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Abstract

Semiconductingransitionmetal dichalcogenide$TMDs) possess great potential as the channel material
for nextgenreration electronicand optoelectronic devicedue to their atomially thin body without

surface dangling bondmdtunable bandgapsThisthesisinvestigates various transistors based on
exfoliated and synthesizeBMD materialsAs a baséor the resultsreported in this thesisthe

fabrication processes are developed with key stepd parametergreserted in detail The
characterization methods are established and elaborated, incluti@pome-built photocurrent

measurement setuand Labview program

The electrical properties &@VD synthesizetionodayerMoS and WSeare investigatedThe mobiliies
are extractedfrom back gate transistors, where the contact resistance is excluded withird

measuremenfor MoS, and the histogram of mobilities is summarized for WSe

Three differentdevice structurebased orexfoliated fewlayer MoTe are proposed andabricated
back gate transistgsuspended transistoand double gate transistomhe contrasthickness
correlationand Ramanspectia of few-layer MoTe are obtained Roomtemperature dimic contact and
low electron barrier are found fa€rcontacted MoTe Schottky barrier limited behavias revealed
through variable temperature measuremerfthe mobility of a 1@m thick MoTereaches &m?/Vs.
The bandgapf MoTe is extractedusingoptical and electrical methods with consistendfe intinsic
mobility of MoTe is revealed byguspendedransistors.Room temperature mobility at 1081?/Vs is
recorded which is twice as largasthe supported devicalue to reduced phonon scatterind@he low
temperature mobility is found limited by charg&dpurities, whch diverges significantly from
supported deviceslue to the absence of dielectric screeninljsaddition,Raman spectroscomhows
enhanced oubf-plane vibrationin the suspended channefdditional controlof the doping density and
vertical electric field is introduced irodble gate transista. Polarity switching and polarity pinning in
double-gated devices are understood by separating the electrostatic effect on contact and channel. The
intrinsicconductancainderthe vertical eletric field is studied, and the photocurrent mechanism is

presented
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1. Introduction

Transitionmetal dichalcogenide$TMDs) are a group of layered materials with three layers of
covalentlybonded atoms in each layer, where one layer of transition metal is sandwiched in between
two layers of chalcogenide group elementbie general composition of TMDs can be expressed as MX
where M represents one transition metal such as Mo, W, and X represents chalcogenide atoms chosen
from S, Se, and Thlo and W based TMDme semiconductors ithe 2H phasd1-4]. Monolayer Mo and

W baed TMDs show direct bandgapith greatpotential asoptoelectronic devicesAs the chalcogenide
atom evolves from S to Se and Te, the bandgap of semiconducting 2id$éd TMDs decreases from

1.8 eV inmonolayerMoS to 1.2eVin monolayer MoTe: [4-6]. They also exhibihe same trends in the
thickness evolution of balyaps, where the bandgap decreases as thicknesses increases, and undergo
directindirect transition at two layerfb]. Compared with MoSand WSe MoTeQ photoresponse lies

in the infrared region with a small bandgap between 1.0eV and 1.2eV depending on the thickness, which
issimilarto Si.These optical bandgagstracted for monolayeare lower than electrical bandgap due to
large exciton binding eneigs[6, 7] The electrical bandgagfers to the energy gap between the
conduction band minimum ante valance band maximunThe extraction ofhe electrical bandgajs
reported for black phosphoru@BP) and WSéhroughthe Schottky barriesfor different carrierd8, 9].
Thebandgap of Bean also bextracted throughtemperaturedependent minimum conductand@&o].

The bandgap tuning is reported for graphene, BP, and:Mulsere the bandgap will decreases when a
vertical electric field is appligd0-12]. As a fundamental physical parametaccurateelectrical

bandgap areessential to the modeling and design of devices.

