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Abstract

Two-dimensional transition metal dichalcogenides (2D-TMDs) have recently garnered significant interest among materials
scientists due to their diverse properties, spanning from electronic to optoelectronic applications. The research problem
we aim to address is the inherent zero bandgap of graphene, which limits its practical use in the semiconductor industry.
This problem has led to the exploration of bandgap engineering, which, while producing promising results, adds cost to
the fabrication process and significantly decreases the properties. The unique and wide range of features exhibited by
2D-TMDs, from semiconductor behavior (MoS,, WSe;) to insulating behavior (HfS;) to metallic behavior (VSe;, NbS;), make
them a potential solution to this problem. Among all the TMDs, molybdenum disulfide (MoS;) is the most widely studied.
The nonzero bandgap in MoS;, WS, can be tuned an indirect-to-direct by reducing to a monolayer. Bulk MoS; has an
indirect bandgap of ~1.2 €V, which is tuned to a direct bandgap of ~1.8 eV for monolayer MoS,. Similarly, in WS;, the
band gap can also be tuned from ~1.3 eV indirect-to-direct ~2.1eV direct bandgap semiconductor by decreasing the
number of layers to single. Tunable bandgaps make them useful for fabricating memristors, transistors, photodetectors,
piezoelectric devices, etc. A significant amount of work has been carried out in this field, but growing high crystalline large

domain-sized monolayer WS, remains a major challenge, underscoring the need for further research and innovation in the
field.

An atmospheric pressure chemical vapor deposition (APCVD) was employed to grow WS, on a SiO, substrate. Field
emission scanning electron microscopy scan revealed the growth of various morphologies of WS;. In triangular flakes, a
maximum edge length of ~110 um (for multilayer) and ~60 pm (for monolayer) was observed optically. Energy dispersive

X-ray analysis revealed a W:S ratio close to a I:2 for the tungsten-to-sulfur ratio. Two sets of intensity ratios (%@)
g

calculated from Raman spectra, were found: ~2.15and ~0.56, corresponding respectively to monolayer, and multilayer
growth of WS,. Photoluminescence measurements yield peaks at ~640 nm (for monolayer) and ~660 nm (for multilayer),
with the former peak exhibiting a ~20-fold enhancement than the latter, suggesting a radiatively more efficient direct
bandgap. Various sample geometries were employed to address the inherent problem of low-surface coverage for CVD-
grown TMDs. Along with the monolayer, multilayer WS, flakes of different shapes: triangular pyramidal, truncated triangular,
butterfly-shaped, and hexagonal flakes, nanoflowers as well as quasi-fractal shapes of varying dimensions, were also grown
by optimizing the growth parameters. The arrangement of substrates in sample geometries B (two growth substrates placed
on top, facing each other) and C (similar to B but with thin strips of silicon wafer acting as pillars) likely enhanced the
local precursor concentration at the substrate surface, leading to improved growth area coverage. As expected, moving
inward from the precursor vapor entry edge increased surface coverage; however, multilayer WS, growth predominated
over monolayer formation in these approaches. Through implementing sample geometry C, the inherent issue of low
vapor concentration at the substrate surface was addressed, as evident from the improved surface coverage from ~23.31%
(classical three-region APCVD approach) to ~62.86% growth by employing a sample geometry C. However, complete
surface coverage was not achieved.

A two-step growth was implemented to address this issue: deposition of nanoscale thin tungsten using a sputtering
approach and sulfurization at the desired temperature. The growth of multilayer nanosheets of WS, was observed in field
emission scanning electron microscopy (FESEM) analysis. An energy dispersive X-ray (EDX) study revealed a stoichiometry
close to a I:2 atomic ratio for W:S, confirming the growth of WS,. X-ray diffraction (XRD) analysis revealed the growth of
hexagonal phased WS, (2H-WS;). Various sulfur precursors ranging from 100-900 mg were used as a source of sulfur,
keeping all other parameters unchanged. The EDX analyzed as-grown samples to characterize the effect of sulfur amount
on growth stoichiometry. The impact of sulfur on the growth of WS; thin film using sulfurization was studied. The as-grown
thin films were categorized into three stoichiometric regions based on the S: W ratio from EDX analysis: (a) < 2, (b) ~ 2,
and (c) > 2.

