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A B S T R A C T   

The ability to selectively tune the optical properties of two-dimensional (2D) materials at speci昀椀c sites is of great 
interest for the development of optoelectronic and photonic devices. We report site-speci昀椀c electron-beam (e- 
beam) induced deposition for creating patterned carbon nanostructures on atomically thin 2D materials such as 
WS2 and MoS2. Various patterns ranging from microns to nanometres in size have been produced and controlled 
by adjusting e-beam parameters such as accelerating voltage, spot size, magni昀椀cation, and irradiation time. The 
ultimate pattern dimensions of ~52 nm in width and ~2.58 nm in height is achieved. The patterned areas exhibit 
a quenching of 昀氀uorescence intensity of about three times, making it simple to identify the created structure from 
the 2D materials. Moreover, Kelvin probe force microscopy measurements indicated that the surface potential of 
the patterned sites is roughly 95.6 mV different from that of non-patterned WS2. Finally, we have demonstrated 
optical encryption by selectively integrating carbon structures to modulate the optical emission of WS2.   

1. Introduction 

Semiconducting transition metal dichalcogenides (TMDCs) have 
attracted a signi昀椀cant amount of research interest owing to their supe-
rior properties for a wide range of applications such as electronics, 
catalysis, magnetic and optical devices [1–5]. Tungsten Disul昀椀de (WS2) 
exhibit a direct bandgap in the visible range in their monolayer form 
with a superior quantum yield of ~6%, which makes it a very promising 
candidate for optical and optoelectronic applications [6,7]. Site-speci昀椀c 
patterning based on photoluminescence (PL) engineering is suitable for 
the optical encoding of encrypted information [8]. PL patterning can be 
achieved through either enhancing or quenching the PL emission in 
speci昀椀c regions. Various methods have been explored for PL enhance-
ment, including oxygen adsorption [9], plasmonic nanostructures 
[10–12], heterostructure formation [13,14], and N2 plasma treatment 
[15]. In contrast, PL quenching has been achieved using techniques such 
as Ga ion irradiation [16], decoration of Si nanoparticles [17], and band 
gap tuning [18]. However, most of these reported methods lack the 
ability to achieve site-speci昀椀c control, and their effects can be observed 

across the entire sample. 
Site-speci昀椀c tuning of the optical emission of 2D materials by 

incorporating hydrocarbon or carbon (C) is a fascinating approach with 
the aid of intrinsic defects. For example, the commonly observed 
intrinsic defects in 2D materials, primarily chalcogen (S) vacancies have 
been shown to act as binding sites for atmospheric hydrocarbons (CHx) 
[19–21]. However, achieving site-speci昀椀c decoration and patterning of 
2D materials is highly challenging yet holds potential for tuning the 
properties of TMDCs. Various nanofabrication methods, such as 
electron-beam (e-beam) lithography, LASER patterning, He-ion beam 
lithography, and ice-lithography, have been used to obtain nanoscale 
patterns. LASER patterning offers the advantage of easy writing on a 
large area but suffers from poor resolution in the microns to hundreds of 
nanometres range [22]. He-ion lithography can achieve sub-10 nm 
resolution, but its low yield and high instrumentation cost limit its use 
[23]. E-beam lithography is a well-known lithography route, but it re-
quires multiple processing steps with the use of various e-beam resists, 
etchants, and other chemicals [24]. A novel e-beam lithography tech-
nique called ice lithography uses ice instead of e-beam resist and has 

* Corresponding author. 
E-mail address: viswa@iitmandi.ac.in (V. Balakrishnan).  

Contents lists available at ScienceDirect 

Carbon 
journal homepage: www.elsevier.com/locate/carbon 

https://doi.org/10.1016/j.carbon.2023.118339 
Received 24 May 2023; Received in revised form 26 July 2023; Accepted 27 July 2023   

mailto:viswa@iitmandi.ac.in
www.sciencedirect.com/science/journal/00086223
https://www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2023.118339
https://doi.org/10.1016/j.carbon.2023.118339


Carbon 214 (2023) 118339

2

demonstrated that a focused and optimized dose of e-beam can directly 
pattern thin 昀椀lms [25,26]. The utilization of e-beam technology is a 
highly effective approach for patterning materials, owing to its 
remarkable capacity to converge at the nanoscale level. Unlike tradi-
tional methods, direct e-beam patterning offers a clean and effective 
approach that can be used for tuning the optical properties of 2D ma-
terials for emerging applications such as optoelectronics and nano-
photonics. Such precise patterning of 2D materials with the ability to 
tune optical properties would be also useful for encryption which has 
emerged as a popular and effective means of protecting privacy, by using 
cryptography to embed con昀椀dential data within an information me-
dium. Luminescence, due to its direct visibility, is considered an ideal 
technology for encryption and decryption [8,27]. Among the various 
luminescent encryption technologies, PL is widely used due to its high 
ef昀椀ciency and ease of implementation. For an encryption method to be 
considered effective, certain desirable aspects such as writing speed, 
high-security level, visual decryption for reading, erasing capability, and 
high spatial resolution, etc. need to be ful昀椀lled. 

