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Among atomically-thin two-dimensional (2D) materials, molybdenum disulphide (M0S) is attracting considerable
attention because of its direct bandgajn the 2H-semiconducting phaseOn the other hand a 1T-metallic phase has
beenrevealed bringing complementary application. Recently, thanks to top-down fabrication using electron beam
(EB) irradiation techniques in-plane 1T-metal/2H-semiconductor lateral (Schottky) MoS, junctions were
demonstrated, opening a path towards theco-integration of active and passivawo-dimensional devices Here, we
report the first transport measurementsevidencing the formation of a Mo$ SB junction with barrier height of 0.13
~ 0.18eV created at the interface between EBrradiated (1T)/non-irradiated (2H) regions. Our findings supported
by state-of-the-art dive simulation reveal that the karrier height is highly sensitive toelectrostaticcharge doping and
almost free from Fermi level pinning, a fact unique to atom-thin 1T layers, and a fingerprint of Schottky
barrier -basedfield-effect transistors

MoS,, oneof the transithn metal dichalcogenides muchattractiveamong atomicallithin 2D materiald®®, because of
its direct bandgap of 1.5 1.8 eVin 2H semiconductingphase especially when atosthin or flexible circuitry is required.
On the other handhe 1T-metallic phasegengineered bghemical doping and laséeam irradiationis also usefufor some
applicationsuch asohmic metallic junction between metal electrode and -2k0S,, and supercapacitor electroaéth
capacitance value as high ag00 F/cni ****2L An electronic transition from theH (trigonal prismatic D3h)
semiconducting tone 1T (octahedral Ohinetalphass of MoS; triggered by EBrradiation(see Fig. 2Ehas beemecently
observedunder the irsitu transmission electron microscope (TEM) at high substrate tempéfafiire two phases can
easilybe convered fromone b the other via intralayeatomic plane gliding, which involves a transversal displacement of
one of theS planes(Fig. 2B), caused by the charge accumulation and direct momentum transfer from EB combined w
substrate heating

However, to date, such gttural observations have not been harnessed to fabpcatéicalin-plane lateral Schottky
junctions and SB device#t is evenunclearwhether such lateral SB can be actually formed within atomically thin layer:
only through tomic-order phase transition. Moreoveéf,SB devicedabricated withgraphenehave been already reported
they have beerealizedwith vertically stacked heterstructures via van der Waals engineering and metalfid&fadng,
which are not suitable for large scale integrafidh The EBirradiated topdown fabrication of irplane 1T/2HSchottky
junction€™*° and B field effect transistor¢SB-FET)***is highly important, because the HRtterned technique could be
in prindple scalable to large complex-plane circuitry.Here we fabricatethis atomicallythin EB-patternedateralMoS,
Schottky junctionsand SBFET. The device characteristi¢with confirmation by X-ray photoelectron spectroscopy (XPS
Ramar*® and photoluminescence (PL) spectroscopidsighlighted by rectification and SBET?"*? properties and
supported by firsprinciples simulation§“°, reveal the formation of 2D SEs which have high tunablity by
gateelectrostatieinduceddoping (0.13~ 0 eV for backgate voltage\{pg) of O ~ 4V) and are free from Fermi level {E
pinning a factunique to atomically thin layessgith low chargecarrier capability

In orderto create 1T phassmbedded into 2H phaskew layern-type MoS; flakeswith thickness-8 nm (~7 layers)have
beenfabricated by mechanical exfoliation of bulMoS, following scotch tapemethod(Fig. 1A). Two regionson one
samplewith individual ar@ of 1.5 X 1 um? have beerexposed to EB irradiation with different des@ig. 1A; 100
Me/nnf for region 1 and 160 Me/nfrfor region 3, without using any doparit room temperaturéseesupplementary
materials (SM)1). This was followed by the patténg of two Au/Ti (500nm/20nm thicklkelectrode pairs on individual
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regiors (Fig. 1B). Electrode pair 42 is contacted taon-EB-irradiatedbulk, while, in the electrode pair-8, one electrodés
contacedto EB irradiated and the other nonEB-irradiatedbulk. From here on, we will refer to the fabricated devioe
regions 1 ad 2as Device 1 and2, respectivelyBack gate electrode was also attached on thie-side of Si substrateith
thick SiQ, layer <300 nm)