To further simplify the sulfurization process, a drop cast of alcohol-dispersed WQ5 is followed by sulfurization. Drop-cast



provides control over the distribution and coverage of WO3 on the substrate (Si0,). Moreover, the ethanol-dispersed drop-
cast method is straightforward and eliminates the necessity of specialized precursor materials or sophisticated deposition
tools like sputtering or ALD. This approach is adaptable and compatible with various growth substrates.

Bulk WS,, a semiconductor with a bandgap of ~1.35€V, has low photoresponsivity owing to the poor optical ab-
sorbance, which restricts its application in high-performance photodetection. The study observed that the doping of silver in
WS, (Ag:WS;) enhanced the photoelectronic response. The material's structure, morphology, and purity were analyzed using
high-resolution transmission electron microscopy (HRTEM), FESEM, and Raman spectroscopy. HRTEM revealed the sheet-
like morphology of WS, and the presence of spherical Ag nanoparticles in Ag:WS;. A threefold increase in absorbance of
WS, upon introducing Ag was observed in ultraviolet-visible (UV-Vis) spectra. Lateral metal-semiconductor-metal (MSM)
photodetectors were fabricated using pristine WS, (control) and Ag:WS; (test) to evaluate their photodetection capabilities.
Strong phonon scattering, often induced by intrinsic vacancy defects, can significantly hinder the performance of carrier
transport, resulting in poor photodetection. Comparative analysis of these devices under dark conditions and exposure
to solar AML5G light revealed that the Ag:WS, (test) device exhibited a ~9-fold increase in photocurrent compared to
its pristine WS, (control) counterpart under the same illuminated conditions. Further, this study demonstrates a ~6-fold
increase in the carrier lifetime in silver-doped test devices using transient absorption, implying an effective reduction in
carrier-phonon scattering.
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QT STRITHY HEhHUT T STEAADIAISSH (2D-TMDs) 7 &Tet &1 7 |l dsfant & i sreh
D ST &, FNfh 37 0T 954 AfAg & — Setacie J oo ATCIgerag - AN aeb|
ST oNer TFET DY 89 8l AT AT8d 8, I8 & AThIF T TarTfdes ‘g d<iy’, St arefaretsd

ST & 39b cu|clsn<cb€cra>mas‘r‘ﬂ“1ﬁacb<d|%|s'\’:rw-lwléicbww "Seig SofRafReT’ i @ier
I3 B, BIcllh 39 URUIT STILATSD 38 8, <lfdhd I8 0T Ufsharr & AT a1 <eit 8 3R

HTRfT o TUTT T BT 8 T HF IR el 51 2D-TMDs FRT UGfefa arfgeiiar JiR = faeramn

~ JEATAD FIER (MoS,, WSe,) H aR Faad AGeR (HfS,) iR R a1fcdd @aer
(VSe,, NDS,) TP — 78 3 FHRAT BT U T THTE a1t & | ot TMDs 5 &, Mifates™
SRHEHES (MoS, ) TR Fa eI ega= fhar T g Moszsﬁ?wszﬁqﬁiﬁ 19T dSiy’
@, Il DY TeTaR U HFeRR’ (Tdhel RA) H dooM U, ' 31edel’ § 'Tedel’ YdR N qaell
ww%r\rwMoszmé@ﬁqme{zﬁéaﬁ?sﬂzﬁrqﬁwmwm% a8l
THA-URA MoS, & ol TH JSATR T 1.8 ¢V & Y&l diy a1 & Jrar 1 St &g,
WS, 5 ofY, IRl &t FAT TR T et IR ST P T 1.3 eV (ST eT) H STAdh TFTERT
2.1eV (TcTer) TS daTet NefTerd § g8l ST bl & 7 dSieT Pl YT 317ae
qeeM &I T I8 AIRECY, Tifoeed, heifcaed, fNigafaed Suawun anfe & fMwfor
%ﬁnmﬁaﬂﬁ%sﬂaﬁﬁaﬂﬁwﬁmwgm% AT S fpecefiaar 3k o
SM—3TPR TTel! TheT—URd WS, P fIeRia a_eT 31+l Tob St Kl a1 gl &; I8 39
T BT NFifdhd IRaT & 6 39 &7 7 iR 1 oy quT FaraR 6 Maadmd gl

