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ABSTRACT

Two dimensional layered materials with atomic scale thickness and layered
structure have gained substantial research interest due to their fascinating
properties like high specific area, tunable bandgap, strong coulomb
interaction, and ease of making heterostructures at atomic thickness. This
makes them suitable materials for various application in electronics,
photonics and desirable for interdisciplinary research fields like catalysis,
sensors, biosensors, neuromorphic computing, renewable energy etc.
However, adoption of these materials for practical application requires an
extensive understanding of their physical and chemical properties. Also,
scalable synthesis of 2D materials with precise control over the growth is a

major challenge.

In the present study, pulsed laser deposition (PLD) technique was used to
synthesize high quality, large area, few layered thin films of MoO3, WS», and
SnS. These materials belong to three distinct families of 2D materials, namely
transition metal oxide, transition metal di and mono chalcogenides. Gas
sensing properties of these films were studied to understand and achieve
highly selective sensor at low operating temperature with limit of detection in

parts per billion (ppb).

Synthesis of a-MoOs3 layered thin film of varying thickness of 6, 18 and 70 nm
was achieved through PLD. All the growth parameters were optimized, and
the three distinct thicknesses were obtained by changing the number of laser

pulse. X-ray diffraction (XRD) and Raman spectroscopy confirmed the

vii



formation of anisotropic a-MoOs. Atomic force microscopy (AFM) images
showed the evolution of morphology from 2D layers to oriented crystallite
growth with increase in film thickness. X-ray photoelectron spectroscopy
(XPS) measurements depicted higher concentration of oxygen vacancies in 70
nm thin film sample and higher oxygen adsorption in 6nm thick 2D layered
sample. Thickness dependent gas sensing behaviour was studied towards
NO; gas. 2D layered sample showed highest response of about 25 % at lower
temperature (100 °C). It also exhibited lower detection limits (100 ppb) and
selectivity towards NO> gas. Comparatively, TF showed poor response (4%)
towards NOz at 100 °C but got increased gradually to 35% at 250 °C indicating
higher diffusion of analyte gas due to its higher thickness. A change from n-
type to p-type gas sensing response was observed with decreasing thickness
of the a-MoOs3 films which might be attributed to the increased surface
adsorption and higher Schottky barrier at metal-MoO3 junction in sample

with lower thickness.

Synthesis of vertically and horizontally oriented WS> layered films was
achieved by varying the PLD parameters. The samples grown with a
combination of lower temperature (400 °C) and higher pressure (70 mTorr)
exhibited a vertical flake-like growth, with a flake thickness of ~ 2-5 nm.
However, at higher temperatures (600 °C) and lower pressure (30 mTorr),
planar film growth was obtained. XRD, Raman spectra and XPS spectra
confirmed 2H semiconducting phase and high film quality. Whereas FESEM,
AFM and cross-sectional transmission electron microscopy (TEM)

measurements were utilized to elucidate the growth mechanism. Further,
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vertically oriented films showed the best response with selectivity towards NO2
at room temperature (RT) with limit of detection less than 50 ppb. On the
contrary, subdued response was obtained in the case of planar films. The
results showed a large dependence of the gas sensing mechanism and

parameters on layer orientation, and the crucial role of edge sites.

Synthesis of high quality and ultrathin SnS thin film was achieved via PLD
followed by the decoration of noble metal nanoparticles (Ag, Au, and Pd) using
gas phase synthesis technique. Growth of SnS film was optimized by varying
the growth temperature between RT to 500 °C. Gas sensing measurements
were performed on pristine and metal nanoparticle decorated SnS films to

tune the response and selectivity.