In this study, we have demonstrated nanoscale site-speci昀椀c 
patterning of C nanostructures on 2D-TMDCs (WS2 and MoS2) using a 
direct e-beam induced deposition (EBID) for optical data encryption. No 
e-beam resist coating was applied, resulting in a clean heterostructure 
interface. We have observed a strong interaction and charge transfer 
between the C-based nanostructures and WS2 monolayer which can 
modify the optical emission and could be used for the secure trans-
mission of sensitive information. 

2. Experimental section 

2.1. Material growth 

The WS2 monolayers were synthesized on a SiO2-coated Si substrate 
using atmospheric pressure-chemical vapor deposition (APCVD). The 
pre-cleaning procedures and growth process were performed following 
the previously reported method [28]. In brief, dropcasted WO3 was 
sulfurized at 850 çC for 10 min using pure S powder (400 mg). The 
precursors were transported using a gas mixture of 100 SCCM of Ar + H2 
(95% + 5%) [29]. The MoS2 昀氀akes were grown on a clean SiO2/Si 
substrate by sulfurizing 2 mg MoO3 powder at 650 çC for 7 min. S 
powder (400 mg) kept at 200 çC was transported using 20 SCCM of Ar 
gas [14]. 

2.2. Characterizations 

The APCVD system utilized in this study was manufactured by 
Thermo Scienti昀椀c. A 昀椀eld emission scanning electron microscope 
(FESEM, NANO Nova SEM 450 from FEI, USA) was employed for im-
aging and pattern creation. The quality of the grown material was 
analyzed using Raman and PL measurements performed with a 532 nm 
LASER and 100X objective on a LabRAM HR evolution system from 
Horiba Jobin Vyon. Atomic force microscopy (AFM) and Kelvin probe 
force microscopy (KPFM) were carried out in tapping mode con昀椀gura-
tion at a scan rate of 0.7 Hz using a Dimension Icon system from Bruker 
(USA). The size and morphology of the APCVD-grown 2D nanostructure 
were examined with the aid of a Nikon LV 100 N Pol visible light mi-
croscope (Japan). Fluorescence imaging was performed on Nikon-FN1 
and Nikon-DTGTTAL SrGHT microscopes. Transmission electron mi-
croscope (TEM) investigation was performed in Tecnai G2 20 S-TWIN, 
FEI, USA at IIT Mandi. Scanning transmission electron microscope 
(STEM) and electron energy loss spectroscopy (EELS) measurements 
were performed using a JEOL-NEOARM microscope operated at 200 kV. 
Probe corrected (Cs correction) microscope uses 1 Å probe size, 4 cm, 
and 2 cm camera length for the HAADF-STEM and EELS measurements 
respectively. For STEM investigation, the samples grown using APCVD 
were transferred onto a quantifoil grid via a wet chemical method as 
described in the supplementary information. 

3. Results and discussion 

E-beam can be used to deposit as well as remove material depending 
upon the energy of e-beam used [30]. It is well-known that high-energy 
e-beam in the range of 80 keV–200 keV, can potentially damage sam-
ples. However, researchers have effectively utilized this process to 
create vacancies and voids in MoS2, WS2, and graphene, etc by exposing 
them to such high-energy e-beam. For example, Jun Chen et al. utilized 
e-beam (80 keV) to fabricate nanowells in bilayer WS2 inside a scanning 
transmission electron microscope (STEM) [31]. In our study, we 
employed a low-energy e-beam (10 keV and below) with an accelerating 
voltage of ~10 kV, which is commonly used for specimen imaging in 
FESEM. Within this lower energy range, WS2 samples are generally not 
susceptible to damage. Fig. 1a shows the effect of e-beam to deposit and 
remove the material at low and high energies. To achieve site speci昀椀c 
patterning over WS2 monolayers, an APCVD-grown sample over SiO2/Si 
substrate was subjected to direct e-beam scanning inside a FESEM at a 
vacuum of ~10−3 Pa. Unlike conventional e-beam lithography, no resist 
coating was used in this process. A monolayer WS2 昀氀ake was chosen for 
patterning, where the area of the desired shape and number of points 
were selected, similar to a regular EBID process [32]. Using this 
patterning process, a variety of shapes and sizes can be designed. Three 
exemplary patterning experiments are depicted in Fig. 1b and 1c in 
which a cartoon face, the letters "IIT" and a controlled dot pattern on the 
alternate edges of a truncated triangle are produced on a monolayer WS2 
by utilizing an e-beam. The brighter appearance observed at the edges of 
patterns in FESEM images can be potentially attributed to an edge effect 
that occurs during the imaging process. Additionally, this process is 
reproducible on various substrates, as illustrated in Supplementary 
Fig. S1. 