Si0, HEFCT (BMMER) W WS, DI AT & o ol ' aRIHSH T SaTa A1 arsd ST
(APCVD) fafer T IURANT fobarT 1T 1 " thies QAL FhI-T getare = ATgshIepIUl’ GIRT foby Y Tt
q WS, DI A JR &Y sMpfaal & G &1 uat gef| By Beaw H, sfifccaa sar
TR 3ffSHa IR & &aTE ~110 pm (AR & o) 3R ~60 pm (AFRRR & o) Ui
TS| Tl SEUfd X—X T & udT gefl & STRe-J—ex &1 g (W:S) 1:2 &
T <11 7 Ter] 1 TR g TG <fterem argeet (2400 ) 3 Y e fR: ~2.15 3 ~0.56,

S A WS, P HIFeRR 3R HecloldR [GbrRT & 1Ry 9| BICIegA-a™ d1di d ~640 nm
(AFeRR & falY) 3R ~660 nm (FeclelR & o) W Ui fiel; S I Ugall s S i
T | ~20 TAT 37ee o fSRaTdT 8, ST e 3ffee Wfeufcd U A $ad SRRIT §SHY P
el ST 81 CVD—TIBRIT TMDs & folT 9 | dawsT i S ied THIT Pl B B b foly
Tt o ST o1 IUAIT o 17| AFIeRR & H1-H1Y, e AIEs] $f sgdicd
R AT STBRI b HecIoldR WS, e ot e fobu ;S Prepiufiar foRifregHT, @ 8¢
ferofi, fdeft & SMdHR &, IR YU Bad, "AIGeR, A1 & fafde sl & ard-thaca
JBR | AT ST B (] I HeFTH (-GN P HWR, JHA-HHH W M) 3R €
(B & M, <ifch fAifetent™ IR i Udlet! Ufeal T SUIN GHI & BU H T TT) § Faeeed
&I gl § FIA: FIEGT DI Tg W TAFR WPk AisdT 1 gor, s [em &
HaAST H GHR FATI ST b UTAT o1, TepeR sy Faer [ & 3R &l AR 987 W A5
HA | gl §e; BT, 9 QI H AR M 6T JomT 5 Tk WS, 1 e
31f&reh THTdT R8T FHAT ST C Bl AN PRep, HAFCT bl AAS UR DHH a1 Higell bl fciffaet
T BT FHIGT AT AT, I8 1T HAE PRl H Y GUR J FIE &, I ~23.31% (IRIRS




-8 APCVD SRPITT) | IGaR ~62.86% (TIAT ST C T SHART I ) &I TAT| ETAT(h,
quf g FHavet UTH &l & T

sﬂmwaﬁsafmﬁésﬁqaﬁ TROT aTeht [y nfera oS 18: TuehaT fafdr o1 Suart
PRD -1-1|\Lcr>c4 Udcil € CTRCT ORd ST 3R FIfSd ATIHE TR GhRIgueM BeAT| thics TR
EDIT gerare i HTgehIFDPIUT (FESEM) fiur 5 ws, &t g —uRd "-1eficH &1 faer <@ |
Th Sl —TentuT X—fa=or (EDX) aw@ww%wsmmﬁwlzéﬁwﬁ
HRT o, R WS, & IRy dT gt g1 X—{H=ur fGac (XRD) f%Iwor | SaRIFTIFel R0T
aret WS, (2H-WS, ) & fIRT T IdT del| Hehx & Ed & ®Y H 100-900 mg T & fafd=
Hohx o (qdme uererf) o1 SuanT fhar T, SEfe s Tt Arucet o suRafa wan
TIAT| EDX §RT e T & [T foham ram anfs fJasre ot SeaHianurfifa &R Hed o

T & W9 P TTAT ST b | HePRIgo1e fAfe) BT ST axeh WS, Pt uaiel! fthed & faara
TR HEHR b T T STE ot T | faep T uctell fOhewl T EDX faisor 31 ome S:w J1gurd
& MR W T THEHIGROIHRT 831 H afiepd fohaT T (a) < 2, (b) ~ 2, 3R () > 21