To further understand the gas sensing mechanism, In-situ gas sensing
techniques were employed to further explore the sensing mechanism in detail.
Near ambient pressure (NAP) XPS measurements were performed on a-MoO3
thin films to study the effect of film thickness, morphology, and defects
towards NO2 gas sensing by analysing the change in position and intensity of
Mo 3d peak. In-situ Kelvin probe force microscopy (KPFM) was performed on
pristine, Ag, and Pd nanoparticle decorated SnS film. In-situ KPFM mapped
local changes in the work function of film due to analyte gas. The effect of Ag
to enhance NO2 response and Pd to increase selectivity towards H> gas has
been manifested from the change in surface potential and work function.
These results open opportunities to explore PLD as a potential synthesis
technique for 2D materials and give a unique perspective to their applications

as gas Sensors.
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AR

TRATY] TAM &1 A 3R WRd W1 & 1Y R} SHHIAET (2D) TRd ARl = 3=
3{THYe T[0T ol 3o TARRY &5, g H3- TG 9710, Holgd B SeXa’ SR URA]
HIeTE R FeIRCHR §H H M & HRUI YO SHu 3T U &t g1 T8 31
gy, Biele | fafte sryarT & e Iuged Il s § @R sid:fawg
& fou afe-g ]| gdifs, TagiRe SIIuanT & fad 39 A &1 3o-M & forg 3%
Hifae SR I TON &1 IS THS B TIRIHT Bl ¢ | 3D 3famdl, f[ad™ W
Tt 01 WY 2D AU H1 Whaad Y0 U et g 5 |

AU T H, O] MoOs, WS,, 3R SnS &1 3= UG, 98 &7, $9 Wikd udal
e &1 TRl B & ot Ters doR fSUiforwr (PLD) deb-ids &1 ST foedm T AT
Y T 2D IR & o S-S URaR] 3 Hefid §, Syl Gendur o1 SHiRTss,
THAU U S 3R A AAD o383 | 37 et o 17 SR T[u &7 ez Wi Uty
e (ppb) W TAT TH &t THT & 1Y HH SRS AT0HH R HATIH IITHD T
DI T 3R YT HRA & ford foram T |

PLD & HIEHH T &, ¢ 3R 9o TTUH Y 3.3 HICTS Bl a-MoO3 TRASR Uda thed
DT AV Ted fopan T | Gaft o ATuc St dl s ferd fovar T o, 3R AR U @
TRSAT DT TGABR 1 S-S HieTs Ui ! T8 | To-fethamn (XRD) 3R I
TWFeRBIT! A ACUD a-MoOs & e Bt B 1| SIS BRI AIZHIDIUT AFM)
Bfadi A e P AleTs | gfg & 1Y 2D Wadl 9 34 fohead fadb™ & e st &
fapr & [GWTaT | TRIX BiciSade M Wae kb Ul (XPS) ATl H o TATH Uddll flhed A
¥ SiloRieT RfckTd! 1 I Wil 3R & TITH W1t ST R T H 3w SHfeiier FRaT
<o T 81 NO, T & ufad diers w® AR 9 ddeT agR &1 siemye fhar
AT 2D WRd TG4 9 HF dUHE (oo f&Ul AR (°C) W THT % Bt

J=dH ufaferar eS| 399 ®H Udr &= &t AT (o0 ppb) 3R NO, T &
Ui gaTEdmar Ht TefRid &1 e 0 9, TF A 200°C TR NO, 1 3R &R
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ufafrar (¥%) fe@ms, Afe Juecc W MR- T 3u% B T3, o 3TH I
Ales & HRU A9 W & I=@ TR $T Yhd ol 81 a-MoO; hed! $i gect
Tlels & 1Y n-<8Y § p-ersy 1y IRFT Ry # dedg <@ 1, St HH Hies
ard T H UIg-MoO; SiaH W ¢l g3 e HGl 3R I Wesb! a1l & fog
fSTHIeR 81 HebaTl |

