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Nanodevices

Irradiation of Transition Metal Dichalcogenides Using a
Focused lon Beam: Controlled Single-Atom Defect Creation

Jothi Priyanka Thiruraman, Paul Masih Das, and Marija Drndi¢*

Manipulation and structural modifications of 2D materials for nanoelectronic
and nanofluidic applications remain obstacles to their industrial-scale imple-
mentation. Here, it is demonstrated that a 30 kV focused ion beam can be
utilized to engineer defects and tailor the atomic, optoelectronic, and structural
properties of monolayer transition metal dichalcogenides (TMDs). Aberration-
corrected scanning transmission electron microscopy is used to reveal the
presence of defects with sizes from the single atom to 50 nm in molybdenum
(MoS,) and tungsten disulfide (WS,) caused by irradiation doses from 10'3 to
106 ions cm™2. Irradiated regions across millimeter-length scales of multiple

for the fabrication of atomic-level defects
with precisely controlled sizes, spatial den-
sities, and locations within the lattice.
Focused ion beams (FIBs) are widely
utilized for doping, device fabrication, and
micromachining in semiconductors such
as SiC, GaAs, and Ge.['>1%l More recently,
FIB irradiation has been extended as a
means of structural modification and
nanopatterning in 2D materials such as
graphene.['”l Theoretical studies!'®?" on

devices are sampled and analyzed at the atomic scale in order to obtain a
quantitative picture of defect sizes and densities. Precise dose value calcula-
tions are also presented, which accurately capture the spatial distribution of
defects in irradiated 2D materials. Changes in phononic and optoelectronic
material properties are probed via Raman and photoluminescence spectros-
copy. The dependence of defect properties on sample parameters such as
underlying substrate and TMD material is also investigated. The results shown
here lend the way to the fabrication and processing of TMD nanodevices.

1. Introduction

Among the expanding catalogue of 2D materials, transition
metal dichalcogenides (TMDs) have generated significant
interest due to their exceptional electronic, optical, and structural
properties.=3 In particular, TMDs have been noted for trans-
membrane applications such as DNA sequencing,**! energy
harvesting,l®) water desalination,”#! and gas separation®'*
because of their extreme thinness and ability to host sub-nanom-
eter scale pores. Other studies have shown that defects in single-
atom thick materials can be used to manipulate electronic,
magnetic, and catalytic properties.!"2 For example, defects in
wide-bandgap h-BN exhibit spin effects and potential quantum
functionality.'>'¥ The widespread realization of these applica-
tions is contingent upon the development of scalable processes
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the role of ion incidence angle and sub-
strate effects in the defect creation process
in 2D materials like TMDs and graphene,
and similar experimental studies,®2223]
are starting to emerge. A wide range of
techniques for defect creation have been
reported in literature including plasma
etching,/?*l thermal decomposition,®! acid
etching 2?7l electron irradiation,?¥! and
ion irradiation.®¥] The latter two irra-
diation methods directly allow for accu-
rate and spatially selective defect sites.
While electron irradiation is exercised for defect creation, it
predominately leads to monosulfur and disulphur vacancies
in TMDs.?®3% [n this study, exploiting the higher mass of
energetic ions, we are able to generate single-atom vacancies
in monolayer TMDs using ion irradiation. Previously, we have
also demonstrated ion irradiation as a method of fabricating
sub-nanometer pores in MoS, for ionic transport through
nanoporous membranes.®!

As of now, there is a relatively poor correspondence
between ion irradiation experiments and theory in 2D mate-
rials.B%1819311 One likely reason for these discrepancies is
the inadequate understanding of experimental parameters.
For example, material contamination has been ubiquitously
reported after ion irradiation and while it plays a significant role
in analytical and structural characterization, such “substrates”
are rarely accounted for in theoretical simulations.®17:31-34
Similarly, Surwade et al. demonstrated that water transport
properties in nanoporous graphene with defects produced
from electron and ion irradiation result in negligible water
flux while defects from oxygen plasma etching exhibit rapid
water transport, despite identical Raman spectra from the two
defect creation techniques.?l We speculate that this difference
in filtration performance may result from the lack of thorough
information of FIB operation on 2D materials. FIBs were devel-
oped with a primary focus for material fabrication and abla-
tion to produce microstructures, and therefore their usage on
2D materials is still unconventional and underdeveloped. For
example, traditional stopping range/transport of ions in matter
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(SRIM/TRIM) softwarel3! is widely used to replicate FIB-based
micromanufacturing/doping in bulk materials, but its approach
of binary-collision approximation treats 2D materials as an
amorphous material with no regard to atomic crystallinity and
produces inaccurate results.[1822:23:36]

In this report, we investigate the effects of FIB irradiation
on the structural, optoelectronic, and phononic properties of
monolayer TMDs. Aberration-corrected scanning transmission
electron microscopy (AC-STEM) along with scanning electron
microscopy (SEM) provide information into a tenable irradia-
tion mechanism and feature properties of fabricated defects
with sizes over three orders of magnitude from =0.1 nm
(atomic vacancies) to 50 nm large holes. Irradiated TMD mate-
rials appear less contaminated than graphene systems due to
less reactive defect sites, which allows for consistent defect
creation and analysis over comparatively large, millimeter-
length scales across different samples. Characteristics of the
irradiated membranes such as defect density percentage and
average defect size are also quantified and reported as a func-
tion of TMD material, supporting substrate, and irradiation
dose. Raman and photoluminescence (PL) spectroscopy results
demonstrate macroscale changes in material properties due to
FIB irradiation.