HEPRISUIL TfhaT T 3R AT M & folv, 3fepleet H gl U W05 Pl Wb g8 (S
HRC) STett AN &, oI JIe Fergaie fbar SIdm 81 Su-are fIfg § Jawee (Sio,)
W WO; & thelid 3R Bavst Bl IR b ST HevdT 81 3 31eTrdl, 31l H el §s $iu-
pree fafey et —arct & ofk 399 ford) o sk Il a1 T9efar a1 ALD S Sifed ST
(deposition) SUBRUN & SRR &l US| T8 TRIDBT oFdtel & iR T3 TRE & MY
FIECTH o AT SEHTS T ST HehelT 21

NPB WS,, T ~1.35eV & ST aTell Uoh FHidhsacy &, § $H 3fftehet AT & HROT
hlel-Reafafad o7 gkt 8, O ST-vee™ dTel BielfSeae™ ¥ 9@ SWIT Hifdd &
ST 21 S 37E H T 11 o WS, 7 @iat (Ag) &SI a1 & (Ag:WS, ) BICIgetaeii-id
qﬁﬁﬁm%ﬂélﬂmﬁaﬁw srmﬁzﬁsﬂw;@mwrﬁ&ﬁwms‘ -Reifege e
golded HATSshIREpIUT (HRTEM), FESEM 3iR 3T FUFCIEDIUT ST IUINT Gxeh bl T-TI HRTEM
@WSZEﬁeﬂEé@rWﬂTaﬁ?A wszﬁrhaWA N fH IuRATT HT uar Fa|
sfecrardele - fafsrea (uv- m)‘@%rﬁ Ag ﬁaﬁwwsz$a€raﬁwﬁaﬁwqﬁgé@%
TS| PR FeH &N BT Jediad ax & oy, g WS, (fa=ur) 3R Ag:ws, (Tterr)
T ITIN IR g1 eTg—Tfidheaex—eTg (MSM) BIEecdeR a1¢ MU/ o i Hehivm,
S SRR 3faRe Rk SISl & HROT 81T 8, dTed URde & UG § HIhl 918 STt Tl
2, OrId uRUIMawY hIeScae™ BRIT BlaT 1 3ieR &t fRfd # ok IR AM1.56 T&1e &
Hudh H A TR 7 UGN &b JoHIcAD IR0 F e Fell o Ag:Ws, (T=1&mm) Suaor 5
T e i FRART H 1o g8 ws, (=) T9@e i ot  BIciane ¥ ~9 T Ifg
yefeld 61| SHG ITeTal, T8 7T &0 SFaNyUT &l SYANT Ry TS —SIeS RIS JUFHRUN
Y 18 Siadiel H ~6 AT gfg DI qidl &, e a7ef 8 b ardh I Uehivid & et
I 3TTS B




