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Focused ion beam (FIB) is an effective tool for precise nanoscale fabrication. It has recently been employed to tailor defect
engineering in functional nanomaterials such as two-dimensional transition metal dichalcogenides (TMDCs), providing desirable
properties in TMDC-based optoelectronic devices. However, the damage caused by the FIB irradiation and milling process to these
delicate, atomically thin materials, especially in extended areas beyond the FIB target, has not yet been fully characterised.
Understanding the correlation between lateral ion beam effects and optical properties of 2D TMDCs is crucial in designing and
fabricating high-performance optoelectronic devices. In this work, we investigate lateral damage in large-area monolayer WS,
caused by the gallium focused ion beam milling process. Three distinct zones away from the milling location are identified and
characterised via steady-state photoluminescence (PL) and Raman spectroscopy. The emission in these three zones have different
wavelengths and decay lifetimes. An unexpected bright ring-shaped emission around the milled location has also been revealed by
time-resolved PL spectroscopy with high spatial resolution. Our findings open up new avenues for tailoring the optical properties of
TMDCs by charge and defect engineering via focused ion beam lithography. Furthermore, our study provides evidence that while
some localised damage is inevitable, distant destruction can be eliminated by reducing the ion beam current. It paves the way for
the use of FIB to create nanostructures in 2D TMDCs, as well as the design and realisation of optoelectrical devices on a wafer scale.
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INTRODUCTION

Focused ion beam (FIB) milling is a powerful lithographic
technique with nanometre resolution' and distinct advantages,
especially when samples can potentially be damaged by wet
chemicals that are required in electron-beam or photo-lithography
processes. FIB lithography is often employed as the all-dry
nanofabrication method for plasmonic®™, photonic>® and micro-
fluidic” devices, in applications such as sensors, photodetectors,
and light emitters®-'2. Alongside these applications, recently FIB
has shown great potential in surface modification and defect
engineering in two-dimensional materials, especially in the
transition metal dichalcogenides (TMDCs) family, with the aim to
tailor their optical and electrical properties'?~'°. It has been shown
that direct ion beam irradiation can controllably create chalco-
genide and transition metal vacancies, thus manipulating the
material’s stoichiometry. Ma et al. showed that argon ion
irradiation can modify the optical properties of WS, monolayers
(MLs), where sulphur vacancies in ML WS, create mid-bandgap
states, resulting in enhanced saturable absorption in the near-IR
wavelength region'®. Furthermore, controlling stoichiometry-
based defects can also tune the conductivity of 2D materials,
sometimes even resulting in a change from a metallic to insulating
phase. Stanford et al. showed that controlling the ion irradiation
dose can selectively introduce precise local defects in few-layer
WSe,, thereby locally tuning the resistivity and transport proper-
ties?. Additionally, focused helium ion beams have been used to
deterministically create defects in MoS,, WS, and WSe,?'. With

helium ion irradiation, other than the expected local defects, the
sputtered chalcogenide atoms also create an extended percolat-
ing network of defects, which results in edge states throughout
the monolayers. Using FIB to control defect generation in 2D
materials paves the way to fabricate nanoscale novel optoelec-
trical devices, including single-photon emitters, memory devices,
resistors, and atomically thin circuits®2°-22,

Whilst FIB is the ideal tool for high-precision nanomaterial
manipulation, a significant outstanding challenge is to understand
the potential destruction to the materials, not only locally but also
in extended areas beyond the target and discover how to
minimise undesirable damage. The exceptionally delicate nature
of these atomically thin 2D materials means that the lateral impact
of sputtered ions and milled (and potentially redeposited) atoms
becomes critical. Understanding and managing this lateral impact
during the inherently destructive FIB process is key to maintaining
high-performance nanodevices based on these 2D materials®>2,
To the best of our knowledge, there are only two studies in the
literature regarding quantifying the lateral damage area of ion
beam lithography on 2D materials. Both studies are based on
chemical-vapor-deposited (CVD) graphene?>?%, It has been shown
that the ions can reach a maximum lateral distance of
approximately 30 um. While Liao et al.?> attributed this effect to
the deleterious tail of unfocused ions in the ion beam probe,
Thissen et al.2% believe that sputtered gallium ions in the residual
gas are the main cause of the long-distance lateral damage. To
qualitatively determine the ion sputtering effect around the milled
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Fig. 1 Steady-state photoluminescence from monolayer WS, samples. a Optical microscope image of a wet-transferred ML WS, on a pre-
patterned SiO,/Si substrate, the scale bar is 100 pm; different shaded regions in a indicate the three identified zones—we divide the sample
into the near zone (NZ), the dark zone (DZ) and the far-out zone (FO). b PL spectra of as-transferred ML WS, (referred to pristine) on a SiO,/Si
substrate, ¢ Schematic drawing of the FIB lithography process on a WS,/SiO/Si sample, d PL mapping of a FIB-milled WS,/SiO,/Si sample (Ga™
beam current is 30 pA) and e PL spectra measured at different locations, with the distance from the FIB milling position labelled on each