2. Results and Discussion

Figure 1a shows a schematic of the process used to irradiate
monolayer TMDs. A TMD flake grown by chemical vapor depo-
sition (CVD) is transferred through a chemical wet etch process
(see the Experimental Section), suspended on a holey carbon
substrate, and exposed to a 30 kV Ga* focused ion beam that
is incident normal to the sample. In our study, we use a com-
bination of Raman spectroscopy (see Figure 3 and Figure S2
in the Supporting Information), PL spectroscopy (see Figure 3),
and atomic resolution AC-STEM imaging (see Figures 1,3,
and 4, and Figure S1 in the Supporting Information) to con-
firm the monolayer nature of our materials. These data are
consistent with previous reports of monolayer TMDs.[+12:28:37]
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Exposure parameters and dose calculations are discussed later.
Irradiated samples are first characterized through high-angle
annular dark-field (HAADF) imaging, an AC-STEM technique
by which mass contrast information of individual atomic posi-
tions is obtained, particularly well-suited to atomically thin
2D materials.®3*37] Figure 1b,c shows HAADF lattice image
of WS, and MoS,, respectively, that have been exposed to FIB
irradiation with doses of 1.5 x 10** and 5.1 x 10'? ions cm~2,
respectively. Within the hexagonal lattice structure, single-atom
defects (i.e., vacancies) are identified by the absence of contrast
at regularly spaced lattice positions. We focus here on transi-
tion metal sites due to the weak HAADF contrast of S atoms
compared to heavier Mo/W atoms® and observe that defects
with tunable densities and sizes down to a single atom can be
engineered over millimeter-scale areas in TMDs (limited by the
FIB exposure area). STEM imaging was performed at an accel-
eration voltage of 80 kV while focusing time and probe current
were minimized (see the Experimental Section) such that tran-
sition metal defect fabrication from electron beam knock-on
damage is expected to be negligible.?8:2%)

We first demonstrate the underlying mechanisms involved
in the irradiation process and highlight certain features that are
unique in the context of 2D materials. lon beam exposure dose
D for bulk materials is typically given as

p=— 0
qA
where I is the ion beam current, ¢ is the total exposure time,
q is the ion charge, and A is the exposure area.’?! In bulk mate-
rials, dose—i.e., the number of ions hitting the sample surface
per cm?—is used as a measure of doping or implanting ions
into a substrate.**#l However, this concept has been loosely
borrowed for 2D materials where ions are used for defect
creation®23#2 and as shown later, fails to accurately account
for the irradiated area since beam raster can cause nonuniform
irradiation on materials at the nanoscale.

We suggest the following empirical formula that more accu-
rately describes the direct-ion impact which can cause the

WS

2

Figure 1. a) Graphic of pixel-by-pixel irradiation mechanism on a monolayer TMD flake (orange) suspended over 1 um diameter holes using a
focused Ga* ion beam (yellow). The inset illustrates the raster pattern of the FIB. HAADF AC-STEM images of suspended monolayer b) WS, and
c) MoS, flakes after FIB irradiation with doses of 1.5 X 10" and 5.1 x 10' ions cm™2, respectively. Defects are recognized by the absence of contrast
at lattice sites. Due to the Z-contrast behavior of HAADF imaging, the image intensity of S atoms is weaker compared to heavier Mo/W atoms. Scale

bars in (b) and (c) denote 2 nm.
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spatial distribution of defects formed in 2D materials. This is
given as

_I4N,
qAbeam

b (2)

where t4 is the dwell time per pixel, N; is the number of scans,
and Ape.m is the area of the ion beam spot. Compared to the
bulk formula, total exposure time here is determined by the
number of repetitive scans, N, on each pixel. As in this study,
N; is applicable in techniques where imaging/rastering mode
(or “grab frame”) capture is involved. We utilize an ion probe
current of 10 pA and spot-size of 100 nm diameter (Figure 1a).
Previous dose calculations***! typically use Equation (1) where
area A corresponds to the total area of all pixels in the imaging
area. However, only a small region of each pixel is exposed to
the ion beam. Therefore, our dose calculation (Equation (2))
only accounts for the area of the ion beam spot size (Apeam) that
is irradiated within each pixel (see Figures 1a and 2b). To cal-
culate the dose, we multiply the irradiated area by the number
of times the beam scans over the surface of the sample. Using
the total scan area (Equation (1)) gives a less accurate dose esti-
mate because defects caused by ion irradiation in 2D materials
are only created in irradiated regions and not across the whole
sample surface that is scanned under the ion beam. Differences
in dose calculations between Equations (1) and (2) can be found
in Table S9 in the Supporting Information. In this study, scans
are controlled with a resolution (n,) of 416 x 416 pixels, pixel
width of 600 x 600 nm, and dwell time (t3) of =16 Us per pixel
to irradiate a selected region of the suspended flake, unless
otherwise specified.

Observation of these values and the corresponding dose cal-
culation reveal the resolution at which the irradiation was con-
ducted and the possible nonuniform spacing between defects.
Figure 2a shows one such scenario where the raster pattern
on a monolayer WS, flake is noticed as dark, irradiated (pink
line) and bright, unirradiated (blue line) bands in a scanning
electron micrograph. This is intuitive as the ion beam spot can
be described as a Gaussian function whose maximum is inci-
dent at the center of each pixel.'%43] With a set resolution, the
FIB software divides the imaging area into a number of pixels
over which the beam will scan in a raster pattern. The pixel
width, spot size, and overlap % of the ion beam play a signifi-
cant role in decoding and mapping the pattern and spacing of
defects on an irradiated sample. This is clearly demonstrated in
the low-magnification HAADF image of FIB-irradiated mono-
layer WS, suspended over a 2.5 um diameter hole in Figure 2b.
Here, we observe linear bands of defective areas spaced =500 nm
apart. This nonhomogeneous pattern corresponds to the raster
mechanism of the FIB where the spacing between bands or
stripes is controlled by the specified resolution (i.e., pixel width).