The use of e-beam irradiation can have several effects on the mate-
rial, including atomic distortion, heating, sputtering, and electrostatic 
charging [33,34]. To understand the precise changes that occurred in 
the patterned region, AFM analysis was conducted. WS2 昀氀ake with an 
"IIT" pattern was imaged using AFM (Fig. 1d), and an AFM height pro昀椀le 
was obtained along the marked red line (inset). From AFM analysis, it is 
evident that the height of the patterned region is ~43.8 nm higher than 
that of the non-patterned WS2. This indicates that the patterning process 
is additive with the possibility to create various structures by adjusting 
the e-beam dose. It may be noted that in the AFM image (Fig. 1d) outside 
the 昀氀akes, the observed dot like features are particles of WS2 that were 
grown during the CVD process. Another AFM image is shown in Fig. 1e 
to show smallest achieved patterns. In the pattered region, the smallest 
feature size achieved is ~52 nm in width and ~2.6 nm in height as 
shown in Fig. 1e along with the corresponding height pro昀椀le (Fig. 1f). 
The patterning process was conducted using a magni昀椀cation of 50000X, 
with 10 kV accelerating voltage, a spot size of 3, a dwell time of 30 s, and 
a chosen area of 3X3 μm2. The corresponding low-mag image of this 
region is shown in supplementary Fig. S9. 

Some of the key components of the EBID process are substrate- 
precursor interaction, electron-substrate interaction, and electron- 
precursor molecule interaction. It is known that multiple organic and 
inorganic species present inside the FESEM chamber and/or adsorbed on 
sample surface can act as a precursor for EBID [35,36]. In the EBID 
experiment, a beam of primary electrons is directed at the speci昀椀c lo-
cations of the WS2 monolayer with adsorbed organic species (hydro-
carbons). Due to the e-beam interaction, the precursor molecules 
dissociate into non-volatile components and adhere to the substrate. 
Previous studies indicate that low-energy secondary electrons are more 
relevant for the deposition process [32,37]. In the present case, hydro-
carbons adsorbed on WS2 monolayer as well as hydrocarbons inside 
FESEM chamber act as a precursor for EBID. To gain insights into the 
e-beam deposited nanostructures, various microscopic and spectro-
scopic investigations were conducted. Speci昀椀cally, FESEM elemental 
mapping was performed to con昀椀rm the composition of the deposited 
material as shown in Supplementary Fig. S2a. The results revealed that 
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the primary element forming the dot square pattern is a C (Fig. S2b) 
while the presence of Tungsten (W) and Sulfur (S) are observed 
throughout the selected region in WS2 monolayer (Figs. S2c and S2d). To 
ensure the reproducibility of the pattern method, the procedure was 
repeated on several different samples and also using another FESEM 
instrument (Carl, Zeiss, C4DFED), and similar results were obtained 
(Supplementary Fig. S3). The TEM bright 昀椀eld images of the patterned 
region along with the selected area electron diffraction (SAED) pattern 
are shown in Supplementary Fig. S4. The SAED pattern shows the hex-
agonal symmetry of WS2 along with diffused ring pattern arising from 
amorphous C. 

Fig. 2a displays a low-magni昀椀cation STEM image of single C spot 
(bright) from the patterned region on the monolayer WS2 (dark). 
Furthermore, a high-resolution atomic scale imaging was performed on 
the marked red region, as shown in Fig. 2b, where the atomic arrange-
ment of WS2 can be observed. In order to eliminate any contamination 
arising from sample preparation and transfer for STEM study, the sample 
was heated at a temperature of 300 çC for 30 min. The STEM imaging 
after annealing can be seen in Supplementary Fig. S5. Fig. 2c presents a 
high-resolution atomic scale STEM-HAADF image for the WS2 region, 
recorded away from the C pattern. The low magni昀椀cation image of re-
gion is presented in Supplementary Fig. S5a. To gather more information 
from the region, electron energy loss spectroscopy (EELS) was con-
ducted, and the EELS plot obtained from the pattern region is presented 
in Fig. 2d. The obtained EELS was compared with earlier literature, and 
it resembles amorphous C, with the initial peak for the amorphous C k 
edge due to the transition to π* molecular orbitals found at around 
~286 eV [38]. Following this is a second broad peak arising from the 
transition to σ* orbitals [39]. The shape of the EELS plot looks similar to 
sp3 and sp2 rich C [40]. To con昀椀rm the qualitative composition of the 
region shown in Fig. 2e, tungsten (W) and sulfur (S) elemental scans 
were performed and are displayed in Fig. 2f and 2g. Additionally, Fig. 2h 
presents the C mapping, which con昀椀rms further C deposition in the 
patterned region. The STEM analysis at the interface of C and WS2 is 
presented in Fig. 2i which shows C rich region (left) and C poor region 
(right). Three speci昀椀c regions which are marked in different coloured 