Semiconducting TMDare also appealing for logic devicgfiemobility of conventional 3D
semiconductorss hinderedby the surface scatteringn the thin channelwhile layered semiconductors
haveanatomically flat surface whicis free of dangling bond$voreover, the itra-thin body also
demonstratesa highresistance to short channel effect, which is ideal for future technology node with
extreme scaling3, 13] High dectron mobilityand hole mobilityare reported formonolayerMoS and
WSe respectively[14, 15] Theroom temperaturemobility of MoS is mainlylimited by the polaroptical
phonon[16, 17] BN encapsulation elimatesinterface trags from dielectric and improveghe room
temperature mobility of Mo$[18]. The interface trap also contributes to the degradatiorhia
subthreshold swing-ighk dielectric materiad canimprove the mobilitydue toenhanced dielectric

screeningHowever, theadditionalremote phonon scatteringlso limits the mobility15, 19, 20]CVD
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synthesized materials typically V®smaller mobilitydue to the high defect density and grain boundary
[21]. To avoid the interface trap and phonon scattering fribma substrate, suspended transistors with
vacuum aghe dielectric are reportedHigh channel mobility and low subthreshold swingeda the
absence of interface trap and optical phonon scattedng presented ira suspended Moschannel[22,

23]. The suspended transistor provides an ideal platform to investigate the intrinsic transport behavior
of 2D semicondctors. Compared with MoSand WSg MoTe has weakFermi level pinning and high
phononlimited mobility[24-27]. These favorable properties of MoJimake it highly suitable for logic

applications.

Anotherobstacle for 2D semicondtors is the difficultyin achievingimos and pmos with the same
materialdue to the difficulty in dopig. This difficlty isalsoa major causef large Schottky barriers
between metal2D semiconductor contactimproving channel congttivity and reducing contact
resistanceare essential for high owurrent transistorsProximatechemical dopingrom small molecules
andnon-stochasticoxideis exploitedto reduce the Schottky barrier height and contact resistai2&
30]. Asidefrom chemical doping, electrostatic doping is more flexfblereconfigurable device8y
doping the semiconductors into heavily dopedype or ptype, a Schottky barrier thatsthin enough
allows tunneling injection into semiconductors, which reducastact resistance. In addition, the
dynamic control of n and-pype allows polarity switchinf81, 32] The switching betweetunnelingFET
and MOSFES$ also achieved through electrostia doping[33]. Moreover,ferroelectric dielectrics
enablenon-volatile electrostatic dopingvhich can be used for memory and reconfigurabigic
applicationg34-36]. Amorg TMDs materialshe polarity ofMoTe is convenierly controlleddue toa

small bandgaand weak Fermi level pinningthich opens vast opportunésfor reconfigurable devices



2. Fabrication and characterization methods

2.1 Exfoliati ng and stacking 2D materials

The typical methods to get thin 2D flakes are exfoliation and direct synthesis.avdSVSedevices

are fabricated based on monolayer synthesizedlimicalvapor deposition(CVD). Due to the air
sensitivity of thin layeMoTe, the MoTe flakes are exfoliated right before fabricatiofhewide-
adoptedexfoliation proceduresire describedm [37]. Before the exfoliation, 18m of Scotch tape is cut
and a piece of MoTulk material is carefully placed dn Then, the tape is folded and separated
several times to spread MoTever the whole tapeThe exfoliatiorstarts by cleaningSi substrates with
90nm SiQin piranha solutions for 10 minute$ollowed by 6 minutes afxygen plasma cleaninghe
preparedtape is pressed onto cleaned sulats The stack of tape and substratesubsequently

heated on a @0£ Chot plate for 2 minutes. After cooling down to room temperature, the tape is
peeled off, and the substrate is examined under the microscope for thin flakes. The typical image for
thin MoTe thin flakesis shownin Figurel(a) The thicknasesof the flakesare confirmed byatomic

force microscopy(AFM) Then, the contrasts between the flake and the substrate for different layer
thicknesses are measured aptesentedin Figure 1(h)The imagesised for contrast measurements are
taken with identical exposure settisgThe contrast starts fromt5% for monolayer Mokeand
decreases to 60% for bilayer and trilayer. It then increastarting from the quadlayer, andhe
intensity of MoTeflakeis stronger than the background substrae9 layersNote thatMoTe flakes

with the same thickneseswill show different contrasgton Si substrate witPOnm Si@and280nm Si@

(b) contrast vs layer numbers

|
[ |
ii

Figurel. (a) Typical images of thMoTe flakes. The scale bar is 20um. (b) Bhecalcontrastversuslayernumberof MoTe

on Si substrate with 90n8iQ.