High-magnification images reveal that the individual holes
or tears in the material are shaped as equilateral triangles with
side lengths of =50 nm (area =1200 nm?) (Figure 2c). Single tri-
angles coalesce into larger defects near band centers, where the
middle of the Gaussian ion beam hits the sample (Figure 2d).
Quantitative analysis of the defects (see the Experimental Sec-
tion) yields average and median defect areas of =1420 and
1140 nm?, respectively (Figure 2e).
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Figure 2. a) SEM micrograph displaying the raster pattern caused by
an ion beam at 4.3 X 10" jons cm™2 (t4 = 32 us per pixel) with (inset)
high resolution image of raster bands/stripes on suspended monolayer
WS,. b) TEM micrograph of suspended monolayer WS, irradiated with
a dose of 5.3 x 10" ions cm2 showing varying defect density across a
suspended WS, membrane of 2.5 um diameter. ¢,d) Zoomed-in images
of the two regions indicated in (b), clearly showing triangular tears caused
by Ga* ion irradiation. e) Histogram of defects for suspended WS, sam-
ples exposed to 5.3 x 10" ions cm~2 exhibiting average and median defect
sizes of =1420 and 1140 nm?.

We also probe the effects of varying irradiation dose D,
achieved by retaining a constant dwell time per pixel, t3, and
changing the total number of FIB raster scans, Ns. In addition
to pristine material (Figure S1, Supporting Information), irradia-
tion doses ranging over three orders of magnitude from 5.1 x 10'3
to 3.1 x 10'° ions cm™ are studied. Figure 3 shows a series of
low-magnification (top row) and high-magnification (bottom
row) HAADF AC-STEM images of variably irradiated suspended
monolayer WS, membranes. A low degree (5.1 x 10! ions cm™)
of irradiation results in the appearance of single transition
metal atom defects (Figure 3c,d). Larger levels of FIB irradiation
(6.4 x 10'*-1.9 x 10" ions cm™) show a denser distribution of
single atom to sub-nanometer defects (Figure 3e-h). The atomic
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Figure 3. (Top row) Low- and (bottom row) high-magnification HAADF AC-STEM images of suspended monolayer WS, exposed to Ga* FIB irradiation
with doses of a,b) 0 ions cm?, ¢,d) 5.1 X 10'* ions cm™2, e,f) 6.4 x 10" ions cm2, g,h) 1.9 x 10" ions cm2, and i,j) 3.1 X 10'® jons cm~2. k) PL spectra
of FIB-irradiated WS, with (inset) spectral weight percentage plot for the exciton (X, blue), trion (Xy, green), and defect (Xp, red) peaks. ) Raman
spectra of FIB-irradiated WS, showing no change over the irradiation dose range (also see Figure S2 in the Supporting Information).

configuration of these defects is described later in Figure 5b. We
note observable defect areas of =0.10, =0.14, and =0.27 nm? for
V(IW+6S), V(2W+2S), and V(3W+12S), respectively.
Quantitative analysis for all doses is provided in Figure 4
and Figure S3 in the Supporting Information. Under an
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order of magnitude higher dose 3.1 x 10'® ions cm™2, the
membrane begins to display larger, nanometer-scale defects
(Figure 3i,j). We note that unlike irradiated graphene, which
becomes heavily contaminated due to the pinning of atmos-
pheric impurities at defect sites,?1'33] the exposed TMDs did

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a)

Ga* ion beam

Si/Sio,
Substrate

Supported

MoS2

Transfer of
TMDC flake

—_

Suspended

(b)

(g) 10‘ 3 Pristine 1
Supported

Suspended

Pristine

Supported

Suspended

of 4

102} l & ;
0

MoS,
oen

100}

Defect Density (%)
ws,

e

f0° 1% 10%  10%
Dose (ions/cm?)

( h ) Pristine

Supported
Suspended

100.

MoS,
oen

Pristine
Supported
Suspended

WS,
een

10}

Average Defect Area (nm?)

0 10% 10" 10"  10%
Dose (ions/cm?)

Figure 4. a) Schematic of the irradiation mechanism for monolayer TMDs supported on a Si/SiO, substrate using a focused Ga* ion beam (yellow).
b) After irradiation, samples are transferred onto holey carbon films and imaged using AC-STEM (electron beam, green). HAADF AC-STEM images
of ¢) substrate-supported MoS,, d) substrate-supported WS,, €) suspended MoS,, and d) suspended WS, after exposure to FIB irradiation with a
dose of 5.1 x 10'3 ions cm™2. Summarized g) defect density and h) average defect area values of (square) pristine, (diamond) substrate-supported,
and (circle) suspended monolayer TMDs for irradiation dose values of 0, 5.1 x 10'3, 6.4 x 10", 1.9 x 10'°, and 3.1 x 10'® ions cm™2. Results for MoS,
and WS, are shown in blue and red, respectively. Further statistics and histograms of individual defects are provided in Figures S3, S5, and S6 in the

Supporting Information.