Distance (um)

spectrum. The green, red, and orange colours in b and e indicate the three emission peaks originating from neutral exciton (A°), trion (AT) and
)

defect-state (D

, respectively. The peak wavelengths are marked with vertical dashed lines, and the maximum PL intensity values at each

position are noted in e, highlighting the decrease of the PL intensity with decreasing the distance from the FIB-milled location.

area, there are other studies of graphene that have used Raman
spectroscopy to investigate the intensity ratio between the defect-
induced Raman feature (D band) and the so-called native
graphene feature, G band?’?®. The D/G ratio of the Raman
features decreased exponentially and reached a minimum value at
around 15-30 pm away from the area milled by a focused gallium
ion beam.

The aforementioned studies, however, are all based on
graphene. In 2D TMDCs, although the local defects introduced
by the ion beam have been studied, the extended lateral impact
of the ion beam milling/lithography process, especially on their
light-emitting properties remains unknown. In this letter, we
performed focused gallium ion beam lithography on a large area
monolayer WS, with a range of ion beam currents. We report the
impact of focused gallium ions on monolayer WS, at different
lateral locations, explore the different origins of these effects in
detail and demonstrate how to control the damage.

RESULTS

Steady-state photoluminescence and Raman spectroscopy of
FIB-milled WS2

A number of WS, samples are prepared on pre-marked SiO,-on-Si
substrates (see METHODS). Figure 1b shows the PL spectrum
measured from a pristine ML WS, on SiO,-on-Si substrate, using a
microPL setup®’. The main PL peak energy of pristine ML WS, is
~2.03 eV, corresponding to the neutral excitonic transition'®30-33,
denoted as A in Fig. 1. Across the area of interest (within a circular
region from the central milled hole, with a radius up to 300 um),
the A° peak energy varies + meV and the integrated intensities
fluctuate by +5%; this fluctuation is originated from wafer-scale
ML CVD growth and the wet-transfer process. Additionally, we
observe PL emission at lower energies (identified as two shoulders
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in Fig. 1b, peaking at 1.98 eV and 1.84eV respectively), corre-
sponding to trions and defect-bound states in ML WS,3%3", The
energy difference between the A° peak (neutral excitons) and the
AT peak (trions) is ~34 meV, in agreement with the literature3. The
trions in as-grown TMDCs are attributed to native defects and
TMDC-substrate interaction®*3°>. The lowest energy peak, defect-
bound exciton peak D°, is attributed to S-deficiency induced
emission, previously discussed in the S-based TMDCs, such as
MoS, and W5213—16,30—33,36'