A more flexible alternative method tousea PDMS stamp as the transfer substrfg®, 39] The setup
used for transferring flakes shown in Figurg(a), andthe reference procedure is described in Figure
2(b). A piece of PDMS starfgel film) idfirst pressed on thereparedtape. After peeling off, the stamp
is attached on a glass slide and examined under the microscdpe.désired flake is found, the stamp
is cutand onlykeeps a small regiorthat contairsthe desired flake. Therthe flake is transferred do a
Sisubstratewith SiQ through pressand-release Due to thestrongvan der Waals force between Moz e
and Si@, the flake is separated from the PDMS stamghe release steprlhis procedureallowsmultiple
deviceson the ssme substratevhile controllingthe device positiondt alsoallowsstackingdifferent

materiak to form heterostructures such 8BNMoTe stacks.

(a) Microscope (b) Flakes are transfem.ad. The stamp is turned ~ The flake is alligned on top
onto the stamp by exfoliation upside down of the target substrate

Stamping stage ' Long workingdistance with tape

(x,y,2) \_-Objective
A/Sample /' .

-

=

The stamp is pressed  The stamp is peeled off  The flake has been

‘ ‘ /_ﬁ >
Glasl‘s sll‘de Sample stage (x,y,z) USRS BN very slowly transferred

A/ -
Vylscoela§t|c stan / /‘ /

Figure2. (a)Setup of the transfer stage. (I§tepsof the transfer process. The flake is first transferred to the stamp from the

preparedtape and then transferred to the substratmder the microscope with the assist of glass slitReprinted with

permissionfrom [38].

When fabricating the top gate with hBN as the top dielectric, a-pirknethod detailed ij40] can

provide higher productivity. The procedure is described in Figufidhe stamp used here is a bilayer of

PDMS and PPC. The viscosity of the PPC layer can be controlled through temperati&.iAt 40
possessekigh adhesion and it can pick up hBN@&NMoTe stack from Si@surface. At 118, the

PPC layer is softer and less stis&ythatthe stackssticks tothe SiQ surface. The hBN is essential in this
process since it poses good adhesioioTe. The hBN flakean also be used to pick up gragpte,

MoS and WSe However,it was not able to pick up Tigkake from Si@ which is presumably due to

the weak adhesion force between hBN and Ti8&&hough the pickup method is natively suitable for

the top-down process, it also allows the vertical flipping of the 2D stacks by transferring on a clean

PDMS stamp, where more layers can continue to stack on both sides. Since both PDMS stamps and PPC

layers used here may introduce organic contamination, thorough cleaning is required after each transfer
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process. The substrates with transferred flakes are soaked in acetone for 10 minutes and driegl with N
after rinsing with IPA. Since the transferred #akare not covalently bonded to the substrates, gentle

movement is preferred to avoid washing off the flakes.

(a) Glass slide

poms (P) (c) (d)
PPC
'Pick up' hBN % 'Pick up'
SiO

40 °C\ i 110 °C 40°C 110 °C

Figure3. The procedure of fabricatirthe hBN/graphene stack using the piok method. Different temperatures are used to

controlwhether to pickup or dropdown through different adhesion forces of RPREprinted with permissionfrom [40].

2.2 Device fabrication processes

The fabrication processf back gate transistoliscludes lithography I, alignment martteposition
lithography Il, etching, lithography Idnd metal contactsdeposition Spin coating of photoresist and
developing are done beforand after eacHithography respectively, and metals are lifted off after each
deposition. Both photolithographyand ebeam lithography are used. Photolithographgs been used
widely inboth industry and laboratoryesearchandit is highly suitable for baegated transistors.
However photolithographyhas several shortcomingEirst,the sizesof CVD sampleare a few tens of
micrometers andhe resolution of photolithography limits the density of printable patterBssidesthe
position and morphology of CVD flaka® unpredictableand eachdevice needindividual
photolithography Moreover, the exposuréo the alkalineionsand photoresist residuenaylead to
unintentionaldoping and degradation of channel mobility. Hencéeam lithographys preferable due
to its highly customized patterns, minimiain exposure, and less riekie. For the devicepresentedin
this thesisexcept for the CVD samples, all have been fabricated with both photolithography-laeahe
lithography.