Figures 1C and D show XPS spectraof the sample shown iRig. 1A, measuredncluding the EB irradiated regior
and nonirradiated regior{see SN\2). The figures show the characteristio 34, S 2s (Fig. 1C), and S2p (Fig. 1D) peaks of
the 1T phases of Me8'®, although the larger area of 2H phase results in higher inteffsipical Rama specta for
EB-irradiated region arealsogivenin Fig. 1IE. We observe two weak but distinct peaks (i.eantl 3 around 150 and 216
cm’, respectively). These peak positions are in good agreement with previous reports of Raman spectruphdee 1T
Mo0S,**%. Region 1does not exhibisuch peak PL map(inset)andspectrameasured at selected four poifttsain panel)
are alsoreportedin Fig. 1F(see SMB). Two prominent absorption pealkse clearlyidentified at~670 and~627 nm in the
specta (No, 1-3), which agrees with previous PL refsof 2H-MoS, with thickness similar to the present sansffleand its
entire elimination (No. 4) on EB nonirradiated and irradiated regionespectively Theseresultsstrongly suggest the
formation of metal (1T) and semiconductof2H) phase in the EBirradiated region 2 and nonirradiated region
respectively The observed 1T phase is stable even after one month in contradictiondth @he of tle possiblaeasons
might be that in our sample$e 1T phase is ot free standing but embedded into 2H phase.

Figure 2 shows theurrent () vs voltage V) for two measuredevices Device lexhibits a symmetriccharacteristics for
both electrode pairsvith nonrnegligible current in correspondence\of= £1.5V (Fig. 2A), as expected for conventional
metatsemiconductemetal structures(i.e., (Au/Ti)/bulk 2H-MoS,/(Au/Ti) in Fig. 1E)®®. This suggests thathe
EB-irradiated regionin Device 1 does notshow any metalic transition and keeps arelectronicfingerprint qualitatively
similar to bulk Mo$.The EB doseof 100 Me/nni applied toregion lis too weakto provoke a phase transitionWe
estimate that théorward voltage (¥) of our Schottky junction(Au/Ti)/2H-MoS; is about~2V in Fig. 2A (Ve is thevoltage
at which forward current attains to 4.5.A

In contrast|s4 vs V34 characteristicgor electrode pair 3 of Device2 strongly differ from thos of Devicel (Fig. 2B).
Remarkably a clear asymmetribehavior(i.e., rectification propertyjs observedvith an onsebiasvoltageof ~+2.5 V.
Such an asymmetrielectricalfeaturecan be clearly related to the formation dbehottky junctiofi’, with a barrier height
seen by @ctrons different with respect to that seen by hdlesnentionedabove XPS, Raman and PLspectrasuggesthe
formation of I'-phasein EB-irradiaied region 2 Because 13phaseis metalic, the observed Schottkyehaviorcan be
explainedby the formatiorof a metal(1T-phase)/semiconductdrulk 2H) in-planejunction at the surfacevithin ~3 layers
(Fig. 2D). Indeed,an electrodepair contacted ta region irradiated bgn EB with dose of 160 Me/nfin another sample
(Device 20xctually exhibits a metallc characteristiq(i.e., a symmetric behavior showing no rectification prope(fyy.
2C). Moreover, electrode pair-2 of Device 2does ot drive anycurrent(i.e., L2 < £200nA at \i» < £5V). This supports
the presence of two Schottkynctionswith large barrier heightisetween electrodes 1 and 2 in Devicg-. 2E), because
reverse bias voltage regime for applieg W.e., corresponding tBV 34 regime of Device 2 in Fig.B) is dominant for the
symmetrically placed two Schottky juians. In Fig.2B, Vg is as large as-5V. This is much larger than = 2V of the
(Au/Ti)/2H-Mo0S; junction shown in Fig. 2A.Since/k is basically proportional to Schottky barrier heigtte Schottky
barrier height for Fig. 2B ithusdifferentas comparethatof Au/Ti/2H-MoS; junction and, hence, the Schottky barrier for
Fig. 2B is attributed to 2H/1T phase junctiéimom these Y values, he barrier height of (Au/Ti)/2H phase is estimated to
beas smalbs0.05eV~0.07eV, wheeasthat for 2H/1T is 0.13 0.18 eV,

Next, we focus orthe electrical characteristics electrode pair 3} in Device2, as a function of ¥ for differentV g (Fig.
1E). Figure 3A showsatypical logarthmic 34 vs Vg Characteristicéor V34 = +1V (i.e., forward biasvoltageregion) Under
+Vp, these characteristicsresemble that ofa n-type SB-FET***® which consists of (1T-MoS, meta)/2H-MoS,
n-semiconducto(Ti/Au electrodg (Fig. 3C). As +Vpg increasesthe barrier at the Schottky contacts is thinned, and
electrons can easily flow from the right contact to the channel and eventually to the left contact, ince#sngdan be
seen i Fig. 3, the current is modulated over 4 orders of magret(d,/l.i ~ 10% and thesubthresholdslope (SS) is
approximatelyl V/decadeThe obtaineds is almost the same #sat observeih CNT-SB-FET and SBMOSFET withSB
height of 0.3 eV anthick backgateoxide™>3 This also supports tifermation of a SB in Device 2.