PLD HTUCS! &I SeT-3T dReb ddad iR Afds 9 I 3@ WS, WRd et &1
RO U1 o TTT T | 5 H AT (00 °C) 3R I a9 (90 mTorr) & AT & 1Y
3T T FHAT A ~ -4 TILH &1 URd HIels & 1Y Th Gaad URd ol g TG IRid &l |
gTdifds, I dTUHM (800 °C) 3R HH a1 (30 mTorr) W, WFR fthed fadm e faman
TTYT XRD, T WaeT 3R XPS WaeT = 2H SHarad wRu 3R 3= fhed o 1 gy
DI JEfPp Wics THY W11 TaaeH HHRGIT (FESEM), AFM 3R HI-Ja=MHd
TR S AIZH RS (TEM) AU BT TN [AH dF & WP H & forg foea
AT YT| 3 SAAT, daad 394 e 3 B & dIHH (RT) TR 4o ppb I HH UM DI
A1 1Y NO,, & Ufd TS AT & 1Y TaY 31 Ufafehan faars | 59 fAudia, @R
fopert & A 7 el g3 ufafthar ura g3 1 aRomat 3 wa ifNfa=ary W 19 Yaed dFf 8ik
AUCS &1 U da! fAHRdT 3R fhR & Argel &t Agayut YiHeT o fieamr|

PLD & AW § I TUrE 3R 3feeld— SnS Udah Uhed BT Terwor UTed forar 71 o,
R STE, TR TRUT YW dh1h BT YA HRb HeTH YT AUl (Ag, Au, 3R Pd) B
ToATde B 1T5 | HHL & dTTHA I Yoo °C & S [ dTIHH &I dGadR SnS e H1gfg
o1 SIpferd forar T uT| ufdfshar SR IgTHG T B e B & foIE UTEH 3R g
AHUI I o SnsS el R T AR AT fFu T 3|

g AR ABoH 1 SR THgH & forg, s.30g 1 AR db-ie! &I fawar ¥ AR
Hop 1o BT U T o forg ST fopan T T 1 Mo-3d ties &1 fRufer 3R citara & ufvacH
1[I0 R e I HITT, SMHINDT 3R NO2 T HdG & UHTG BT & B &
foTT a-MoOs Tdal fhed! TR AR Siffate URRNAP) XPS ATUA fart 1T & | 4.1 dhfead
B AT RSB IUT (KPFM) UTEH, Ag 3R Pd AR d ¥ IOt 7Y SnS fhed W forar
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7| -1 KPFM  fa=aivor i1 & HRUT fhed & B GARIE | RITHG ulad-l o1 Aft
B | NO2 Ufaforar &Y §g & ot Ag HTUHIT 3R He 19 & U Ta-THS a1 §6H & foft Pd

DT YT TG B! & R BRI THRIE H IRacH 4 Uhe g3l g | I TR 38T 9 & fag
U XAV A1 o U H GIUeTS! &1 Ul T o SaeR WA & SR 119 YR &b &Y

o 3o SN o foTe U Sifg i aRvea ¢ 8
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Figure 2.2 Actual images of the PLD setup used for the synthesis of thin films.
(a) PLD system for the deposition of MoOg3 thin film it includes a UHV chamber
with a load lock setup and a KRF excimer laser (b) PLD system for the
deposition of WSz and SnS thin film includes a HV chamber with an Nd:YaG

2 ET 3 o PP 2-5
Figure 2.3 Schematic diagram of thermal evaporation system................... 2-7

Figure 2.4 Diffraction of X-rays from parallel planes, depicting Braggs Law.

Figure 2.5 Schematic diagram of the X-ray diffractometer. ....................... 2-9
Figure 2.6 Raman scattering: Rayleigh, Stokes, and Anti-Stokes lines. ..2-12
Figure 2.7 Schematic diagram of Raman spectrometer. ..........c......c........ 2-13
Figure 2.8 Schematic diagram of electron-matter interaction.................. 2-15

Figure 2.9 Schematic diagram of field emission scanning electron microscopy

Figure 2.10 Schematic diagram of transmission electron microscopy...... 2-18

Figure 2.11 (a) Schematic diagram of the basic X-ray photoelectron
spectroscopy setup. (b) schematic describing of the XPS process showing the

ejection of core level electron on the absorption of the X-ray photon. ...... 2-20
Figure 2.12 Schematic diagram of atomic force microscope (AFM) setup. 2-21