The photolithography is done with Karl Suss M3igner witha 365nm wavelength. Photoresist
AZ5214 is usednd the develomg processs done in AZ400K developdhe ebeam lithography is
performed on a Raith-8ne systemThe silicon substrate witkither CVDsynthesizedr exfoliated

flakesis first coated with @hin PMMA layer. The PMMA used for the fabrication is PMMA 495K A4,



whichcompromisesthe resolution ancphotoresist residue. The spinning setud #0-3000rpm for 30s.
A small spinning ratis used for transferred thin flakes to aveie formation of wrinklesThe
accelerating voltage is set as 10kV. The substrate is developed MIB¥3:1 solution for 30s. To
minimize residue and compensate for the current fluctuataswell as acaomodating different PMMA

thicknessesthe exposure dose is set to a high value of 1306m&

The alignment and stitching are essential for reliable pattemnsfer in ebeam lithographyIn the Raith
e-line, the stagepositionmeasured byhe laser inteferometer is the most accurate reference. During

the alignment process, the coordinate of the sample under lithography is extracted based on three
points with known coordinates, so that the pattern from the design file can be projected according to
the sanple coordinate. The extracted sample coordinate contains three sets of parameters, zoom, shift,
and rotate. The effects of these parameters are illustrated in Fig(ap Stitching error occurs when the
zoom and rotation parameters are not aligned prebiséhe patterns in Figurd(b) arealignment marks
typicallyused. The corner of squares and the center of croasesised as reference pointsder

scanningelectronmicroscopy(SEM).

(a)

o A

Figured. (a) lllustration of parameters of sample coordinafe) The fine patterns used as reference points in alignment.

rotate

The time expenditure is also of great importance dbeam lithography. Large features such as
electrode pads can take a few hours of exposure jéwrameterof concern here are the aperture size,
step size, and writing field sizéor small andarge features wittdifferent resolutionrequirements
different parameter set@are adopted. First, the writing field size is selected as 20@pmtarge features
and 100pumfor small featuresLarger writing field sizgp to 400pmcan be used given the alignment
accuracy is satisfiedhe aperture sizeisedis 120pum to allow higher currefr large featureswhile

the regular features use(pim. Largestep sizdas needed for large writing field size keep the beam

speed below 10mm/se@nd the dose factor also needs to increase accordingly to impttosre
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uniformity. Figures(a) shows that without incred@sgthe dose factor, the residue of PMMAuUsesa
rough surfacef the metal pad Correction tothe aperture and stigmatisras well as sample coordinate

alignmentisneeded br eachaperture size. These procedures allow patiagmm? features

Among the three lithography steps, the first lithoghapstep isonly necessary for-beam lithographyto
transfer the alignment marks on the substrate for subsequent lithography Ti/ 20nm Au is used in
metal deposition,where Ti acts as an adhesion layer. An alternative method is toS*@loff from the
exposed surface and remove the PMMA afterward. This process works for silicon substrat®with
less tharB0nm thick. The second lithography defines the shape of TMD flakeshaffects the

behavior of fabricated devices several wayg-irst, thesource and drain may have different contact
resistanceslue to different widthsMoreover, the nearby metal pads might alter the current path,
which often appears aanoffset voltage irthe hall-bar structure. Shaping the flakes inegular

patterns can avoid sudactors PlasmaThermo 790 Reactive lon Etching(RIE) is used to etch off TMD
materials. Fluorineontained gases are effective in etching TMD materials due to the volatility of
reaction productsaas compared to © The gases used fotohing are 15sccm GRAfter 30s etching, an
additional 30s etching with 15sco is needed taemove the carborfluorine layeron the surface of
PMMA. Figuré(b) shows the carbofiuorine laye without the second @cleaning Then thePMMA
layerisrinsed out with acetone The third lithography defines the metal electrodes. Although adhesion
layers are used fodevices, strong agitation may peel othe metal on 2D flakedue to the weak

bonding betweersynthesized materialandthe substrate, especially iwater ororganic solvenf41].
Figure 5(c) shows a flake exposed to water with part of itgatthed awayilt is best to slowly shake the
container and use pipette gently temoveexcessnetal. Using Cr as the adhesion layean mitigate

the problem sincehe Cr layer is rigid enough to enduagitation

Figureb. Typical pitfalls idithography processega)The residue of PMMA due tmsufficientdose for large write field size. (b)

The carbonfluorine layerintroduced byRIE on the substrate surface. £cpartially destructedlake due toexpogire to water.