Figure B shows &4 vs Vg Characteristicfor reverse biasing (i.e., 3 = -1V and-3V). For this biasing, electrons
accumulate in 19MoS; metal reservoir, leading to an increase of thdMg. 3D, where eV.umiS theelectrostatic energy
due to electron accumulation). This effect is responsible for a small leakage current of Schottky junctibn) (dee to
thermionic emission of electrons (FigDB At Vs, = -3V, Er in 1T-metal region locates at higher energyd amergy
difference betweengand the top of Schottky junction is small compared 39241 V. Thus,-134 values are larger.
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Figs. 4A B 4C show Arrheniusplot for 134 normalizedover temperaturdi.e., 134 T¥?for 2D Schottky junction formula
given by gs. (1-4)) for different by (Vg = 0V, 4V, and2V, respectively) andixed V34 = -2V (i.e., reverse biaskor Fig.
4A, l34 linearly decreases belod/T, = ~0.0067as 1/T value increasese(, lz4 increases atritical T (T,) > 150K with
increasing T)while 34 significantly drops above 1{TIn contrast,n Fig. 4B, for 1/T smaller thanl/T;(i.e., high T) the
curvebecomesonstant(i.e., T-independent)This can be explained by the fact that for largg, the SB becomesalmost
transparent and theahenergy does not significantly contribute to increag@abkexplained for Figs. 4PAE,and S5Elater).

The experimental datd&igs. 4A and 4B) are analyedusingthe expression of the current (I) irRB Schottkydiode as a
function of T*.

I= Ipp [exp(¢V/nks T)! 1. (1)
_ WAr TS _9e

lop = WAS,T exp( kBT> )

Abp =g Brkim'/h? (3)

m = 0.45)720 (4)

wheren is thediode ideality factofi.e., takes into account thgresence of generation/recombinatfgmenomenpg 4,p* is
the 2D Richardson constan; (=1.5um) is the junctionength @3 is theSB height,k; is the Boltzmann constani,* is the
effective masof MoS,, andm, is the mass of electroWhen a negativeVsp (corresponding teVs4 in our device is
applied, eq. (1) results in 19,p. Thus,the T-dependence ogpagreesvith the T-dependencgiven by eq. (2).

The linear relatioshipsobtainedin Figs. 4 and4b support the validity oéq. (2)describingthe formation of &chottky
junction at the interfacdetweenEB-irradiated/norirradiated(bulk) regionsof Device2. The best fitsusing eqgs. (2} (4)
(dotted line} give @p; ~ 0.13eV at 1/T < 0.008 K*and @3>~ 0.18 eV at 1/T > 0.008 K *in Fig. 4A, and @p; ~ 0.15eV
at 1/T > 0.008 K *in Fig. 4, whentotal area of the Schottky junctiogh= 2,500 nnf, andn = 1.07 areused Theresultn =
1.07 suggestthe presence of geration/recombination current at the junctipossibly owing talefects introduced bthe
EB irradiation.

For Fig. 4A, the origin oftwo SB with heigths®g estimatedat temperatures above and below {Tcan beunderstood
from the obtainedwo S values which give the best fit @p; ~ 0.13eV at 1/T < 0.008 and @, ~ 0.18 eV at 1/T > 0.008
giveS=5nm X 300 nm and 5 nmXx 200 nm, respectivelyFor Fig. 8, an interestingl-independent®z ~ 0 eV at 1/T <
0.0067 K' is observedFigure 4C exhibits a result at intermediate py (= +2V) between Fig. A (Vg = 0) and 4 (Vg =
+4V). @ ~ 0015 eV at 1/T < 0.0067 K actually corresponds to intermediate valuacluding these resultssig. 4D
revealsthe high sensitivity of@z to appliedVyg implying highly gatetunable®@s. The origin is explained ithe later part,
based on Fig 4E,and E.