not exhibit a noticeable increase in contamination until doses
above 10'® ions cm™ due to the presence of ablated material
on the membrane. This suggests that defects in TMDs are less
chemically reactive than defects in graphene, which can facili-
tate consistent structural characterization across samples and
over large length scales. Above 3.1 x 10 ions cm™2, irradiated
membranes were observed to be mechanically unstable and
prone to collapse.[*4

Moving from atomic- to bulk-scale properties, we utilize
PL and Raman spectroscopy to characterize the effects of FIB
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irradiation on the optoelectronic and phononic structure of
TMDs, respectively. Figure 3k shows the PL spectra (excitation
wavelength = 532 nm) obtained from suspended monolayer
WS, membranes exposed to FIB irradiation from 0 (pristine)
to 3.2 X 10'° ions cm™2. Spectra were fit to three characteristic
WS, excitations: defect (Xp, 1.88 eV), trion (Xy, 1.96 eV), and
exciton (X, 2.02 eV).* The spectral weight percentage for
each excitation as a function of irradiation dose is shown in the
inset of Figure 3k. In particular, Xp exhibits a direct depend-
ence on dose and monotonically increases from 0.7% in the
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Figure 5. a) Average defect area versus defect density for FIB-irradiated (doses from 10'3-10'¢ ions cm™?) (blue) MoS, and (red) WS,. Pristine, sub-
strate-supported, and suspended systems are represented by squares, diamonds, and circles, respectively. Error bars represent one standard deviation
above and below average values. b) High-magnification AC-STEM images of individual defects along with their observed atomic configuration. The
average areas of V(1W+6S), V(2W+2S), and V(3W+12S) are =0.1, =0.14, and =0.27 nm?, respectively.

pristine case to 3% for 3.2 X 10'® ions cm™2. This is similar to
the case of plasma-irradiated WS,, in which Xp increases up
to 40% as a function of plasma exposure.l*”] However, unlike
plasma-etched WS,, where Xt steadily decreases with exposure
time, FIB-irradiated WS, experiences a peak (57%) in Xt at
6.4 x 10" ions cm™2, which results in redshift of the PL signal.
Similarly, X, is lowest (41%) at this dose. This suggests that Xt
and X, are not sensitive to atomic defects (i.e., sub-nanometer
defects do not induce doping). We attribute this peak in Xt at
6.4 x 10™ ions cm™ to the presence of substitutional dopants
in suspended WS, at this dose (see Figure S7 in the Sup-
porting Information). The origin and effect of these substi-
tutional dopants that appear in AC-STEM images in place of
W atoms are being studied extensively as a part of a separate
work. We are currently not able to confidently attribute their
origin to a specific step during sample growth or subsequent
handling. We also note that with increasing FIB irradiation, PL
peak intensity decreases monotonically by roughly two orders
of magnitude for both monolayer WS, and MoS,.[®l Although
further analytical TEM studies are needed, the PL intensity
decrease observed here suggests that FIB irradiation likely pro-
duces mainly transition metal defects rather than chalcogen
vacancies, because chalcogen vacancies were previously found
to cause an increase in PL intensity, opposite from what we
measure. 374
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In addition to PL, Raman spectroscopy is widely imple-
mented to characterize vibrational modes within 2D materials
and has previously been used to analyze He™-, Ne*-, Mn*,
and Ga'-irradiated MoS,.23 Figure 31 exhibits the Raman
spectra for FIB-irradiated WS, for the corresponding doses in
Figure 3k. Spectra were normalized and fit to characteristic WS,
vibrational modes, in particular the second-order longitudinal
acoustic 2LA(M), in-plane E',4(I'), and out-of-plane A;4(I') modes
(Figure S2, Supporting Information).l*8] Over the irradiation
dose range measured here, we do not observe any changes
or significant shifts in the Raman spectra. This has also been
reported in plasma-irradiated WS, under the same excitation
(532 nm) by Chow et al. and implies that the primary phonon
modes in WS, are not sensitive to defects at this wavelength.*]

While several low-frequency peaks do appear, we similarly
did not see changes in the E';,(T') and A, (") modes of FIB-irra-
diated MoS,.®l This is consistent with previous reports, which
only observe peak shifts in highly defective MoS,,** and sug-
gests that sub-nanometer defects with low densities (<1%) do
not affect the Raman spectra of monolayer MoS,.

Due to the versatility of FIB instrumentation, irradiation can
be performed on a wide range of substrates and materials under
a variety of conditions. Here, we investigate the role of the under-
lying substrate on the resulting structural and defect character-
istics of different monolayer TMD materials. Figure 4a,b shows

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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schematically the substrate-supported irradiation and charac-
terization process. CVD-grown TMD flakes were exposed to
5.1 x 10" ions cm™ FIB irradiation while sitting on a Si/SiO,
substrate, transferred to a holey carbon film using a wet etch pro-
cess, and imaged using HAADF AC-STEM (see the Experimental
Section for more details). Figure 4c,d exhibits the obtained
AC-STEM images for MoS, (blue) and WS, (red) flakes, respec-
tively. Figure 4e,f shows corresponding images for flakes that
were exposed to the same irradiation dose (5.1 X 10* ions cm™)
while suspended on a holey carbon film (Figure 1a).