A hole with 2 pm in diameter and 50 nm in depth was milled on
the WS,/Si02/Si samples, with various Ga* beam currents in the
range of 10-3000 pA (see METHODS). The lateral impact of the
Ga* FIB process on the optical properties of large area ML WS,
was investigated. After the FIB milling, we remeasured the PL, as
shown in Fig. 1d, e. We divide the lateral area outside the milled
hole into three zones: a “near” zone (0-5 pm radius around the
milled hole, where 0 is the centre of the hole), a “dark” zone
(further, in a 5-30 um radius away from the hole), and a “far-out”
zone (beyond 30 pum from the hole). Figure 1e shows the
evolution of the PL spectra moving from the “near” to “far” zone.
The total PL intensity and the intensity of the neutral exciton peak
(A% increases by factors of 3 and 10, respectively. In the “near”
zone, the defect emission (D%) dominates and the ratio of its
intensity to that of the neutral exciton increases by a factor of 4.6
when compared with the ‘far-zone'. The crystal defects, which lead
to this broad emission (D°), as well as the deposition of Ga™ ions
from the FIB, are expected to introduce p-type doping®? in the
WS, monolayer. This is consistent with previous reports of Ga™
irradiation of TMDC monolayers®”. As the pristine CVD-grown
monolayer on sapphire substrate is expected to be n-doped>%, the
disappearance of trion emission in the “near zone” is an indicator
of p-type doping, which reduces the population of free electrons
and thus leads to the absence of the AT peak. It is obvious that
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Fig.2 Raman spectroscopy. a Raman spectra of pristine and FIB-milled ML WS, (5 and 200 pm away from the milled area); b zoom-in of the
Raman peak (LA(M)) at 175 cm~"; ¢ Raman peak around 355 cm~' deconvolved it into two peaks: 2LA (M) and (E;g(r)); d peak intensity, e peak
width (full width at half maximum, FWHM) and f peak frequency of 2LA (M) as a function of lateral position.

although the milling area is only 1 um in radius, the laterally
affected area is remarkably large, with distances of up to 30 um
showing changes in emission. This extended range of damage is
caused by the deleterious tail of the ion beam, which consists of
unfocused ions and ions in the residual gas in the vacuum system.
This, in turn, results in the removal of atoms in the ML WS, and ion
contamination on the ML surface. Negligible shifts in the peak
position of A°, AT and D® are attributed to artefacts of the fitting
procedure and the difficulty in its implementation for low
intensity PL.

To investigate the nature of the defect-bound emission D° at
around 1.84 eV, we next carried out Raman measurements (see
METHODS). Figure 2a shows the Raman spectra of pristine and
milled ML WS,. Several first and second-order characteristic peaks
were observed in the ML WS, and marked in Fig. 2a3%3°7*!, The
first- and second-order longitudinal acoustic modes, LA(M) and
2LA(M), seen here at 175cm~" and 349cm~’, respectably, are
identified as key markers for examining the prevalence of defects
within ML WS,%2*4, The 2LA(M) mode is deconvolved from a
broad peak situated around 355cm~' using multi-peak fitting,
which also reveals a second sub-peak at 357 cm~' identified as
the in-plane vibrations of tungsten and sulphur atoms
(E34())**39-41. The lateral damage in ML WS, by the FIB milling
process is evident by tracking the deconvolved 2LA(M) and
(E34(T)) peak intensities and widths at various lateral positions
(see Fig. 2e, f). While the peak position of the in-plane vibrations
(E34(I)) is not affected, the second-order longitudinal mode
2LA(M) is blue-shifted by just over 2cm™~" from ~350cm™~" in far-
out regions, to ~352cm™" close to the FIB milling location, as
shown in Fig. 2f. Like PL intensities, the Raman peak intensity of
2LA(M) is suppressed around the milled area, further highlighting
the increasing density of defects*>~**. Furthermore, analysing the
LA(M) mode in the Pristine, the “far-out” zone (@ 200 um), and the
“near” zone (@ 5um), as shown in Fig. 2b, presents a blue-shift of
1cm™" (half that shown in 2LA(M), as expected) and increases in
peak intensity. Specifically, an increase in the ratio of peak
intensity of LA(M) to A;4,-LA(M) (230 cm™"), which here increases

Published in partnership with FCT NOVA with the support of E-MRS

from 1:1.1 in pristine, to 1:1.26 in the “far-out” zone, to 1:2.28 in the
“near” zone, has previously been identified as a robust marker of
increased defects in ML WS,***4. Combined with a significant
decrease in overall photoluminescence and disappearance of the
negatively charged trion close to the FIB epicentre, as shown in
Fig. 1, the evidence provided here via analysis of the Raman
spectra, indicates an increase in vacancy-phonon scattering within
the 30 um radius area (in the “near” and “dark” zones). This is due
to the higher density of both sulphur and tungsten vacancies
created by the deleterious tail of the ion beam*>44,