To deepen the analysis tife 2H/1T interface, whaveperformed DFT calculationsonsideringhe geometry of 2H/1T
MoS; interfacesasexperimentallyobsened with atomistic detailgivenin [12]. This approach allows us to obtain accurate
information on the SB forming at the 2H/1T interface, taking into account both the band offset and the formation of dip:
We neglect the possible mwibution of interface defects or recombination centers, which are likely present (suggest
experimentally by the Schottky factgr= 1.07, which is larger than 1) and can provide localized states affecting the S
First-principles DFT calculations are performed using the Quantum Espresso pacltiliging a plane wave basis set, a
gradientcorrected exchangeorrelation function&®, and scalarelativistic ultrasoft pseudopotentials (Wsf° (SM4).
Figs.5A and5B show the computed bands for monolag@&rand 2HphaseMoS;, respectivelyExploiting the information
in [12], we built a periodic model of a 2H/1T/2Heterqunction whoseatomisticstructure is shown in Fgg5C, 5D, and
which represents a realistic model of afgffase embedded within the generating 2H phase

Figure 5E showsa plot ofthe vacuum level potential profileith respect tder showing the formation of dipes at the
heterginterfaces. DFT calculatiorgrovide avalue of 0.73 eV fothe energy difference between the electron affinity of 2H
MoS; and the workfunction of 1T Mo$%. From this information, we plot in Figut# the conduction band edge profile in
the structureelativeto theEg, and extrach @z of 0.47 eV, inreasonably goodgreement witlthe experimental result§ he
residualdiscrepancybetween predicted armbserved values of the Shottky barrdamn be ascribed teeveral effectsOne
likely effect is thechangein the work function othe 1T phase due tooping by the contact electrode: indeé&am test
calculations we found thatucha doping inducesn upward shifin the background potential of the 1T phége~0.3-0.4
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eV which could asily account for theobserveddiscrepancy Other possibilities includehe mentioned defects and
recombination centers at the interfasthich can induce migiap states, thus reducing the effectigg. Indeed, a
dependence of the Shottky barrier om thork functionhas been observed ather Schottky junctions: for examplee @p

of nonthydrogenated and hydrogenated Pdfayer MoS SBs were reported to be 0.25 eV and 0.15 eV, respectively.
Hydrogenation of Pd reducede work function of Pd and subsequently reduced®jeo ~0.1 e\?'. Moreover,a value of

0.3 eVfor @5 was reprted in SBMOSFET withsS value(~1V/decadelimilar to oursas mentioned abot¥e

Onecan also sei Fig. 5E that the potential in the 1T phlashowssome variations at the interfadcause 1T MoS
has a relatively low density of states (in this sense it is not an ideal metal). This also explaibsettvedhighly
Vypg-sensitive @p (Fig. 4D). As theVy, is increased, electrordopedfrom subsrate accumulatein the 1TFphaseregion
underbV 3,4, increasig Er with respect to the conduction baffelg. 4E; -e(Vast+ Vacen)), hence decreasin@s to @O When
Er in the 1Tmetal region coincides with the top thie Schottkyjunction by furtherincreasing Vg, @sObecomes zero and
thus electrons feel n@&B. Therefore, a findependentero @p value appearsThe dependence aDg on T is likely to
depend on the energy and nature of localized states at the-im¢eface This tunableFermi levelEg, highly sensitive to
electrostatic carrier dopinga. backgateelectrodeis unique tothe presenSB consisting of 1T phase afomically thin
(~3 layers)MoS,. It also impliesthat the E is almostfree from pinning by defectat the SBdespiteof the presence of
generation/recombinatiorenter particularlyin the high Tregime Thisis also a significant benefit dhe atomically thin
layers in which pnned E can be easilghfted by increased electrstatic potentials induced by the accumulation of the
doped charge carriers in 1T area. Thigh tunability can behighly useful infuture atomicallythin in-plane device
applications.

In conclusion, we demonstea the first EBpatterned gatéunable inplane atomicallythin Schottky junction and
SB-FET fabricated with a tedown approach, by inducing a structural phase change idafew MoS throughan EB
irradiation dose of 160 Me/rfrat room temperature. Odrvation of XPS, Raman, and PL speawdibit presence of 1T
metallic phase on the EB irradiated region. Experimental measurements -émtloabimulations providea coherent
physical picture of the properties of the 2D Schottky junctioatecktat the interface of Elradiated(1T) /nonirradiated
(2H) regions. The difference between the experimentally observed SB height {-D18eV) and the one obtained by
theory (0.47 eV) highlightthe presence of defects and recombination cenite®duced by EB irradiation.
Electrostatieinduced carrier doping by py enableguning the SB height due to low density of states of 1T pt{@sk3~ 0
eV for Vg of 0 ~ 4V), resulting in the findependent zer8B height.This EB topdown patterning opens the possibility to
fabricate inplane lateral heterostructure FETwhich haveshownpromising scaling prospects in the nm radfigand/or
local interconnects directly with metallic phase (1T) between (2H)Mosistors, reulting in ultimateflexible and
wearablein-planeintegration circuis without using3D metal wirings After this initial work, moreefforts are needed to
mitigate the presence of interface defects and to establish the atatécinplane SB devices dsuilding blocks of 2D
electronicand optoelectronic circuits
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Figure 5