By sampling over multiple atomic resolution images (see
the Experimental Section), we obtain values for average defect
area and defect density, defined as the percentage of transition
metal sites containing vacancies. The total image area ana-
lyzed for each sample configuration (total =10° nm?) is listed
in Table S4 in the Supporting Information while histograms of
defect sizes for MoS, and WS, are given in Figures S5 and S6
in the Supporting Information, respectively. The results for dif-
ferent FIB exposure conditions including irradiation dose (see
Figure 3), underlying substrate, and TMD material are sum-
marized in Figure 4gh. A direct dependence of defect density
(Figure 4g), average defect area (Figure 4h), and median defect
area (Figure S3, Supporting Information) on irradiation dose
is observed (Figure 5). For example, suspended WS, (red cir-
cles, Figure 4g,h) has defect densities of =0.01%, 0.08%, 0.2%,
0.9%, and 8% for increasing irradiation doses of 0, 5.1 x 10%3,
6.4 x 10, 1.9 x 10, and 3.1 x 10'° ions cm™2, respectively.
Such increases in defect area and density are expected due
to the creation of new defects as well as the enlargement of
existing defects as the number of raster scans (N;) across the
sample increases.

The application of different TMD materials and substrates
offers additional methods of tuning defect properties. For
example, under an irradiation dose of 5.1 x 10'® ions cm™2, sus-
pended monolayer MoS, (blue circles, Figure 4g,h) has a defect
density and average area of 1.2% and 0.28 nm?, respectively.
These are significantly larger than the corresponding values
of 0.08% and 0.12 nm? obtained for suspended WS,. Similar
trends are observed in supported materials and suggest that
defects are more readily produced in MoS, compared to WS,
possibly due to its lower displacement threshold energy. The
relationship between average defect area and defect density (%)
is presented for substrate-supported and suspended monolayer
TMDs exposed to FIB irradiation in Figure 5a. We measure that
the average defect area increases to ~1 nm?, as the defect den-
sity increases to =10%.

Figure 4gh also demonstrates that the presence of a sub-
strate causes lower defect densities and average defect areas.
For instance, suspended MoS, displays an average defect area of
0.28 nm? while supported MoS, (blue diamonds, Figure 4gh)
has a lower value of 0.14 nm? under 5.1 x 10 ions cm™
irradiation. Likewise, the defect density of 0.007% for
supported WS, (red diamonds, Figure 4gh) at this dose is an
order of magnitude smaller than 0.08% for suspended WS,.
We note that while supported WS, demonstrates a low defect
density due to the occurrence of FIB-induced substitutional
dopants (see Figure S7 in the Supporting Information), it dis-
plays an average defect area (0.08 nm?) that is consistent with
the size of a single transition metal vacancy (0.07 nm?). In other
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words, for the same irradiation dose of 5.1 X 10'* ions cm~2, we
obtain single-atom defects in case of WS, and larger defects
ranging from 0.05 to 0.4 nm? in the case of MoS, (see Figures S5
and S6 in the Supporting Information). This effect of larger
defects in MoS, compared to WS, for a given dose is consistent
for both suspended and supported material.

Recent simulations with kilovolt-range Ne* and Ar* ion irra-
diation of MoS, suggest that in addition to direct sputtering,
further defects in supported MoS, are created due to back-
scattered ions and atoms sputtered from the substrate.l'823]
However, this is not expected for heavier ions such as Ga*.
This is consistent with the fact that we do not see larger/denser
defects in supported materials and also shows that direct ion
sputtering is more dominant than substrate-induced defects
in Ga*-irradiated TMDs. While FIB irradiation enables defect
engineering with tunable densities and sizes down to a single
atom, further experimental and theoretical studies are needed
in order to clarify the different mechanisms that result in
defects as a function of ion composition, TMD material, and
different sample architectures.

3. Conclusion

In conclusion, we studied the effects of ion beam irradiation
on the atomic structure and properties of monolayer TMDs
and demonstrated how an industry-prevalent tool can be used
to fabricate single-atom defects over millimeter-scale areas.
In addition to ion beam current and exposure time, we have
highlighted the importance of other overlooked parameters
such as magnification/resolution, dwell time, and exposure
technique under which the FIB irradiation is performed since
this directly dictates the spatial distribution of defects, espe-
cially in 2D materials. It is important for future studies to recite
the specifications of their ion irradiation parameters as pre-
sented in this study for any potential reproducibility and com-
parison. Using a precise set of parameters, we created defects
with tunable sizes and densities over several orders of magni-
tude in MoS, and WS, for different sample configurations (i.e.,
suspended vs substrate-supported) across irradiation doses
from 10*-10% ions cm™2. SEM and AC-STEM revealed that
average defect areas and densities were larger in suspended
materials and in MoS, compared to WS,. Raman spectroscopy
under a 532 nm excitation revealed little to no variations in the
phononic structure of FIB-irradiated TMDs while PL showed
changes in the optoelectronic structure arising from increased
defect states. The observations presented here promote future
studies on utilizing defects for a thriving variety of potential
applications in TMDs ranging from nanoporous membranes
for gas and fluid transport to newly emerging ideas of quantum
information processing.

4. Experimental Section

CVD Growth: Monolayer MoS; and WS, flakes were grown using CVD
processes similar to previously reported methods.*>% Solutions of 0.2
(2)% sodium cholate growth promoter and 18 (15) x 10> M ammonium
heptamolybdate (metatungstate) were spun onto piranha-cleaned Si
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substrates coated with 300 (150) nm of SiO,, which were then loaded into
the center of a 1 in. tube furnace (Thermo Scientific Lindberg/Blue M). For
the MoS; growth, samples were heated under N, gas flow (700 sccm) at a
rate of 70 °C min~' and held at 750 °C for 15 min. For WS,, samples were
heated in Ar (100 sccm) at a rate of 65 °C min™' and held at 800 °C for
10 min, during which time 15 sccm of H, was also added. Approximately
100 mg of sulfur precursor placed 22 cm from the substrates was kept at
180 °C during the growth procedures. Both samples were rapidly cooled
to room temperature by cracking open the furnace.