Time-resolved photoluminescence mapping with ultra-high
spatial resolution

We further investigated the ion beam damage mechanisms around
the milled area by time- and spatially resolved PL measurements.
These measurements were performed using a sample-scanning
confocal fluorescence time-correlated single-photon counting
(TCSPC) setup, shown in Fig. 3a (more details in METHODS). As
clearly seen in the PL mapping (Fig. 3b), there is a ring of higher
intensity fluorescence surrounding the milled hole. To help
understand the origin of this bright ring in the near zone, we
split the collected PL using a dichroic filter centred at 638 nm (this
wavelength being just between the trion and the defect-bound
exciton peak wavelengths) to allow us to identify the collected
photons at shorter and longer wavelengths simultaneously. With
this configuration, we can produce a colour ratio for the PL images,
which indicates the “ring” emission is primarily comprised of
photons at shorter wavelengths (<638 nm) (see Fig. 3c). Based on
the wavelength information, the origin of this “ring” emission could
be either neutral excitons or trions, or a combination of both.
However, it is known that the trion-induced emission is slower than
the neutral exciton emission*>*%, The time-resolved decay analysis
confirms that the “ring” is mainly trion emission and the decay of
the ring emission is significantly slower than the emission in the
“far-out” zone, which mainly consist of neutral excitons (see Fig. 3d
and Table 1). Unlike the native defect and substrate-induced trions,
there are two possible explanations for the origin of this “ring”:

npj 2D Materials and Applications (2023) 23
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Fig. 3 Time-resolved photoluminescence from FIB-milled ML WS,. a Experimental setup of the time-resolved fluorescence confocal
microscope; b PL mapping of a FIB-milled sample, with a scale bar of 10 pm; ¢ PL intensity profile at positions along the dashed line in b as a
function of lateral position, less than (blue) and greater than (pink) 638 nm; d the time-resolved decay curves at three locations for
wavelengths less than and greater than 638 nm: in the far-out zone (yellow squares), in the dark zone (red triangles), and on the “ring” (green

circles).

Table 1.

Exponential lifetimes, t, and pre-exponential amplitudes in
parenthesis of the PL emissions at different locations, fitted with two
exponential components.

Wavelength Far-out zone, © Dark zone, © Near zone Ring, ©
A > 638nm 187 ps (0.79) 149 ps (0.73) 552 ps (0.61)

905 ps (0.21) 539 ps (0.27) 2600 ps (0.39)
A < 638nm 140 ps (0.77) 120 ps (0.67) 586 ps (0.72)

429 ps (0.23) 392 ps (0.33) 3200 ps (0.28)

first, the positively charged Ga ions depositing and charging the
monolayer observed via an electrostatic force microscope, and
second, the free carriers accumulating on the edge, thus forming
more edge states, resulting in enhanced trion emission; similar
effects have been observed in other TMDCs*%354647_|n the dark
zone, the vacancy-based defect states result in a much lower total
intensity and a shorter lifetime*®#° (Table 1).

Impact of FIB current and energy dispersive X-Ray mapping

To gain a comprehensive understanding of the lateral damage in
the extended area as a function of ion beam current, we
performed the FIB milling process on ML WS, samples with a
variety of beam currents, ranging from 10 pA to 3 nA. The same
trend was observed in the samples milled with beam currents
ranging from 10 up to 100 pA, i.e. a linear increase of PL moving
away from the milling position in the dark zone, then reaching
saturation in the far-out zone, as shown in the normalised PL
intensity trend in Fig. 4a. While the size of the short-range damage
area (the dark zone) remains unaffected by the different FIB
conditions, we observe a current-dependent total emission
intensity within the far-out zone. The higher the ion beam current
that is used, the less PL intensity is measured. Moreover, the
FWHM of the PL spectrum is another indicator of the ion current-
dependent damage in the far-out zone. As shown in Fig. 4c, the
FWHM of the PL spectrum broadens due to the increased defect-
bound exciton emissions. It is evident that during the milling
process, the ion-beam current plays a crucial role in the lateral