Figure 2.13 Energy level diagram of tip and sample with corresponding work
function @t and Js. (a) Tip and sample without any electrical contact, showing
the offset in their Fermi levels Eft and Efs, respectively. (b) Electrical contact
between tip and sample results in the alignment of Fermi level via current
flow and the offset in vacuum levels Ev is equal to VCPD (contact potential

difference). (c) DC bias applied to nullify the VCPD..............c.ooiiiini. 2-25
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Figure 2.14 Electrical characterization setup consist of a probe station with

Keithley sourcemeter 2400 and 6517A Electrometer.........c.ccoeveveiinini.. 2-26
Figure 2.15 Schematic diagram of the gas sensing setup. .......c.cccceceveneni. 2-27

Figure 3.1 (a) XRD pattern for sample 2DF, UTF, and TF. The diffraction
intensity for the (020), (040), and (060) peaks indicate preferentially oriented
films along the [0kO] direction. (b) Raman spectra for sample 2DF, UTF, and
TF indicate the formation of the a- phase of MoO3. ......ccvvvivivivinininininenen.n. 3-6

Figure 3.2 AFM investigation of the as-deposited a-MoOs films. Morphology
plots of sample 2DF, UTF, and TF show the evolution of a-MoOs3 thin film with
I CKIIESS. ettt 3-8

Figure 3.3 XPS investigation of sample 2DF and TF (a) deconvoluted Mo 3d
peaks of 2DF (b) deconvoluted Mo 3d peaks of TF (c) comparison of Mo 3d
peaks of 2DF and TF (d) comparison of the VB maxima spectra of sample 2DF
AN T e 3-9

Figure 3.4 XPS spectra of the O 1s peak of sample (a) 2DF and (b) TF,
deconvoluted peak with higher intensity component showing lattice oxygen

and the smaller shoulder component represents the adsorbed oxygen species.

Figure 3.5 (a) Comparison of sensing response vs. temperature to obtain
optimal working temperature for 2DF, UTF, and TF towards NO2. (b) and (c)
shows a comparison of sensing response vs. NO2 concentration for sensors
at 100 °C. Dynamic response curve of (d) 2DF, (e) UTF, and (f) TF towards 10

ppm NOg at their respective working temperature...........c.coceeveveiiiiniin.. 3-13

Figure 3.6 (a) Comparison of I-V plots of a-MoO3 sample 2DF, UTF, and TF at
100 °C. (b) Energy band diagram of the sample 2DF with Ni/Au metal contacts
and energy band diagram under bias in dry air and the presence of NO2 mixed

WITH ATy QT e e 3-18
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Figure 4.1. Optical images of as-grown WS, thin film with deposition
parameters and sample notation. It depicts the variation in colour contrast of

the WS, films at different growth parameters..........cocoviviviiiiiiiiiiiiininininnn.. 4-5

Figure 4.2. (a) XRD pattern for sample W1-W9. The diffraction intensity for
the (002) peaks indicate preferentially oriented films along the [002] direction.
(b) Raman spectra for sample W1-W9. Raman spectra peaks indicate the

formation of the 2H-WSa phase. ....ccoviiiiiiie e 4-7

Figure 4.3 TEM investigation to study the effect of growth parameters on the
structure and morphology of WS, film. TEM, HRTEM image in (a-d)
correspond to samples W1, W3, W7, and W9, respectively. They depict the
surface in two different magnifications. The left part shows the overall surface
at lower magnification, whereas the right side show the high-resolution (HR)
image. Image (e) and (f) represents the SAED pattern corresponding to sample

W1 and WO, reSPECHIVELY. ..uuiiiiiii e 4-9

Figure 4.4 FESEM images of samples W1 — W9 indicates the morphological
evolution of the WS; thin film with varying combination of deposition pressure
(30-70 mTorr) and temperature (400-600 °C). The morphology varies from a
planar growth in (a) W1 to a vertical growth in WO.. ..., 4-12