Device Fabrication: WS, and MoS, crystals were transferred from Si/
SiO, substrates to holey carbon TEM grids using a wet etch technique.
Crystals were first coated with C4 PMMA while aqueous 1 m KOH
solution was used to etch away the underlying substrate. After being
washed in deionized (DI) H,0, crystals were scooped onto TEM
grids and dried for 30 min. Polymer liftoff and sample cleaning were
performed using acetone and rapid thermal annealing in Ar:H, gas,
respectively.

Gallium lon lIrradiation: Monolayer TMDs flakes were irradiated
with a Ga* sourced ion beam FEI Strata-Dual Beam instrument. The
acceleration voltage of the ion beam was set to 30 kV and incident
normal to the surface. The beam spot size was observed to be 100 nm
for a flash second at 10 pA current. In order to produce atomic defects,
an area of 250 x 250 um was irradiated with the dwell time (16 us),
current (10 pA), and pixel resolution (1024 x 884) kept constant. The
exposure was carried out in an imaging mode which followed a raster
pattern where the beam sequentially exposed each pixel in a row. FEI FIB
Strata DB 235 has an option to “grab frame” which takes a single scan
at a set resolution; this option was employed for all the scans. The dose
was varied by changing the number of scans. Suspended and substrate-
supported samples were exposed to FIB irradiation while sitting on
holey carbon TEM grids and Si/SiO, substrates, respectively.

AC-STEM Imaging: MoS, and WS, samples were imaged using
a Cs-corrected JEOL ARM 200CF STEM operating at 80 kV. Images
were obtained using a HAADF detector with a collection angle of
54-220 mrad and 10 cm camera length. Probe current (22 pA), focusing
time (<2 s), and electron dose (=6.0 X 10° e* nm2) were kept low to
minimize beam-induced knock-on damage (see Figure S8 in the
Supporting Information).[228]

AC-STEM Image Analysis: All images from various doses were
analyzed using Fiji or Image] software.’'] Custom macros were built for
studying large number of files. Since images for doses of 1.9 x 10'> and
3.1 x 10'® ions cm™2 consisted of large/nanoporous defects, a repeatable
macro was used to calculate the number of defects (see the Supporting
Information of ref. [8] for more details). In order to reduce noise and
increase visibility of the atoms, Image| was used, and a Gaussian blur
filter with 0.03 nm of blurring radius was applied. Prior to defect counting
from AC-STEM images, further noise reduction was applied using the
“remove outliers” process. At this point, AC-STEM signal from sulfur
atoms was spread. Cleaned images were then subjected to the “local
threshold” process with the Sauvola method to obtain binary images
which consisted of black-colored defect regions and white-colored TMD
regions. Statistical analysis of the defect area and the number of defects
were carried out using these binary images.

Images for doses of 0, 5.1 x 10'3, and 6.4 x 10" ions cm™
primarily consisted of smaller/single-atom defects such that filters
and noise reduction tools were utilized as required by each image.
The core procedure for image analysis remained the same as above.
Overall, a Gaussian blur filter (radius = 0.03-2 nm) was applied
to increase the signal of the transition metal atom. The sulfur site
vacancy and sulfur defects were ignored due to lack of contrast
caused by polymer contamination. Additional noise reduction tools
such as “background subtraction” were employed if the resultant
image yielded better contrast. The goal was to count the individual
defect sizes (=0.06 nm?, single W defect) from each image using
“analyze particle” in Image).

Raman and PL Spectroscopy: Raman and PL spectra from multiple
pristine and FIB-irradiated samples were obtained in an NTEGRA
Spectra system with 532 nm excitation and CCD detector. Raman
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measurements were acquired with an 1800 lines mm™ grating while

PL spectra were attained under a 150 lines mm™' grating. Raman data
(intensity vs Raman shift) for monolayer WS, were fit to three vibrational
Lorentzian modes: 2LA(M) at 350 cm™, E',,(I) at 356 cm™, and
Aig() at 418 cm™ #7481 PL data (intensity vs energy) were fit to three
excitations: defect (Xp) at 1.88 eV, trion (X7) at 1.96 eV, and exciton (Xo)
at 2.02 eV.[*l

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

J.P.T. and P.M.D. contributed equally to this work. M.D., J.P.T. and
P.M.D. devised the project plan. |.P.T. carried out sample fabrication,
FIB irradiation and TEM image analysis. P.M.D. conducted AC-STEM
imaging and Raman/PL measurements/analysis. ].P.T. and P.M.D. grew
TMD materials. The authors thank Dr. Jamie Ford and Dr. Matthew
Brukman of the University of Pennsylvania for their help with FIB
irradiation and PL/Raman spectroscopy, respectively. The authors also
acknowledge assistance with AC-STEM imaging from Dr. Robert Keyse
of Lehigh University and Dr. William Parkin and Dr. Douglas Yates of
the University of Pennsylvania. They also appreciate Dr. Gopinath Danda
for insightful discussions and help with illustrations. This research was
primarily supported by NSF through the University of Pennsylvania
Materials Research Science and Engineering Center (MRSEC) (DMR-
1720530) and NSF Grant EFRI 2-DARE (EFRI-1542707). This work was
performed in part at the University of Pennsylvania’s Singh Center for
Nanotechnology, an NNCI member supported by NSF Grant ECCS-
1542153. ).P.T. acknowledges fellowship support from the Vagelos
Institute of Energy Science and Technology (VIEST).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

2D materials, defects, ion beam irradiation, nanopores, transition metal
dichalcogenides

Received: June 11, 2019
Revised: July 19, 2019
Published online:

[1] K. F.Mak, C. Lee, ). Hone, ). Shan, T. F. Heinz, Phys. Rev. Lett. 2010, 105, 2.