npj 2D Materials and Applications (2023) 23

damage effect on the ML WS,, contrary to the studies carried out
on graphene?>25, This secondary far-range damage is due to
sputtered Ga™. In a dual-beam-equipped FIB system, the sputtered
Ga ions can spread to hundreds of um away from the milled area.
This has been experimentally observed using a time-of-flight
secondary ion mass spectroscopy in a similar dual beam FIB>°. This
wider range of ion-sputtering induces secondary damage due to
the Ga* and milled atoms that were previously deposited on
surfaces inside the vacuum chamber (such as the SEM column, the
probes etc.) being redeposited on the ML WS,. Redeposition of
the Ga® can be the main reason for the long-range lateral
damage, and this can be eliminated by achieving a better vacuum
in the chamber. Here, by using a lower beam current, the time
required to mill the same amount of material increases and
therefore it results in additional evacuation of the secondary
sputtered ions from the surfaces and the residual gas in the
chamber, leading to smaller overall damage of the ML WS,. The
Ga" density on different samples milled with different ion beam
currents measured by energy dispersive X-Ray spectroscopy, is
noticeably different, as shown in Fig. 4d. While only one type of
Ga™ distribution (exhibited as a sharp peak at the milling position)
is observed on the low current samples, an additional wide-
ranged Ga™ distribution is detected on the high current samples,
which causes secondary damage to the TMDC MLs.

DISCUSSION

In conclusion, we have observed the lateral damage effects of a
focused ion beam on a large-area CVD grown and transferred
monolayer of WS,. Three distinct zones situated at different
distances from the milling location were clearly identified and the
distance-dependent damage mechanisms were explained. The
main mechanism for short-range (radius of 0-30 um) damage is
the removal of tungsten and sulphur atoms in the monolayer by
the primary ions and ion contaminants on the monolayer surface.
Long-range (radius >30 um) damage sustained is caused by the
redeposition of the secondary ions from the residual gas and the
ion-electron beam column surfaces. The PL emission was
significantly reduced, down to 10% in the short range, however,
a bright ring-shaped feature, with half of the original emission

Published in partnership with FCT NOVA with the support of E-MRS
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Fig.4 PL dependency on gallium ion beam current. a The emission intensity of the neutral exciton as a function of position, with a range of
ion beam currents tested; inset is with the intensity normalised to the maximum value on each sample; b Integrated PL intensity and ¢ FWHM
of the PL spectra in the “dark” and “far-out” zone as a function of ion beam current. d Distribution of Ga* on the 30 pA and 3 nA ion beam
current samples. The edges of the “dark” zone are marked with two dashed lines. The inset shows two energy dispersive X-Ray (EDX) mapping
after a smiley face milled with the corresponding current. The scale bar is 2 pm.

intensity, was observed at the edge of the milled area. It is
understood that this observed “ring” is primarily trion emission at
a longer wavelength compared to the original emission, due to
the charging effect from sputtered Ga™ deposition. This suggests
the focused ion beam can be used to tailor the optical properties
of TMDC monolayers by creating three spatially and spectrally
resolvable emission states with distinct decay lifetimes. We also
conclude that while short-range damage is an inevitable
consequence of FIB milling, the impact of the weak (secondary)
damage can be prevented by reducing the ion beam current
during the FIB process. These results pave the way for the use of
heavy ion beam-based tools to fabricate novel wafer-scale
optoelectrical devices based on the 2D TMDC materials, such as
single-photon emitters, memory devices, resistors, and atomically
thin circuits, on a wafer scale.

Published in partnership with FCT NOVA with the support of E-MRS

METHODS

Sample preparation

Monolayer WS, was grown on a 2-inch sapphire substrate by
AIXTRON Ltd. using a Close Coupled Showerhead metal organic
vapour deposition reactor. The uniformity of as-grown ML WS,
across the 2-inch wafer was assessed using photoluminescence
and Raman spectroscopy. 300 nm SiO,-on-Si substrates and SiO,
substrates are pre-patterned with markers, using electron beam
lithography (EBL) with a resist layer (AR-P, Allresist GmbH). The
markers are essential for the ion-beam milling process and
locating the milling area afterwards. We use a Voyager EBL system
(Raith GmbH) to define the markers then etch them into the
substrates using reactive ion etching, in a 29:1 mixed gas flow of
CHF3 and 02.
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Centimetre-sized monolayers of WS, are then transferred from
the sapphire substrate onto pre-marked SiO,-on-Si or SiO,
substrates, using a wet-transfer process with a polymethyl
methacrylate (PMMA) layer as a carrier. The PMMA layer is then
removed in a warm acetone bath before the focused ion beam
milling process.