square boxes were chosen and their corresponding Fast Fourier Trans-
form (FFT) patterns are shown alongside in Fig. 2j–l. In FFT patterns, 
only hexagonal feature from WS2 monolayer is consistently visible in all 
the areas. There is no sign of crystalline C-formation in the FFT 
diffraction pattern at any position. Among the three marked regions, the 
region marked in orange square correspond to C rich region while the 
purple square is WS2 rich/C poor. The green coloured square at the 
centre refers to the C-WS2 interface region and magni昀椀ed version of the 
same is also presented in Fig. 2m (green square). The contrast of the W 
atoms towards the left side is much brighter as compared to right side. 
This may be due to the presence of higher thickness of C pattern along 
with W atoms together in the same position (top and bottom). The ad-
ditive mass-thickness contrast might have resulted in higher brightness 
in the STEM image. Imaging the atoms of carbon up to atomic resolution 
is dif昀椀cult due to the thick amorphous nature of C pattern on WS2. 
However, in the case of WS2, we were able to successfully capture a 
STEM image near the interface. Notably, no metal vacancies in the WS2 
were observed in this region which clearly suggests the non-damaging 
(at least for metals) character of EBID methodology to generate a 
C-pattern. 

To further support the aforementioned claim, Raman investigation 
was conducted (Fig. 3a), which revealed clear signatures of the vibration 
modes of WS2, i.e., 2LA(M), E’ (Г) and A1’ (Г), in both patterned and 
non-patterned regions [41,42]. The E′ mode represents the in-plane vi-
bration of WS2, while 2LA(M) denotes the second-order longitudinal 
acoustic vibration mode of WS2. These two modes are closely located in 
terms of their positions. Consequently, it is common for the E′ mode to 
appear merged with 2LA(M). Fig. 3b shows the Raman spectra of the 
region which is marked in Fig. 3a to clearly visualize WS2 vibration 
modes {2LA(M), E’ (Г)}. The prominent peak corresponding to 2LA(M) 
and E′ is clearly indicated in Fig. 3b, and the position values are nearly 
identical considering the fact that the spectral resolution of the used 
Raman spectroscopy is around 0.3 cm−1. At the patterned site, these 
modes were observed at ~350.12 cm−1, 356.15 cm−1, and ~416.43 
cm−1 respectively, while in the patterned region, they appeared at 
~350.30 cm−1, 356.34 cm−1, and ~416.75 cm−1. In addition, a 

Fig. 1. (a) The schematic showing interaction of e-beam with WS2. (b-c) E-beam patterning demonstrating various design on WS2 monolayer. (d) AFM height image 
to show that patterning is an additive process. The AFM height plot is shown in inset. (e) Another AFM image to show the capability of nanoscale patterning and (f) its 
corresponding height plot. The measured average height of the pattern is ~2.58 nm. (A colour version of this 昀椀gure can be viewed online.) 
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signi昀椀cant difference was found in the C signal at ~1371.3 cm−1 (D) and 
~1554.5 cm−1 (G), which was present only at the patterned site [36,43, 
44]. The G peak and D peak in Raman spectroscopy are caused by the 
relative motion of sp2 carbon atoms and breathing modes of rings, 
respectively. Amorphous C can contain a mixture of sp3, sp2, and sp1 

sites. The G mode of graphite has E2g symmetry and involves the 
in-plane bond-stretching motion of pairs of C sp2 atoms. This mode oc-
curs at all sp2 sites and has a frequency range of 1500–1630 cm−1. The D 
peak is a breathing mode of A1g symmetry that involves phonons near 
the K zone boundary and is only active in the presence of disorder [45, 
46]. The I(D)/I(G) ratio of 0.598 in the present case indicates an 
amorphous C nature [43]. LA(M) mode near ~175 cm−1 arising due to 
the presence of defects in both patterned and non-patterned regions of 
WS2 monolayer. Generally, CVD-grown WS2 are S-de昀椀cient which jus-
ti昀椀es the presence of LA(M) mode in WS2 [18,47]. To compare the 
relative change in intensity of this defect mode, the intensity ratio of 
E’/LA(M) was calculated. The intensity ratios of E’/LA(M) before and 