ATTAGEHA
frfas GraferTa @B SRMIMEIEHIZGTYE (2D-TMDs) =S IgRearaio

(materials scientists) J&1 I WART A FECT; 9F IFV 3¢ AWF Qfoaay
RFRRPTYR, I IETE[AD (A BT PR WA BRI ZAP—OSN (Fas [Fo | a1
@ RIS AIIOF ST &% AT @MY, of 36 SifvE oo N7
TS’ (zero bandgap) 0L Q3 TR Givswrex Py aifses It
I Ao IR G| Q3 FAIMIF ANEIET oI 4&@3 '[rEome sf&famfie’-az
TP BF 3, I8 @3 S TRIGT T gvid IR, 58 aft Tesimd
sferrg 496 AV @ Q32 NfHET @ifeis FRSEIEE SEARHTOIE I IE
| 2D-TMDs-a3 2mfTo aiqe; 8 R [@FRPTR—I1 GIiiTSI8d WHRT (MoS,,
WSe,) (AT BF IR WSIP 1 39901 AIBI (HFS,) QIR 4167 AHIT (VSe,, NbS,)
8 Rgo—ataee Sfafio iR it S8Ry S ReTR afsPe F@|1 w3
TMD-a3 F&y, IfACTaN TIZAEHIEG (MoS,) fREs s&ifass si@gan sifFsifers sas|
MoS, Q3 WS,-9F - JTTMIAE Ad BIRAT FNE 93 BF (monolayer)
s I T "FA@R’ (indirect) TIWN I 'O (direct) WK FOST
31 5% 1 T8I F I AT (MoS,)-a7 9B @ JFosist A, TIF I
o ~1.2eV; vg 9 I99 9T BA (MoS, monolayer) #fFc T =7, T4F
QI BT IS 2@ a6 SAors JFEMICT T @, I I AT ~1.8¢eV|
AFISIE, WS,-aF (Fr@8 BIN IR 9T B (NG WIS I QI SIS
RF TIF (~1.3 eV) ([ oS CINPUIBT AIH (~2.1 eV) 18 68 1 AAfF7dw
A S| Q3 ARISI@I JITMIAT QAT IS 2D-TMDs-2 @R,
, SO, PirensEGe Tgiet 3opift tofia Fta Wors SAEN 3@
ST a8 G BIONC ST AR SN @ TS sl 2, S, Teb-
“H6F BINEFTF (high crystalline) @32 I2-7IfF51&F (large domain-sized) 9F3-
BIRMR WS, 2180 It (&1 I Q4T3 9F6 IT i@ RORE IW (le—T 93 (v @
HRG TSI FREIN Q2 TBRET AT ST (SIS ot F |
aHTH Si0, ARCHHI CRF WS, 2FS I SCneY 'IRTNGAT BICst IR oot
WLLTHAAY (APCVD) TP 91D TGS 2t 1 3ot | ' s affiria wifas 3 ga
TR (FESEM) TIET @ WS,-aF R[Sy 43w si5aeaat It ' IIcsefey’
sifds zeT RFaft Srnfos za| AN G It 2o BRI GFE@, GBI
FFETHT TRTH ST ) ITVBE@F (multilayer) &7 & 110 pl QIR AFIBERL
(monolayer) S 21X 60 pl #If= 6o z@ce | <fS-R%E amw-& [Rea=g9 (energy dis-
persive X-ray analysis) (IGE @4l (*1(2 (T, BIGOA 8 AAHIERI WS (W:S) 5:2-
OF WorB IRIBIG | INE IFA (Raman spectra) (A ST T SIFOIF AFATSI