[2] D. Jariwala, V. K. Sangwan, L. J. Lauhon, T. ). Marks, M. C. Hersam,
ACS Nano 2014, 8, 1102.

[3] Q. H. Wang, K. Kalantar-Zadeh, A. Kis, ). N. Coleman, M. S. Strano,
Nat. Nanotechnol. 2012, 7, 699.

[4] G. Danda, P. Masih Das, Y.-C. Chou, J. T. Mlack, W. M. Parkin,
C. H. Naylor, K. Fujisawa, T. Zhang, L. B. Fulton, M. Terrones, A.
T. Charlie Johnson, M. Drndi¢, ACS Nano 2017, 11, 1937.

[5] K. Liu, ). Feng, A. Kis, A. Radenovic, ACS Nano 2014, 8, 2504.

[6] L. Wang, M. S. H. Boutilier, P. R. Kidambi, D. Jang,
N. G. Hadjiconstantinou, R. Karnik, Nat. Nanotechnol. 2017, 12, 509.

[7] M. Heiranian, A. B. Farimani, N. R. Aluru, Nat. Commun. 2015, 6, 8616.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[8] J. P. Thiruraman, K. Fujisawa, G. Danda, P. Masih Das, T. Zhang,
A. Bolotsky, N. Perea-Lépez, A. Nicolai, P. Senet, M. Terrones,
M. Drndi¢, Nano Lett. 2018, 18, 1651.

[9] K. Yin, S. Huang, X. Chen, X. Wang, J. Kong, Y. Chen, |. Xue, ACS
Appl. Mater. Interfaces 2018, 10, 28909.

[10] J. Zhao, G. He, S. Huang, L. F. Villalobos, M. Dakhchoune,
H. Bassas, K. V. Agrawal, Sci. Adv. 2019, 5, eaav1851.

[17] G. Ye, Y. Gong, ). Lin, B. Li, Y. He, S. T. Pantelides, W. Zhou,
R. Vajtai, P. M. Ajayan, Nano Lett. 2016, 16, 1097.

[12] J. Hong, Z. Hu, M. Probert, K. Li, D. Ly, X. Yang, L. Gu, N. Mao,
Q. Feng, L. Xie, J. Zhang, D. Wu, Z. Zhang, C. Jin, W. Ji, X. Zhang,
J. Yuan, Z. Zhang, Nat. Commun. 2015, 6, 6293.

[13] A. L. Exarhos, D. A. Hopper, R. N. Patel, M. W. Doherty,
L. C. Bassett, Nat. Commun. 2019, 10, 222.

[14] Z. Shotan, H. Jayakumar, C. R. Considine, M. Mackoit, H. Fedder,
J. Wrachtrup, A. Alkauskas, M. W. Doherty, V. M. Menon,
C. A. Meriles, ACS Photonics 2016, 3, 2490.

[15] S. Reyntjens, R. Puers, J. Micromech. Microeng. 2001, 11, 287.

[16] J. Melngailis, J. Vac. Sci. Technol., B: Microelectron. Nanometer Struct.
1987, 5, 469.

[17] C. T. Pan, ). A. Hinks, Q. M. Ramasse, G. Greaves, U. Bangert,
S. E. Donnelly, S. J. Haigh, Sci. Rep. 2015, 4, 6334.

[18] S. Kretschmer, M. Maslov, S. Ghaderzadeh, M. Ghorbani-Asl,
G. Hlawacek, A. V. Krasheninnikov, ACS Appl. Mater. Interfaces 2018,
10, 30827.

[19] M. Ghorbani-Asl, S. Kretschmer, D. E. Spearot, A. V. Krasheninnikoy,
2D Mater. 2017, 4, 025078.

[20] M. Schleberger, ). Kotakoski, Materials 2018, 11, 1885.

[21] E. H. Ahlgren, ). Kotakoski, A. V. Krasheninnikov, Phys. Rev. B 2011,
83, 115424,

[22] O. Ochedowski, O. Lehtinen, U. Kaiser, A. Turchanin, B. Ban-d’Etat,
H. Lebius, M. Karlugi¢, M. Jaksi¢, M. Schleberger, Nanotechnology
2015, 26, 465302.

[23] P. Maguire, D. S. Fox, Y. Zhou, Q. Wang, M. O'Brien, J. Jadwiszczak,
C. P. Cullen, J. McManus, S. Bateman, N. McEvoy, G. S. Duesberg,
H. Zhang, Phys. Rev. B 2018, 98, 134109.

[24] S. P. Surwade, S. N. Smirnov, I. V. Vlassiouk, R. R. Unocic,
G. M. Veith, S. Dai, S. M. Mahurin, Nat. Nanotechnol. 2015, 10, 459.

[25] X. Liu, J. D. Wood, K. S. Chen, E. Cho, M. C. Hersam, J. Phys. Chem.
Lett. 2015, 6, 773.

[26] P. Masih Das, J. P. Thiruraman, Y.-C. Chou, G. Danda, M. Drndic,
Nano Lett. 2019, 19, 392.

[27] S. C. O’'Hern, M. S. H. Boutilier, J. C. Idrobo, Y. Song, J. Kong,
T. Laoui, M. Atieh, R. Karnik, Nano Lett. 2014, 14, 1234.