after C-patterning are ~2.14 and ~1.96 respectively. The slight decrease 
in ratio may be due to the introduction of carbon on WS2 [18]. At the 
initial stage, the intrinsic S defects from CVD growth can bind C atoms 
during the EBID process on WS2. The similar observation was also re-
ported by F. Zhang et al. where the intensity of LA(M) mode strengthens 
as more C is introduced on the pre-existing S vacancies of WS2. However, 
possible effect of e-beam on defect creations cannot be striked out 
completely but the possibilities are very less at the low energy of e-beam. 
Two more sets of Raman spectra have been presented in Fig. 3c also 
demonstrate the presence of the E′ mode at the same position. 

To examine the e-beam-induced changes in the optical properties of 
WS2, PL spectroscopy was conducted. Initially, a PL line scan was per-
formed, covering both patterned and non-patterned regions of WS2, as 
shown in Fig. 3d. The inset of the scan depicted that from the distance 
range of 0–2.4 μm, the PL was negligible, which corresponds to the 
substrate. Then, a sharp increase in PL was observed due to monolayer 
WS2, which has a direct band gap and strong PL emission. As the scan 

Fig. 2. (a) STEM image of a single C-pattern. (b) and (c) show the high-resolution STEM-HAADF images of marked C-WS2 region and WS2 region away from the C 
pattern respectively. (d) EELS spectrum of the patterned region. (e) STEM image of the C-pattern and the corresponding elemental mapping is shown in the next three 
images. (f) W (g) S (h) C. (i) STEM image of C-WS2 interface. (j-l) FFT obtained from three marked regions. (m) Magni昀椀ed image of region marked with green square 
in (i). (A colour version of this 昀椀gure can be viewed online.) 
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reached the patterned region, PL started to decrease, indicating C- 
induced changes in the optical properties of WS2. An average of ~3 
times decrease in PL was observed in the patterned region, which was 
not zero due to the LASER’s spot size (~1 μm) during measurement. 
Individual PL spectra were also collected on a non-patterned region and 
a patterned region of the same WS2 昀氀ake as shown in Fig. 3e wherein a 
similar trend of decreased PL with ~4.7 times of quenching was 
observed from the patterned region. Additionally, a PL position shift of 
~37.2 nm (~0.11eV) was observed. The deconvoluted PL spectrum is 
shown in Supplementary Fig. S6, where an increase in the contribution 
of the trions was observed after C patterning. In previous work, Ryan 
Selhorst et al. also found that the contribution of the trions increases 
after the e-beam functionalization of oxygen and hydroxyl groups on 2D 
materials by water vapor radiolysis [48]. A previous report by F. Zhang 
et al. mentioned the fusion of C into the S vacancy site lowering the 
energy of the valence band maximum to the Fermi level, causing a band 
gap reduction [18]. However, in our work it is not possible to clearly 
pin-point trion formation vs band-gap reduction as the mechanism for 
the red-shift of the PL. 

The presented 昀氀uorescence imaging of patterned WS2, in the inset of 
Fig. 3e, clearly distinguishes dark patterns in the form of “IIT” from the 
non-patterned WS2 regions. We attempted to 昀氀ip the patterned WS2 
upside down to check the role of deposited C which can mask the 
昀氀uorescence of monolayer WS2. Optical and confocal-昀氀uorescence im-
aging after 昀氀ipping is presented in Fig. 3f and 3g respectively. The 
昀氀ipped WS2 revealed similar 昀氀uorescence tuning at the patterned site, 
indicating the mechanism of optical modulation beyond the C masking. 
However, the nanometer dimensionality of the patterns made them 
invisible in the optical image. This observation is similar to the work 
reported by A. Bora et al. in WS2 quantum dots and C nanotubes, where 
charge transfer from WS2 QD to CNT led to a non-昀氀uorescent complex 
due to static quenching [49]. 