(LA(M ) 9fs G5 #INSTT (oite: IWFE AT 2.15 QIR AT 0.56—1 TAHE WS,-9F

ATIBI AR ILBRT T Ao FIOHNEe™ RN aITFBET oq) AN
640 nm AR ITVRI T AT 660 nm SI5M F1A4F (peak) 2MS (5Ity; Qg J&T
oIAw Preafbs Sigol Gefta o o 20 a1 @ fffsfrs el oft [Rord
IR T, OFIVEI Fa [fFarorceir wfdsog s a6 st s (di-
rect bandgap) P71 1 CVD #I%f5to &goFs TMD-STIR (FE oo Fg WRAET
(low-surface coverage) @ SzGIG ST AMF, B AFLEI TOH Iy [fSq
onifafos RarmT 31 SIpfo et 1 2@ Iad SRE (growth parame-
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ters) IS R KT8 FIF TIW AFIBEF AP [ifsy wpfog g3k
WS, GFa3 2F0 I T8I IA®, AiF & IR AN s, 6o
fa@INeR, gerifo-apion 8 ITgeR P, TEFSTF AR [fey IaF
' @II- B Wlwwﬁ%ﬁmm B' (@1 7ft Ia STIReGs It WiER
O WART JEIFFA 3@ TR Bifos () @R 'C (T [T 'B-97 Wgast, o
aw%ﬁmemwmﬂwwmﬁ%&mwa@)—aiﬁmﬁ@m
ARG BTEIRN TIRIET B HIIS ARCGBI Do THBR I FIHNE JceaF
B 97 (G (TR, IF AT Do Jrd SO I HRIT AT TSI
TS AT oI TG, fAPRE I AR A (AT (TR Ui W
G AN AN SO WRIY I (IET; TR a3 GOSN AFIFBI NI
QR IBARFIE WS,-a% IR aféss ety @ swee| TR enififo [Raymr
'C' T FIF W TRCGEB DO T TAII FFOI-TIN6 HZSTS SISO
SR FAT TSI TR | T & ROTRE o7l T &, SIS [Rapst 'C 2@3 T
DO IHI NSO T WIRIT F&FI AT 20.05% (I FoATBRS foq-areakFE APCVD
AGTOI TARPA) (TP I (IR ATV b2.bv%-Q SIS R | I, 9F ARG THOE
Sovf<f SIRFY AT 5j<f157 TR Ted AT I 2|
a3 SIS STNaIEs Sowy a3t G-aefRfFR 3 afem sema s safe:
=B (sputtering) &[SI JNE TIEA-EE Afo-ATGAT BIRGGF (tungsten)
TNl T QIR ISP SN ATSIRREET (sulfurization) ™9 411 5
affT gfde 3Esga IRc@icEf# (FESEM) Resses i WS,-a3 IR
3 In el 31 @3B aaife Resomafre aw-& (EDX) sidrs=
W:S-a3 AT TIATS 5:2-97 Wo5s o0 Ao GOIRIFSEIG (stoichiom-
etry) S@IEo 27, T WS,-a3 I [(fFte 3@ a-& S (XRD) [Reasee
FogeIFR WRR (hexagonal phase) WS, (2H-WS,)-a3 It &1 2ItG | ATHIET
T fRGIR 00 A poo Nfaimz R[Rfey @ ser {81 (precur-
sors) JIIRA FA AR, AAE AN TP« Ao wofkIfoo Trar =31
I CORFeEG 8T TewIET AR gor AR Fow 7 24FoFo
YIS EDX-9F IO RS 1 27| AGTHIRIBETH AGS 727 IE WS,
AT BT IHT BT ATTIERI ORI RmeIR WRF T 271 EDX Reswee
o1 S:W TGsiTcod fofers 5w agogo o s oat coRRrswigs
TP ANG FAT 2T (3) < 2, (D) ~ R, GIR(C) > 2
STITFIAREHE AfFINE XS FIT FAF T, WA TG WO5-aF Gt
FIIOET AT AT I T GA-IP6 AGHS ARGZGI (Si0,) T WO,-
AT IBF QIR ARIERF ST [T o I AEFFP, WA TIHgo GA-IB
/%S SImoEay a2 aft Remfirs fgenfa Soma 3t = nBif3e a1 ALD-aF Jcot
onyfass ferenfera je et ug I a3 JET [fey @y sIRegos
ST FSEISHEI] a3 ARG |
IF WS, T AT 5.0¢ SEIHI-©F6 Awe [ oo ciffsses, ag
7e AT WReEEE I a7 SOt I8, I SH-waonmig
FOIMGGINE AT AN SNARG IR A[INT ¢l (otg @ WS,-@ Breeimg
@ (Ag:WS,) SoREdGHe aAfofen I @1 a3-Geiferexa Gsiee
3G WREHICHIH (HRTEM), FESEM @32 JNI9 CIGICHI™ e @
GAMISIGR 199, T 93R RA3Fo! ReaFer 11 2@ 2| HRTEM-9F Ji&r™ WS, -a 6-
ST 9159 QIR AG:WS,-CB ARSI Ag TEANR SARRIS &Mt (oicicr | wfo@asfa-
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TR (UV-Vis) IFice Ag @rst $I1F B WS,-a3 T fSaa Jin ¢ieaeg I

O IR | AR A AGHIY ol I o) [z WS, (control)
aa\ Ag:WS, (test) IR IR AW AQ-CINFTIBI-41g (MSM) FOITGH3I CofF
A @M1 SF Fraa [RowoAd, T :znﬂ*ﬁ WSS NATST T —%zwofar% o I
AR FIIIROIE SEARMOII JAT FICO ANE, TR B I WEAIP-
G 2| AFPIF AIBT QIR G AM1.5G FIERF sie=iet a3 [Geidsafag
QIR RN (el ofte (|, 933 Aiifpo AR fote Ag:WS, (test) fEorzfs
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