Figure 4.5 XPS investigation of sample W1, W3, W7 and W9 (a) Survey spectra
of WSy thin films shows the various elements present and their chemical
states. (b) Comparison of high resolution XPS spectra of W4f and S2p of
sample W1, W3, W7 and W9. (c) W4f p peak is deconvoluted to WO, W4+, W6+
components. The deconvoluted components are compared in sample W1, W3,
W7 and W9 showing the decrease in WO component from sample W1 to W9
(d) Comparison of the VB maxima spectra of sample W1, W3, W7 and W9. .4-
14

Figure 4.6 FESEM images of as grown WS> film at 400 °C substrate
temperature and 70 mTorr background pressure with (a) 100 (b) 250 (c) 500
(d) 1000 (e) 2000 laser pulse in each film. .......coooiiiiiiiiiiiiiiii, 4-16
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Figure 4.7 (a-b) FESEM images of as-grown WS, film at (a) 5 Hz, (b) 10 Hz
laser frequency. (c-e) FESEM images of as-grown WS, film at (c¢) 120 mJ, (d)
90 mJd and (¢) 70 md laser energy. Other growth parameters Substrate
temperature, background pressure, and number of laser pulses is fixed at 400

°C, 70 mTorr, and 1000 laser pulses, respectively. .....cccoveviviiiiiiiniininn.. 4-17

Figure 4.8 (a — d) HAADF-STEM images of samples W1, W3, W7, and W9
showing the cross-sectional TEM of WS> on SiO2/Si substrates showing the
variation in overall morphological structures of WS> thin films. High-
resolution cross section TEM and HAADF images (e-h) shows a randomly
oriented buffer layer followed by the preferential growth of vertical flakes. (i, k
and m) shows the cross-sectional TEM images of sample W7, W3, and W1.
The magnified HAADF images from the highlighted parts of images (j, i and n)
reveals the out-of-plane to in-plane growth structures in samples W7, W3,

and W1, reSpeCtiVeLy. «.c.ouueuiniiiii e 4-20

Figure 4.9 (a—c) Schematic of the In-plane growth of WS> thin film. (a)
Nucleation of layered nano-domains of WS». (b) In plane growth of the film
with impingement induced thinning preventing any preferential growth. (c) In
plane grown WS» thin film. (d) Nucleation of randomly oriented nano-domains
(e) Preferential growth of out of plane domains. (f) Out of plane grown WS,
thin film. Here, the yellow- and turquoise-colored spheres represents the

sulfur and tungsten, respectively. .......ccoooiiiiiiiiiiiii 4-21

Figure 4.10 (a) Comparison of the I-V characteristics of sample W1, W7 and
W9 at RT. (b) Sensing response vs. temperature for sample W1, W7 and W9
to obtain optimal working temperature for the sensors towards NO2 (b)
Sensing response vs. temperature for sample W1, W7 and W9 to obtain
optimal working temperature for the sensors towards NOZ2. (c) Sensing
response vs. time in sample W9 towards different concentration of NO2
ranging from 2 ppm to 50 ppb. (d) Dynamic response curve showing the
response vs. time plot towards lppm NO2. (e) Response/recovery time vs

temperature plot towards 500 ppb NO2. (f) Histogram with the % response of

XXV
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gases NO2, CO, NH3 and H2 for sample W9 showing selectivity towards NO2

Figure 4.11 Effect of humidity on the sensing properties of sample W9 at two
different RH values of (a) 20 % and (b) 70 % towards 1 ppm NO: at RT. (c) long

term stability of the gas sensing performance in sample WO.............ccooiiiiiiiiinnnn.. 4-29

Figure 5.1 Integrated Schematic of gas phase synthesis setup to synthesize

metal NANOPATTICIES. .. iu it e e e e 5-5

Figure 5.2 (a) XRD patterns for samples S1-S4. The diffraction intensity for
the (040) peak indicate preferentially oriented films along the [OkO] direction.
(b) RT Raman spectra (excitation wavelength: 514 nm) for samples S1-S5. (c)
FESEM image of the as-grown SnS film at different temperatures showing the

growth evolution with the substrate temperature. ............c.coviiiil. 5-8

Figure 5.3 Evolution of SnS thin film by changing the number of laser pulse
at 150 C substrate temperature (a) XRD patterns of SnS thin films with Snm
(S2_150), 13nm (S2_450) and 27nm (S2_450) film thickness. (b) Raman
spectra for SnS thin film with increasing film thickness. (c-e) FESEM image

showing the morphological evolution of the SnS film. ......................... 5-10