Backgate transistors wittCVD synthesizedoS and WSeare fabricatedwith e-beam lithography

Both photolithography and ebeam lithography are adopted for MoZkack gate and double gate
devicesIn the fabrication of back gate MoJ®ansistorsthe MoTe is first transferred tahe silicon
substrate withoxide. For photolithography deviseonly the third lithographgtepis needed, while both

the first and third lithograpy stepsare required for ébeam lithographydevices. The doile gate MoTe
transistor is fabricated with a bottorap process30nm A0z is deposited witratomic layerdeposition

(ALD) at 25T on backgatedMoTe transistors. Fewayer graphene flakes are then transferred as top
gate covering the whole channel. The probing pad to the graphene flake is deposited afterward with an

additional lithography process.

Two methods are used to fabricate the suspended Mahannel The first method fabricates the

trench firstfollowed bytransferringthe flake on top and then shadow maslare used for metalization

of 5nm/40nm Ti/AuThe dlicon substrate with 90nm oxide is firdeposited withAlwith the trench
exposedhrough ebeam lithography Then, theSiQ is etched in the RIE with 15sccny G&s flowfor 3
minutes to completely remove the oxid&€heMoTe flakes are exfoliated using the PDMS stamp

method and transferred over the trenclopper grids are used as the shadow mask since the
suspended structure is too delicate for regular lithography. The copper grid is carefully placed on top of
the MoTe flake under the optical microscope and fixed by tapes. Then, the stack is put in the deposition
tool and the copper grid is simply removed after deposition to isolate the source and drain pads. This
processsimplifies thelithography process and protecthe channel.The other method fabricates the

back gatedevice firstwith Cr/Au 5nm/100nmas metal contactto provide resistance against HF
etchant. The substrate under the channislthenetchedoff in the HF solution. The substrate is carefully
rinsed by floving waterand then IPAnto the HFbeaker Drying with the Blgun will easilycollapsethe

flake. A critical point dryer is used while the substrate is submerged im fRA whole procesto

preserve the suspended flake.

2.3 Characterization methods

Raman andphotoluminescencepectroscopyare usedo characterie individual flakesn the Renishaw
micro-spectroscopy system. FiguBesshows the Raman spectrum Mo Te: flakesfor variouslayer
thicknessewvith laser excitation a633nm It is found that theéntensity ofout-of-plane mode A,

increasesand the intensity of Bgpeak increaseas thicknesslecrease except for the By peak ofthe



monolayer The energy of iplane mode &4 experiences redshift from 1L to 4L. Thelseee most

prominent peaks confirm thoTe isin the 2H phase as compared withe previous reporf42].

Intensity (A.U.)

150 200 250 300
Raman shift (cm™)

Figure6. Raman spectrum for 41 MoTe. The curves are shiftecerticaly for comparisorwith major peaks labeled.

The dectricalcharacterizatiorof devicess done witha Lakeshore probe statiomith a Keysight B1500A
analyzer The chambeof the probe station is vacuumed down to-4€Torr, andall the measurements

are conducted irthe vacuum conditionf unspecified Keysight B1500A analyzer is used for electrical
measurementThe fghotocurrent is measured in a howiilt setup as shown in Figuie The setup is

built from individual components, including laser source, monochromatic filter, mirrors, power meter,
microscope, and probe station witivacuum chamber. The laser is generated from the supercontinuum
light sourcewith awavelength from 470nm to 1440nand directed through the monochromatic filter
with a fiber.A beam splitter is used to direct 50% of the power to the power meter, which allows
runtime power monitoringThelaseris steered with multiple mirrors angasses through a tunable
pinhole before entering the microscop&he microscope is equipped with RED source as well as a
camera with infrared sensibility. The laser spot is identified from the camera and the XYZ translation
stage is used to move the saie according to the position diie laser spotThe probe station is built
from MMR Technologies with four probing tips and a back ,gatéchare connected to the analyzeA

turbopump is connected to the probe station chamber, which can achieve a vaaulieb Torr.