Speci昀椀cally, quenching of 昀氀uorescence intensity at the patterned site 
was observed as shown in Fig. 3e. However, it must be noted that the 
central region of the letter "I" was magni昀椀ed in FESEM, resulting in 

excessive e-beam exposure that affected the surrounding area. As a 
result, the region adjacent to the middle "I" appears dark in the 昀氀uo-
rescence image. Nonetheless, this process may be leveraged as an optical 
method for writing on 昀氀uorescent materials. These 昀椀ndings suggest that 
patterned WS2 could potentially be utilized to transfer con昀椀dential in-
formation, which could then be destroyed by overexposing it to an e- 
beam via the integration of C structures at the location of choice to 
selectively modulate the electronic structure and related optical emis-
sions. To get further insights into the mechanism of 昀氀uorescence 
quenching at C-WS2 contacts, KPFM imaging was employed. The surface 
potential or work function is a crucial intrinsic property of materials that 
is highly sensitive to the Fermi level. A Co/Cr coated AFM tip was used 
to scan the patterned WS2 monolayer and inject 1 V of charge for the 
measurement. The KPFM potential image is shown in Fig. 4a, and the 
plot of the line drawn over it is shown in Fig. 4b. The plot shows three 
potential regions: the 昀椀rst corresponds to the SiO2/Si substrate with a 
surface potential of ~280–300 mV, followed by a decrease in potential 
towards the WS2 region with an average difference of ~48.0 mV be-
tween the substrate and monolayer WS2. The non-patterned WS2 region 
has a surface potential of ~245 mV, while the surface potential drops to 
a minimum at the C-pattern. A change in surface potential was observed 
around the area near the patterned region as compared to the non- 
patterned region. The average surface potential difference between the 
non-patterned WS2 and C-patterns is ~95.6 mV. As surface potential and 
work function have an inverse relation, the charge carriers can 昀氀ow 
from WS2 to C due to the difference in surface potential. Since the work 
function is related to the measure of how tightly the electron is bound to 
the system, the charge transfer happens from WS2 with a lower work 
function to C with a higher work function. This 昀氀ow of charge carriers 
can also be attributed to the PL quenching mechanism in speci昀椀c loca-
tions of monolayer WS2 where C pattern is deposited. The KPFM results 
support the PL quenching mechanism by demonstrating that the charge 
transfer hinders the recombination process in WS2, leading to poor 
emission. High-resolution AFM and KPFM were used to determine the 
precise variation in the patterned region. Fig. 4c shows the AFM height 

Fig. 3. (a) Comparative Raman spectra is taken from non-patterned WS2 and C patterned WS2 region. (b) Raman spectra of WS2 region which is marked in previous 
昀椀gure. (c) Supporting Raman spectra (d) Optical image of patterned monolayer WS2. The dotted line shows the region of the PL scan which is shown in the inset. (e) 
PL Spectra were taken at non-patterned and C-patterned WS2 regions. The 昀氀uorescence image of patterned WS2 is shown in the inset. (f) Optical image of WS2 and (g) 
corresponding 昀氀uorescence images after 昀氀ipping. (A colour version of this 昀椀gure can be viewed online.) 
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image of the dot pattern and its corresponding plot is presented in 
Fig. 4d. The average height for this speci昀椀c pattern was approximately 
~43.8 nm with a spacing of around 0.3 μm between each point. A high- 
resolution KPFM image at the patterned site is demonstrated in Fig. 4e, 
and the plot of surface potential modulation in the marked region is 
illustrated in Fig. 4f. The high-resolution potential plot displays a peri-
odic variation, and the corresponding work function of the region is 
plotted in Fig. 4g. Typically, an increase in VCPD indicates a lower work 
function (n-doping), while a decrease in VCPD corresponds to an increase 
in work function (p-doping). In the context of C patterning on WS2, 

Fig. 4a shows a decrease in VCPD (an increase in work function), indi-
cating p-doping in the patterned region. Previous studies have also re-
ported p-type doping of WS2 with the introduction of C via doping and 
the EBID process [18,48]. However, for p-type doping, the introduction 
of C in the WS2 lattice is not necessary. The contact between the C 
nanostructure and WS2 causing electron transfer from WS2 to C can also 
contribute for p-type doping effect in WS2. 

The work function of material [φ (Material)] is related to measured 
surface potential difference also known as contact potential difference 
(Vcpd) by the following relation. 

Fig. 4. Surface potential analysis using KPFM is shown. (a) KPFM image of patterned WS2 monolayer is shown. (b) Line pro昀椀le showing the surface potential across 
the line marked. (c) A High-resolution AFM height image of the pattern and (d) corresponding height pro昀椀le is shown. (e) A high-resolution KPFM image of the same 
patterned region is shown along with (f) potential and (g) work function plots of the marked region. (A colour version of this 昀椀gure can be viewed online.) 
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φ (Material) = φ (Tip) – e. Vcpd                                                                    

Where φ(Tip) denotes the work functions of the tip which was calculated 
to be 4.7 eV and e is the electronic charge [50]. The observed work 
function of the C-pattern is ~0.02 eV more than the WS2 region, which is 
present between the two C-spot. This trend is similar to the mechanism 
suggested in an earlier report [49]. Here, C and WS2 are already coupled 
with each other, and their fermi levels are also in alignment. Due to this, 
the difference in work function (after contact: 0.02 eV) is less compared 
to the value when direct contact was not present (0.095 eV). Hence a 
modulation in the electronic structure of the WS2 region in close prox-
imity with the C structure is con昀椀rmed and forms a platform for engi-
neering the optical properties with good spatial control. 