Figure 5.4 HRTEM images of as-grown Pd, Au and Ag nanoparticles showing
the varying size. XRD, Raman spectra of the as-grown nanoparticles on the

SnS film. FESEM images of metal nanoparticles decorate SnS thin film..5-12

Figure 5.5 XPS investigation of sample SnS, Pd_SnS, Au_SnS, and Ag SnS.
(a) Survey spectra of SnS and metal nanoparticle decorated SnS thin films.
(b) Comparison of high resolution PLD spectra of Sn3d and S2p peaks. (c, d)
Deconvoluted high resolution spectra of Sn3d and S2p peaks. (e-h) High
resolution spectra of Pd, Au and Ag. (h) Comparison of the VB maxima

] 01T o1 o= WP PPNt 5-13

Figure 5.6. (a) I-V characteristics of the SnS thin film with varying thickness.

(b) Temperature dependent response towards 1ppm NOa2. (c) Response vs NO2

XxXvi
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concentration (d-f) Cyclic response towards different concentration of NOa. 5-

17

Figure 5.7 Sensing performance of SnS, Ag SnS, Au_SnS and Pd_SnS
samples (a) Comparison of the I-V characteristics at RT. (b) Response vs.
temperature plot to obtain optimal working temperature (c) Sensing response
vs NO2 concentration ranging from 2ppm to S0 ppb. (d) sensing response vs.
H> concentration for Pd_SnS ranging from 70 ppm to 1 ppm. (e) Histogram
with % response of gases NO2, CO, NH3, and Hz for pristine and metal
nanoparticles decorated SnS films to show the selectivity. (f-i) dynamic
response curve showing the response vs time plot towards 2 ppm NO:z in

sample SnS, Ag SnS, and Au_SnS, respectively and 70 ppm H2 in Pd_SnS.

Figure 5.8 Response recovery time with the concentration of analyte gas in (a)

SnS (b) Ag _SnS (c) Au_SnS and (d) Pd_SnS. ... 5-21

Figure 6.1 Schematic diagram of the ESCA beamline setup showing the optics

involved to collimate and focus synchrotron X-ray beam onto the sample. 6-5

Figure 6.2 (a) Schematic diagram of the NAP cell (b) Actual images of NAP cell
showing the pinhole and electrical feedthrough. (c) Inside image of NAP cell
showing sample, electrical contact, and ceramic heater (d) NAP cell inside the

chamber with gas line on the back. ... 6-7

Figure 6.3 Schematic diagram of the Kelvin probe force microscopy (KPFM)
=1 1 o FO PP 6-9

Figure 6.4 (a) Actual images of the KPFM setup (Bruker Multimode V) (b) a
gas cell assembly to perform in-situ KPFM measurements in presence of
desired gas. It has two luer fittings to insert and evacuate the analyte gas

oty Te (oaN o s ik elc] | 6-10

Figure 6.5 (a) Comparison of Mo 3d peaks of sample 2D in vacuum vs mixture

of NO2 and NO gas (b) comparison of Mo 3d peaks of sample TF in vacuum vs
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mixture of NO2 and NO gas. VB maxima spectra of sample (c) 2D and (d) TF

in vacuum and mixture of NO; and mixture of NOs and NO.................... 6-12

Figure 6.6 Ambient pressure XPS investigation of sample 2DF and TF (a)
deconvoluted Mo 3d peaks of sample 2D in vacuum (b) deconvoluted Mo 3d
peaks of sample 2DF in NO and NO: gas mixture (c) Comparison of the
deconvoluted Mo 3d peaks of MoOg3 in vacuum and NOx (d) Mo3d peaks in

NOx for the repeated five scans at the same position. .........ccceeveviiieninnn.. 6-13