[28] W. M. Parkin, A. Balan, L. Liang, P. Masih Das, M. Lamparski,
C. H. Naylor, J. A. Rodriguez-Manzo, A. T. Charlie Johnson,
V. Meunier, M. Drndi¢, ACS Nano 2016, 10, 4134.

[29] H.-P. Komsa, . Kotakoski, S. Kurasch, O. Lehtinen, U. Kaiser,
A. V. Krasheninnikov, Phys. Rev. Lett. 2012, 109, 035503.

[30] A. Yoshimura, M. Lamparski, N. Kharche, V. Meunier, Nanoscale
2018, 10, 2388.

Adv. Funct. Mater. 2019, 1904668

1904668 (9 of 9)

[31] M. Tripathi, A. Markevich, R. Bottger, S. Facsko, E. Besley,
J. Kotakoski, T. Susi, ACS Nano 2018, 12, 4641.

[32] M. Tripathi, A. Mittelberger, K. Mustonen, C. Mangler, J. Kotakoski,
J. C. Meyer, T. Susi, Phys. Status Solidi RRL 2017, 11, 1700124.

[33] . Susi, T. P. Hardcastle, H. Hofsass, A. Mittelberger,
T. J. Pennycook, C. Mangler, R. Drummond-Brydson, A. ]. Scott,
J. C. Meyer, ). Kotakoski, 2D Mater. 2017, 4, 021013.

[34] U. Bangert, W. Pierce, D. M. Kepaptsoglou, Q. Ramasse, R. Zan,
M. H. Gass, ). A. Van den Berg, C. B. Boothroyd, J. Amani,
H. Hofsass, Nano Lett. 2013, 13, 4902.

[35] J. F. Ziegler, M. D. Ziegler, J. P. Biersack, Nucl. Instrum. Methods
Phys. Res., Sect. B 2010, 268, 1818.

[36] O. Lehtinen, J. Kotakoski, A. V. Krasheninnikov, A. Tolvanen,
K. Nordlund, J. Keinonen, Phys. Rev. B 2010, 81, 153401.

[37] V. Carozo, Y. Wang, K. Fujisawa, B. R. Carvalho, A. McCreary,
S. Feng, Z. Lin, C. Zhou, N. Perea-Lépez, A. L. Elias, B. Kabius,
V. H. Crespi, M. Terrones, Sci. Adv. 2017, 3, e1602813.

[38] B. Zheng, C. Ma, D. Li, ). Lan, Z. Zhang, X. Sun, W. Zheng, T. Yang,
C. Zhu, G. Ouyang, G. Xu, X. Zhu, X. Wang, A. Pan, J. Am. Chem.
Soc. 2018, 740, 11193.

[39] B. D. Huey, R. M. Langford, Nanotechnology 2003, 14, 409.

[40] D. P. Adams, M. J. Vasile, J. Vac. Sci. Technol., B: Microelectron.
Nanometer Struct. 2006, 24, 836.

[41] W. C. L. Hopman, F. Ay, W. Hu, V. J. Gadgil, L. Kuipers, M. Pollnau,
R. M. de Ridder, Nanotechnology 2007, 18, 195305.

[42] Z. He, R. Zhao, X. Chen, H. Chen, Y. Zhu, H. Su, S. Huang, . Xue,
J. Dai, S. Cheng, M. Liu, X. Wang, Y. Chen, ACS Appl. Mater. Inter-
faces 2018, 70, 42524.

[43] R. L. Kubena, ). W. Ward, Appl. Phys. Lett. 1987, 51, 1960.

[44] G. Danda, P. Masih Das, M. Drndic, 2D Mater. 2018, 5,
035011.

[45] P. K. Chow, R. B. Jacobs-Gedrim, ). Gao, T-M. Lu, B. Yu,
H. Terrones, N. Koratkar, ACS Nano 2015, 9, 1520.

[46] S. Tongay, ). Suh, C. Ataca, W. Fan, A. Luce, ). S. Kang, J. Liu, C. Ko,
R. Raghunathanan, J. Zhou, F. Ogletree, |. Li, ). C. Grossman, . Wu,
Sci. Rep. 2013, 3, 2657.

[47] A.Berkdemir, H. R. Gutierrez, A. R. Botello-Mendez, N. Perea-Lopez,
A. L. Elias, C.-I. Chia, B. Wang, V. H. Crespi, F. Lopez-Urias,
J.-C. Charlier, H. Terrones, M. Terrones, Sci. Rep. 2013, 3, 1755.

[48] ). T. Mlack, P. Masih Das, G. Danda, Y. C. Chou, C. H. Naylor,
Z. Lin, N. P. Lépez, T. Zhang, M. Terrones, A. T. Charlie Johnson,
M. Drndic, Sci. Rep. 2017, 7, 43037.

[49] S. Mignuzzi, A. . Pollard, N. Bonini, B. Brennan, I. S. Gilmore,
M. A. Pimenta, D. Richards, D. Roy, Phys. Rev. B 2015, 97,
195411.

[50] C. H. Naylor, N. ). Kybert, C. Schneier, ). Xi, G. Romero, J. G. Saven,
R. Liu, A. T. Charlie Johnson, ACS Nano 2016, 10, 6173.

[51] J. Schindelin, I. Arganda-Carreras, E. Frise, V. Kaynig, M. Longair,
T. Pietzsch, S. Preibisch, C. Rueden, S. Saalfeld, B. Schmid,
J. Tinevez, D. ). White, V. Hartenstein, K. Eliceiri, P. Tomancak,
A. Cardona, Nat. Methods 2012, 9, 676.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