It is worth noting that such optical modulation has been previously 
reported by Jingang Li et al., for patterned C on WSe2 [8]. The revelation 
made by the authors is that the presence of defects and oxidized states in 
2D-TMDCs result in pro昀椀cient C-H activation and chemical reactions. 
Moreover, the ability to activate C-H bonds in speci昀椀c locations using 
light enables the optical printing of luminescent C dots onto solid sur-
faces. Weiwei Zhao et al. also showed data storage and encryption on 
monolayer WS2 by using a focused LASER beam [27]. By utilizing ozone 
functionalization and scanning a focused laser beam, precise control of 
PL emission was achieved, which enables the realization of the write-in. 
The 昀氀uorescence contrast facilitates the visual decryption and 
reading-out of information [27]. We also utilized the PL engineering 
observed by C-WS2 integration for writing the codes on WS2 and 
showing the application in data encryption. The process of data 
encryption is shown in three steps as discussed in the next paragraph. 

Fig. 5 illustrates the scheme utilized in optical encryption. In this 
study, Fig. 5a and 5b showcase the optical and FESEM image of CVD- 
grown WS2. The corresponding PL intensity mapping is shown in 
Fig. 5c. Initially, the 昀氀uorescence of WS2 was uniform throughout the 
entire sample. Moving on, selective e-beam exposure was applied to WS2 
to write symbols of choice, as demonstrated by marking "IIT" over two 
昀氀akes. The code writing on WS2 is step 1. Fig. 5d and 5e depict the 
optical and FESEM image of patterned WS2 and the corresponding PL 

intensity mapping is shown in Fig. 5f. The written code can be easily 
captured due to the high contrast in the 昀氀uorescence image while 
remaining invisible under a visible light microscope. The reading and 
capturing of written code constitute the step 2. In the 昀椀nal step-3, 
overexposure inside FESEM was performed and the imposed changes 
are further captured by optical and FESEM images presented in Fig. 5g 
and 5h. Fig. 5i demonstrates an almost complete loss of PL in the 
overexposed region. Here with overexposure C structures formed 
everywhere in the selected region which hide the written code. By 
following these three steps, data entry, encryption, and deletion can be 
achieved. With the naked eye and optical microscope, these codes are 
undetectable due to their small feature size, making data con昀椀dential 
and at the same time remain accessible only via 昀氀uorescence and FESEM 
imaging. It may be noted that, the patterning process is highly depen-
dent upon the exposure time of e-beam on sample. During the process of 
locating the same area, sample focusing, capturing images and zooming 
in and out, the area of interest receives greater interaction with the e- 
beam. Consequently, C deposition in the form of thin 昀椀lm occurs over 
the designated area leading to a small reduction in the PL values 
observed in Fig. 5c and 5f. However, the observed PL intensity change 
between the bare WS2 and patterned WS2 is very small. For example, 
difference in the PL intensity between bare WS2 and patterned WS2, 
recorded away from the patterned area is ~2–3K. The same difference 
obtained from the pre and post patterned region is ~25K. 

The PL position mapping was captured at each step of data encryp-
tion along with the PL intensity mapping, as illustrated in Supplemen-
tary Fig. S7. Although 昀氀uorescence imaging is faster and less expensive 
than PL mapping, it lacks the sensitivity and resolution of the latter. 
Therefore, all steps of data encryption were also studied with 昀氀uores-
cence imaging and presented in Supplementary Fig. S8. In 昀氀uorescence 
imaging, the intensity must be suf昀椀ciently high to detect data. However, 
in PL mapping, small intensity difference can also be detected. 

Optimization of the size of these patterns relies heavily on the pa-
rameters utilized in FESEM. The key parameters include magni昀椀cation, 
spot size, acceleration voltage, and duration of irradiation. Throughout 
the experiments, a consistent writing area of approximately 3 × 3 μm2 

Fig. 5. (a) Optical, (b) FESEM, and (c) PL intensity mapping of bare WS2. (d) Optical, (e) FESEM, and (f) PL intensity mapping of as patterned-WS2. (g) Optical, (h) 
FESEM, and (i) PL intensity mapping of overexposed-WS2. The scale bar is 5 μm for all. (A colour version of this 昀椀gure can be viewed online.) 
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was maintained. To examine the impact of each parameter, one 
parameter was adjusted at a time while keeping the remaining param-
eters constant. For calculating the average values, the 昀椀rst point with 
max height was excluded from taking average values. 

