107° Torr, sealed, and placed in a
muffle furnace. The furnace temperature ramped to 1000 °C over 24
h, dwelled for 2 weeks, and then cooled to 25 °C. The WSe, crystals
and excess selenium were transferred to a new ampule with a quartz
wool filter, evacuated, sealed, and then heated to 285 °C for 30 min
before being removed, flipped, and centrifuged. The TMD crystals
were collected from the filter and transferred to a third ampule and
sealed. The ampule was annealed for 24 h in a temperature gradient
with the TMD crystals at the hot end (285 °C), and the cold end at
room temperature, melting and removing any excess selenium from
the crystals.

Device Fabrication

WSe, is grown via chemical vapor deposition (CVD) directly onto 90
nm SiO, on p™ Si substrates. First, alignment marks and large
probing pads (away from the device channels) are patterned. The
probing pads consist of electron-beam evaporated SiO, (25 nm), Ti
(1 nm), and Pt (15 nm), where the additional SiO, intends to limit
the leakage current to the substrate. We then define 1 ym wide
channels using electron-beam lithography (EBL) and etch with XeF,
(3 cycles, 30 s each, at 2.7 Torr). Finally, we define source/drain
contacts (contact length of 200 nm) with EBL and deposit either Au
(50 nm) or WO, (5 nm)/Pd (10 nm)/Au (35 nm), all of which were
electron-beam evaporated at ~5 X 107® Torr with a deposition rate of
0.5 As™"

Electrical Characterization

Electrical characterization of bilayer SS-CVD WSe, was performed
using a Cascade Microtech PLCS0 cryogenic probe station at room
temperature under <10™* mBarr vacuum pressure. The electrical
signal is collected and analyzed using an Agilent B1500 semi-
conductor parameter analyzer.

Raman Characterization

Raman measurements were obtained on a Horiba LabRAM system
utilizing a 532 nm laser with an 1800 lines per millimeter grating and
a Peltier-cooled detector. A 100X objective lens was utilized to focus
the laser beam onto the sample. The diameter of the laser spot was
about 0.7 pm, and the scattered signal was collected by the same
objective lens. The laser power for WSe, on SiO,/Si substrate is
around 80 yW. The laser power for WSe, on sapphire substrate is
around 400 uW.
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Suspended TMD Monolayer Fabrication

Photolithography masks were generated by using a Heidelberg
MLA150 maskless aligner. Patterning was carried out via i-line stepper
lithography (GCA) using SPR 700 photoresist, with an exposure dose
of 120 mJ/cm? Pattern transfer was performed by using inductively
coupled plasma reactive ion etching (ICP-RIE, Corial) with SF as the
etching gas. Following etching, residual photoresist was removed
using a sequential acetone/isopropanol/water rinse followed by an
oxygen plasma clean to eliminate any remaining organic contami-
nants. Metal layers consisting of titanium (S nm) and gold (50 nm)
were deposited using an Airco Temescal FC1800 electron beam
evaporator. Immediately after metal deposition, self-flux-grown WSe,
flakes were mechanically exfoliated onto the gold-coated substrates.
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Advantages

Disadvantages

Lateral Force Microscopy
(LFM)

Without the need of electrical
contact (i.e. in device channel,
on polymer substrate, and on
suspended materials).

No additional sample
preparation (i.e. can measure
on growth insulating
substrate).

Rapid Measurement (generally
faster than CAFM)

Can measure monolayer
TMDs without additional setup.
Routinely performed in
ambient environment.

Only top of the chalcogen site.
Cannot provide electrical
properties of the atomic
defects.

Cannot perform scanning
tunneling spectroscopy.

Conductive Atomic Force
Microscopy (CAFM)

All chalcogen site and metal
site defects.

Electrical properties of the
atomic defects.

Fast Measurement (much
faster than STM)

Can measure monolayer
TMDs without additional setup.
Routinely performed in
ambient environment.

Cannot perform scanning
tunneling spectroscopy.
Require additional sample
preparations AND / OR
electrical connections (i.e.
require transferring and
squeegee shown in Figure 1a
)-

Generally slower than LFM
because require additional
voltage tunning and stable
electrical signal.

Scanning Tunneling
Microscopy (STM)

All Chalcogen site and metal
site defects.

Electrical properties of the
atomic defects.

Can perform scanning
tunneling spectroscopy.
Higher resolution than LFM
and CAFM.

In general, cannot perform
monolayer measurements
without extensive preparation.
Require electrical connections.
Typically performed in
ultrahigh vacuum.

Generally, much slower than
CAFM.

Time consuming to switch
between samples due to the
low pressure.

Table S1. Advantages and disadvantages of LFM, CAFM, STM for the application of atomic defect
quantification. This comparison is not intended to be exhaustive; instead, it focuses specifically
on the strengths and limitations relevant to atomic defect quantification.
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Figure S1: Transfer characteristics of bilayer transistor shown in Figure 2 with Lc, = 1 um and
Vibs = -1V (a) before and (b) after nano-broom process, measured consecutively three times
with forward and backward sweeps.
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Figure S2: Raman and LFM characterization of a self-flux WSe, monolayer (a) Optical
microscopy image of the WSe, monolayer with the Raman measurement location indicated. (b)
Spatial map of the A’y + E’ Raman peak shift. (c) Representative Raman Spectrum of A’y + E’
peak. (d) LFM defect measurement on the same WSe2 monolayer.