Camera

%) Eye piece

Beam splitter
Superconti- N Filter
nuum Source (AOTF)
LED
Power Turbo
Meter Pump
Parameter ﬁ
Analyzer
XYZ translation

Computer
stage

Figure7. The setup of the hombuild photocurrent measurement systerside from the parts showhabview program is

designed and running in the computer whicbntrolsthe laser source, filtepower meter, analyzerand stagenovement

VISA resource name Power Power Power
a b
@ foow 0] P o] [ rem (b)
stop Laser ON/OFF Temp Temperature
L! siop | [ osar | [0 ] [ chek |
History results Result
| 2l |

(d)

Figure8. (a)Setting window for the laser source. (Bgtting window for the spectral photocurrent measurement. Qeta

display area for spectral photocurrent. @tup window for the spatial photocurrent measurement.
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Labview program is designed to control thlividualcomponentsto automatevariousmeasuremens.

The control inputdor the laser source and monochromatic filtare shown in Figur8(a). The filtered

light is a laser with ~3nm linewidtiihe measured powr from thepower meterwill be displayedn the
program With the analyzer connected to the probe station, the photoresponse of the device can be
measuredn the program Figure8(b) shows the setting window fdhe spectralphotocurrent

measurement/ £ AO1 Ay 3 GKS aa&agSSLIE 0 dzi (rBeyfased wilk stveefriné O dzii S
rangeprovidedwith both on/off cycledor each wavelengthThe measured data is redtbm the

analyzerand processed in the Labview program as shown uwr&R(c). The bottom graph shows the

original data read from the analyzer, and thed LJS O i NHzY LJ ®®pHeft sidwsltheJK Ay G KS
photocurrent extracted for each wavelength by subtracting difiecyclecurrent from theon-cycle

current. When the option taneasure power is checked, the laser power at each wavelength will appear
inthed LJ2 ¢ S NJ LJin 2hé thprighiNdf Rigires(c). Figured(d) shows the setting window for spatial
photocurrent measurement. Thecanarea/lineis defined bythe firstthree/two sets of coordinates, and

the steps definghe spatial resolution in measurementhe measurement performed at each point is

listed as checkboxér the right! TG SNJ Of A O1 A Yy Jhe prégiessof{scahnidiig shavdid (i 2 y X
the bottom. The spaal scanning is achieved by two sets of picomotdtached to the XYZ transiah

stage During the spatial measurement, the program transformsdbanarealine defined in the inputs

into a list of pointsThe program driesthe picomotors tathe point on top of the listand starts the
measurement requested. Aftéhe measurement is finishetthe stage is driven to the next pointhus,

spatial photocurrentan bemeasured pointwiseintil all the points are measured

11
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3. 2D transistors based on CVD grown MoS and WSe

The monolayerMoS and WSeare synthesizedsingthe CVD methoéh ourresearch group and the
processesind characterization resultsre reported inf43]. The typical optical images of Ma&hd WSe
are shown in Figure 9. The monolayers are in good triangular shapetheR&man and
photoluminescencapectrain [43] confirm that the synthesized flakdésvegood crystallinityHere, he
electrical performance of the synthesized flakese examined by fabricating baakated transisbrs.
Different polarity behaviors are observed for M@®d WSe The contact resistance and channel
resistance of MoSransistors aredetermined usingl-point measuremerg. The fieldeffect mobilities

are extracted andompared

Two ebeam lithographystepsare adopted for Mogtransistorsto form alignment markand
source/drain contactssnm Ti/ 40nm Au is used as the contact metéilsecharacterizatiorresults are
summarizedn Figure 10Figure 10(a) shows the transfer cuswd a transistorof CVDmonolayerMo$S.
The optical image of the deviceskown inthe insetof Figire 10(a) Thetransistor is turned onvhen

the gate voltage yis above40V, indicatingn n-type behaviomwith a low Schottky barrier for electrons
The transfer curveof + 1V drain biagsare not overlappingdue to asymmetric contact.he hysteresis
of the transfer curveés clockwisavhich can be attributd to the interfacial traps between Si@nd