Firstly, magni昀椀cation was varied to check its effect on patterns 
(Fig. 6). Here 10 kV, spot size 3, and 3 × 3 μm2 area were kept as 
constant parameters. The patterning was carried out at 6500X, 8500X, 
10000X, 12000X, 15000X, 35000X and 50000X magni昀椀cations 
(Fig. 6a–d). The AFM height plots from marked lines are presented in 
Fig. 6e and 6f. The AFM image of patterning performed at 50000X 
magni昀椀cation is shown in Supplementary Fig. S9. The high-magni昀椀ed 
AFM image of the same 昀氀ake is shown in Fig. 1e where the minimum 
size of patterns was presented. At lower magni昀椀cations, the C patterns 
are larger in size and at more distance from each other. We found that 
the lateral feature size was highly dependent on magni昀椀cation. By 
increasing the magni昀椀cation, nanoparticle and even quantum structures 
can be achieved. In a particular area of writing, with an increase in 
magni昀椀cation, the number of points was increased. Simultaneously, due 
to the increase in the density of structures, the distance between them 
decreases. The capability of dense nanoscale patterning is feasible 
within a height range of 2–3 nm. The variation of the width of the C- 
structure with magni昀椀cation is plotted in Fig. 7a. As the area of writing 
is kept constant and with an increase in magni昀椀cation, a greater number 
of points are formed so the e-beam is spending less interaction time per 
point. 

To investigate the impact of exposure time, we conducted a 
patterning experiment while keeping all parameters constant except for 
time (10 kV, Spot Size 3,10000 magni昀椀cation, pressure 3.32 e−3 Pa). 
The resulting optical image, as shown in Supplementary Fig. S10a, il-
lustrates clear differences in the visibility of the patterns. Speci昀椀cally, 
the patterns formed at 2000 s are the darkest and most easily identi昀椀-
able, followed by those at 1000 s. The mildest patterning among these 
three is observed at 500 s, and patterns formed for just a few seconds are 
not visible under an optical microscope. Our observations indicate that 
the duration of exposure is directly related to the vertical as well as 
lateral growth of nanostructures (Fig. 7b). 

The Supplementary Figs. S11 and S12 illustrates the effect of varia-
tion in spot size. Speci昀椀cally, for spot sizes up to 3, the vertical height of 
the nanostructures increased whereas the further increase of spot size 
was found to decrease the height (Fig. 7c). The width of the C-structure 
was found to increase with spot size. 

Fig. 7d highlights how the acceleration voltage impacts the vertical 
height and width of the nanostructure. The detailed AFM images are 
shown in Supplementary Fig. S13. As per the results, when the 

acceleration voltage of the e-beam is under 10 kV, the height of the 
structure tends to increase. However, once the acceleration voltage 
crosses that threshold, it begins to damage the nanostructure, causing a 
decrease in height. The systematic height variation with respect to the 
acceleration voltage can be seen from the AFM height pro昀椀les of 
patterned C structures shown in Supplementary Fig. S14. Whereas width 
was found to 昀椀rst decrease and then increase with acceleration voltage. 
The damaged C structures with lower heights resulted at 18 kV and 20 
kV are shown in Supplementary Fig. S15. Notably, exposure time, 
accelerating voltage, and spot size does not affect the number of points 
or lateral distance within an area while magni昀椀cation shows the 
controllability of the number of points and lateral distance in the 
pattern. The demonstrated controllability of feature size in the EBID 
process of C patterning on 2D materials on selected locations is relevant 
for modulating the 昀氀uorescence towards photonic, optoelectronic, and 
optical encoding applications. Similar work was also demonstrated on 
MoS2 multilayers which resulted in a similar pattern formation as shown 
in Supplementary Fig. S16. 

4. Conclusions 

In summary, we harnessed the process of EBID of C nanostructures 
on WS2 monolayer with high spatial control and precision. Site-speci昀椀c 
integration of C nanostructures onto WS2 monolayer with an in-depth 
analysis of various parameters such as magni昀椀cation, time, spot size, 
and acceleration voltage on the C pattern has been demonstrated suc-
cessfully. The atomic-level interface has been studied using STEM- 
HAADF imaging and EELS analysis while the modulation of properties 
including 昀氀uorescence/PL quenching and emission redshift at the C-WS2 
interface have been investigated. The remarkable difference in PL 
emission intensity and work function observed in patterned C-WS2 
suggest that the band structure of this semiconducting material can be 
adjusted through e-beam patterning with a high spatial resolution of a 
few nanometres. Finally, the work has demonstrated the ability to 
perform data encryption using EBID, with overexposure of the e-beam 
being used to showcase data destruction. 
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