Figure captions

Figure 1. Structural information of fevlayer MoS and tharacterization. (&) Optical microscope image déw-layer
MoS,, mechanically exfoliated from bulkvith two EB irradiation regionsaindtwo electrode pairs patterned ardividual
regiors. (b) Schematic view of an electrode pair on &R irradiatedregion of @). (C, d) XPS spectraf sample shown
in (a), which have been measuriedludingthe EBirradiated region 2 and nerradiated regionshowingthe Mo 3d, S 2s
(c), and S2p (d) peaks of the 1T phases of MoSypical experimentally measured spedra shown in black and fits are
shown in red (for the 2H phassmmponent) andlue (for the 1T phase component)(€) Typical Raman spedarof
EB-irradiated region 2 ingj, showing three peaksique tothe 1T phases of MeS(f) PL spectravia. laser vavelength
with 488 nm)of area including region 2 iraY (seeinset), exhibitingtwo absorptiorpeaksdue to direct excitonic transitions
unique to 2HMoS; (No. 1,2,3) and itsomplete quenciiNo.4) on EB norirradiated and irradiated regions, respectively
Inset; PL map with 0.25um? space resolutigncorresponding to wave length of 102 nm (blask$86 nm (red) The
numberl-4 correspond to those in main panel.

Figure 2. Roomtemperaturé vs.V relationships for individual electrode pafsmed aroundwo EB-irradiated regions

of Fig. 1(a) for (a) Device 1 (b) electrode pair 3 of Device 2 and(C) electrode pair formedn EB-irradiaiedregion with

160 Me/nnf in another sampl@evice 20Results of thre¢imes measurements are shown in differetrsmn individual
figures. (d, €) Schematic cross sections of Device 2 for electrode pdjr8-¢ and €) 1-2, corresponding to Fig.el
Number of layers of4 at bottorsside 2H Mo$ of EB-irradiated region has been confirmed by Raman peak observe
arourd 407 cnt (A1g peak). That o3 at uppesside 1T Mo$ has been determined by subtracting the 4 layers from tota
layer number of 7Inset of (g): Schematic views of twdifferentatomic structured monlayer MoS, crystals; 2H
semiconductingind 1Tmetalphass.

Figure 3. Roomtemperature baegjate voltage (V) dependence of Fig. 2b (Electrode pait B Device 2)(a, b) I35 vs.
Vg relationships for the forwarh) and reversé€b) Vsa. Y-axis of @) is a logarithmicResults of thre¢ime measuremes
are shown in different colorsn individual figures.Note that current limiter of the measurement facility is set {0A5
through all measurement{c, d) Schematic eergy band diagrams df) Schottky barrier (SB) FET consisting of
(1T-meta)/(2H-semionducto)/(Ti/Au electroded) underforward bias voltageHVss) and +Vpg, and @) 1T/2H-phaseMoS,
Schottky junction undereversebias voltage {/34) and+Vygy (see Fig. 2e)ln (d), eVacemis the electrostatic energy caused
by electron accumulatiooy appying +Vpg.

Figure 4. Temperature dependence gf (Arrheniusplot and 2D Schottky formula) of Fig. 3a and gate tunabi(iy.b)
I35 normalized by temperatures{fT>?) vs. 1/TatVpg = OV (a) and 4V b) underfixed Va4 = -2V. (C) that forintermediate
Vg = 2V under 4= -2V. Dotted lines are obtained by data fitting using eqsb(#). (d) Gatetunability of @3, including
results of & D (c). The error bag show the resuitof three sampleq€) Schematic eergy bandof 1T/2H-phaseMoS,
Schottky junction undereverse bias voltage\(zs) and+Vyg to explain(d).



Figure 5 Calculationresultsbased on density functional theory (DET)@) 2H-MoS, monolayer bands(b) 1T-MoS,
monolayer bands(C) Side and(d) top atomistic schematic repesgation of the 2H/1T/2H MaSheterostructure(€)
Vacuumlevel and(f) Band edges of the structure, as comgudtem DFT calculationsEr of the heterastructure has been
considered as the reference poterftaboth potentials shown i{€) and(f).