Figure 6.7 In situ KPFM of SnS (a,b) Morphology image and KPFM map of the
SnS sample in Ar (c,d) Topography image and KPFM map of SnS in NOx (e, {)
Work function and surface potential values of SnS in Ar, NOx and Ar after

INOX EXPOSUTE. t.entninininenen e ettt ettt ettt e e enenenenenenenenas 6-17

Figure 6.8 In-situ KPFM of Ag SnS (a,b) Morphology image and KPFM map of
the Ag SnS sample in Ar (c,d) Topography image and KPFM map of Ag SnS
in NOx (e, f) Work function and surface potential values of Ag SnS in Ar, NOx

and Ar after NOX @XPOSUTE. .cueuiuinininititititet ettt eeenenenenenanas 6-18

Figure 6.9 In-situ KPFM of Pd_SnS (a,b) Morphology image and KPFM map of
the Pd_SnS sample in Ar gas (c,d) Topography image and KPFM map of
Pd_SnS in H» gas (e, f) Work function and surface potential values of Pd_SnS
in Ar, Ho and Ar after Ho @€XPOSUTLE.......iuiuiiiiiiiiiiiiniiineeereneee e 6-19
Figure Al 1 (a) Microscopic KPFM plots of the sample 2DF, UTF, and TF show
spatial variation of the surface potential (b) Surface potential histograms

corresponding to samples 2DF, UTF, and TF... ......coooiiiiiiiiiiiiiiiiiinnne. Al

Figure Al 2 (a)-(b) Dynamic response curve for sample 2DF, UTF and TF at
200 °C towards 10 ppm NO2... ..ot e A2

Figure A2 1 (a) XRD pattern for sample W1-W9 indicates small intensity
diffraction peaks corresponding to (101) planes present in only sample W9.
(b) XRD pattern of the WS; film grown at 10 mTorr background pressure and
600 °C substrate temperature.........c..v.iiiiiiiiiiii i A4

Figure A2 2 AFM images of the as-grown WS film, each with 100 laser pulses

at different Argon PrESSUTIE. ..ouuiu ittt et eaes AS
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Figure A3 1 The HRTEM images of palladium, gold and silver nanoparticles
deposited directly on the TEM grid using IGPS setup. The deposition time in
all three case is kept 30 min with 60Hz spark frequency and sintering
temperature of 800 °C for Pd nanoparticles 500 °C for Au or Ag nanoparticles.
(a-f) TEM images at two magnification indicates the uniform distribution of
spherical nanoparticle with bigger agglomerates in Pd. Comparatively smaller
agglomerates with highest particle density is observed in Au. Whereas, Ag has
minimum agglomeration with uniform particles distribution. (g-f)
Corresponding SAED pattern are used to find the d spacing in all three

particles  which matches well with the corresponding XRD
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ABBREVIATIONS

DOS Density of states

vdW van der Waals

MBE Molecular beam epitaxy

XRR X-ray reflectivity

XRD X-ray diffraction

FESEM Field electron scanning electron microscopy
XPS X-ray photoelectron spectroscopy

B.E. Binding energy

MFC Mass flow controller

2D Two dimensional

3D Three dimensional

EDX Electron diffraction analysis

TEM Transmission electron microscopy

HRTEM High-resolution transmission electron microscopy
AFM Atomic force microscopy

TMD Transition metal dichalcogenides

SC Surface charge

SPM Scanning probe microscope

PSPD Position-sensitive photodetector

PECVD plasma-enhanced chemical vapor deposition
JCPDS Joint Committee on Powder Diffraction Standards
BSE Backscattered electron

PLD Pulsed laser deposition

IGPS Integrated gas phase synthesis setup

PVD Physical vapour deposition

PVA Polyvinyl alcohol

KrF Krypton flouride

EDS Energy dispersive spectrometer

CB Conduction band
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VB
SP
KPFM
CCD
LOD

Valance band

Surface potential

Kelvin probe force microscopy
Charge coupled device

Limit of detection
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