MoS. The fieldeffect mobility is extracted for the forwargweeping branch alrain voltagevy=-1V,
shown in Figure 10(bYhe peak mobilitis 0.46¢cn/Vs, which is comparable to previous repoda CVD
Mo$S [44, 45] However the mobility is two orders of magnitude smaller thtypicalbulk valug/46].
Figurel0(c) shows theoutput characteristics of thd10S transistor.Srong gate modulatiorof the drain
currentis observedThe currents at 1V andlVdrain biasegonfirmthe asymmetric conduction. The
rectifying behavioindicates a finiteéSchottky barrier athe source/drain contactsFigurel0(d) shows
the characteristics of Hall-bar device whose optical image &own in the insetThe distance between
the two centersensingerminals is4um, and the length of thehannelis 10um.When1Vdrain biass
applied the channel resistandeetween two center terminals and #total resistance between
source/drain terminals areneasured using the-goint measurement methodThe contact resistance

can be extracted fronthese measurements as:

0 @)

cY Y Y

12



where thelLsqrefers to the length between source and draliReneris the distance between two center
terminals The total resistance and channel resistadeereaseapidly when the channel is turned on.
At V=30V, the channel resistan€&anne(24.8Mq ) is much higher than the contact resistance
R(9.7Mq). The peak fielgeffect mobility extracted from channel conductiviéxcludingcontact
resistance is 0.40%/Vs. Thehigh channel resistance and tsenilarmobility valueextracted with and
without considering contact resistancenfirm that thedrain currentat largegate bias idimited by the

channel conductivitywherehigh carier scatteringrate in the channelleads tolow mobility.

40nm Pd is used as the contact metal for \W&msistorsto reduce the Schottky barrier for holeand
the standard threestep ebeam lithography is adopted. The added etching proesssiresvell-defined
channel shapegfor all devicesThecharacterizatiorresultsare shown in Figure 11. Figure 11(a) shows
the transfer curve o WSe transistor at M=0.2V. The transistor & on state when the gate is biased at
a negative voltage, dlicating a ptype behavior which is opposite to the Ma$8ase.Thisp-type
transportis facilitated by the high work fction of Pd.The hysteresis for the Wgansistor is counter
clockwise due to interfacial trap$he mobility extractedrom the backvard sweeppeaks at 20ci#Vs,
shown in Figure 11(bYhe mobility of monolayer W& higher than monolayer MeSHowever, the
WSe devices shova strong deviceto-device variation. Figure 1d)(shows the statistics on 20Se
transistorsfabrication with the same process conditiofhe majority of the devices show peak
mobilitiesin the range of 0~6¢ffVs. The nonuniformity in mobility valuesuggests thafurther
improvements irthe synthesis and fabrication process aohievehigh mdility WSe transistors at the

monolayer limitby reducing the defect density and grain boundaries.

Figure9. Typical optical image doS(a) andwSe(b) on Si/280nn8iQ. The scale bars are 20pum and 50pum respectively.

13



140.0n — , : 0.6 : .
(a) (b)
120.0n - 1
L | N
100.0n 2 o4l |
< 800n| 1 "g
= 60.0n| 1 >
£ 02l 1
40.0n - . é
20.0n - 1
0.0} i
0.0 1
20 10 0 10 20 30 40
ng (V)
(€)  200n- 1 (d) 106! 4
0.0k 1 E
. 2 16l .
g -200n- 1 2
= g
-40.0n - . ®
‘B 100M L 1
[+7]
-60.0n | . o
-80.0n 4 10M - Rchannal |
10 05 00 0.5 1.0 10 5 0 5 10 15 20 25 30 35
Vg (V) Vg (V)

Figure 10. Scale baOum. (ajTransfer curves of th1oS transistor shown irthe inset image at ¥=1V and-1V. (b) Mobility
extracted fromthe forward-sweeping lg-Vy at Vi=1V. €) l¢-Va characteristics of the device shown in (&) Channel resistance

and total resistance measured from thiall-bar device shown ithe inset.

i i Mobility Distribution
(a) 500n - ](b) 200 1 (c) Y
12
400n | @
" > 150 10
g 300t \ 5 5 8
= > 100 2
200n |- = § 6
-2
2 50 -
100n |- = > = 4
‘ ‘ ‘ ‘ . ‘ ‘ ‘ ‘ ‘ . ‘ ‘ . 0 [ |
60 -50 -40 -30 20 -10 O 60 50 -40 -30 20 -10 0 0,21 (4] (46] (8] (810] >10
Veg (V) Vig (V) Mobility

Figure 11. (aJransfer curve of &/Se transistor at \=0.2V (b) Extracted mobilityfrom the backward sweefs show. (C)

Histogramof peak fieldeffect mobilities extracted from 20 transistors.