Focused ion beam milling

We use a dual-beam FIB-SEM system (Versa3D, FEl) to perform the
ion beam milling. The Ga™ beam acceleration voltage of the
system is 30 kV. Ga™ beam currents in the range of 10-3000 pA
are tested for the milling process. An area of 2 um in diameter and
50 nm in depth is milled on each sample, with a constant dose of
333.4 pC/um? (a volume-per-dose of 240 nm>3/nC).

Steady-state photoluminescence spectroscopy

We use a home-built micro-PL setup to excite the monolayer with a
532nm CW laser (Novanta Photonics gem532) and collect the PL
from the samples, via a 50x objective (Numerical Aperture, NA =
0.55). The excitation laser beam is focused to a spot of ~1.5 um in
diameter on the sample placed on a XYZ piezo stage. We record the
PL spectra with a spectrometer (Acton Spectrapro 2750) and a
thermoelectric cooled charge-coupled device (CCD, Andor IDUS
420A-BV) at different locations on the sample. Steady-state photo-
luminescence mapping was carried out in another home-built micro-
PL setup with an excitation via a 532 nm CW laser (Cobolt) focused to
a 14 um spot on the sample. The emitted light was collected by a
100x objective (NA = 0.8), passed through a spectrometer (Princeton
Instruments, SP2750) and focused onto a liquid nitrogen cooled CCD
(Princeton Instruments, PyLoN). The final photoluminescence map
was compiled by scanning the excitation and collection spots across
the sample at a step of 2.5um. The recorded spectra were
subsequently integrated from 590 nm to 700 nm.

Raman spectroscopy

For free-space ultra-low frequency Raman spectroscopy, the
sample is placed on a motorized xyz stage (STANDA-8MTF), which
allows the automated mapping of the sample surface. Sample is
excited using a 532 nm laser (Cobolt, 04-01) with a 10 cm~' Bragg
notch filters (OptiGrate, BragGrate). The beam is then focussed
onto the sample using a 50x objective (NA =0.55), providing a
spatial resolution of = 1 um. Laser power at the sample is typically
1 mW (Power density = 1.27 x 10° Wem—2). Emission is collected
by the same objective. The laser line is attenuated with further
10 cm~ " Bragg notch filters and is then coupled to a spectrometer
(Princeton Instruments, SP2750) equipped with a liquid nitrogen
cooled CCD (Princeton Instruments, PyLoN). An 1800 g/mm
grating used provides a spectral resolution of = 0.4cm™".

Time-resolved photoluminescence spectroscopy

The fluorescence lifetime and decay data are acquired using a
time-correlated single photon counting (TCSPC) using a picose-
cond event timer (HydraHarp 400 by PicoQuant GmbH) with
fluorescence detected on two single photon avalanche photo-
diodes (Micro Photon Devices Srl). These are integrated with an
inverted Nikon confocal microscope (Ti2-U), with a CFI Plan
Apochromat 100x oil-immersion objective (Numerical Aperture =
1.45). Excitation is provided by a 405 nm laser diode (LDH-D-C-
405S, PicoQuant GmbH) driven by a Sepia Il (PicoQuant GmbH), at
a 40 MHz repetition rate with ~70 ps (full-width half-maximum)
pulses. The laser light is spatially expanded and fills the back-
aperture of the objective. The sample is scanned with a 2D piezo
stage (P-733.2CD, Physik Instrumente GmbH) to generate a PL
map. The collected PL is split into two paths using a dichroic filter
centred at 638 nm. With this configuration, we can produce a

npj 2D Materials and Applications (2023) 23

colour ratio for the PL images for wavelengths <638 nm and
>638 nm along with associated PL decays.

Energy-dispersive X-ray spectroscopy

We use a Silicon Drift Detector (EDAX Octane Super), which is
attached on the dual-beam FIB-SEM system (Versa3D, FEI) for
Energy-dispersive X-ray (EDX) spectroscopy. The acceleration
voltage of the electron beam is 10kV. The step size is 100 nm
for the line scans, and the mapping resolution is 1024 x 800.
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