14



4. 2D transistors based on exfoliated MoTe>

4.1 Back gate transistors

Various electrical parameters are extracted for Mpffem back gate transiors. MoTe flakes are
exfoliated through the PDMS stamp method and transferred to Si substrate with 280anTB&O
mobilities and Schottky barrier height for electrons are extracted for {gmt&d MoTe transistors
fabricated usinghotolithography with Cr/Au 5nm/40nm as metal contacts. Ambipolar MoTe
transistors are fabricated usingtmam lithography with 40nm Pd as the metal contact, where the
bandgap is extracted through spectral photocurrent and temperatlgpendent minimum

conductance.

Figure 2(a) shows the temperaturdependent transfer curves of a fabricated MaTmnsistor with
Vu=0.2V. The channel thickness is estimated faptical contrast as ~10nm. The device shawstrong
electron brancralong with a weakole branch. The transfer characteristics can be categorized into
three regionshased on the barrier height extracted in Figu2H). Between =60V and \=3Vis the p
branch of the transfer curve. For Vg between 3V &84, the transfer curves have a steep slope which
corresponds to the thermionic tunneling of carriers. The ideal subthreshold £&8)gin this region

equals 2.3kT, where k is the Boltzmannstantand T is the temperature. The SS measured at different
temperatures are 0.990V/dec at 300K, 0.752V/dec at 280K, and 0.571V/dec at 260K. The large SS is due
to the fact that theinterface trapcapacitance isomparable with the dielectric capacitanchs

temperature rises, the active interface trap density also increables.Schottky barrier for electrons at
the flat band is determined to be 0.20eV at9.2V and y18V, which is consistent with strongype
behavior in transfer curve&or \4larger than 18V, thermoassisted tunnelingtarts to contribute to the
currentas characterized byeduced d~\4 slopeandweaktemperature dependencelhe barrier height
decreases monotonically as gate bias increa&dsarrier height as low as 0.04eV is atveel at \;=60V

due to increased tunneling probability as the injection barrier is thinkéglire 2(c) shows thedVy
characteristics of the same device =80V when the transistor is turned on. The output curves clearly
show drain current saturation due to channel piratf. The symmetric behavior for positive and
negative drain biases indicatas ohmic contacts achieved at large gate bias. Figlid) shows the
temperaturedependent electron mobility extracted from (a) at a constant overdrive voltage. The room

temperature mobility is 8 cAiVs. However, the mobility degrades at low temperatures due to strong
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Coulomb scattering. The fabrication inclugegposure to iorcontaining developers, which is a source of

the charged impurities.

Aside from the Schottky barrier, the bandgap is extracted for bulk Mdreimage of MoTeHall-bar
device fabricated with ¢veam lithography is shown in Figut8(a). A highwork-function metal Pd

allows achieving of ambipolar behavior. The spectral photocurrent of the device is measured and the
bandgap is extracteoh Figure 13(b)The laser is shined in the middle of the device and the source and
drain metal pads arased as sensing terminals. By assuming an indirect transition fordimaehsional
density of state with a parabolic valley, the absorption of semiconduictarear the band edge can be

formulated as:

| D o O )

whereh s the Planck constant, ar refers to the energy of incident ligh# is the coefficientEg is the
bandgap Since the photocurrent is proportional to the absorption, the bandgap of Modie be
extracted by linear fitting in the plot of ¢hv)? nearthe band edgewherelynis the spetral

photocurrent The measured 1.013eV bandgap is close to previous refdditsThe bandgap of the
flakeat the channeis also extracted from the temperatwgependent minimum conductance. As is
shown in Figurd3(c), transfer curvemeasured at various temperatusare plotted. The conductances
are measured through the-goint measuremets. The dependence of mimum conductance on

temperature is given as:

A o Appe
—F Gt 20y

3)

where i, and i, are the mobility for electrons and holes;is the temperaturedependent intrinsic

carrier density. For the temperature range of interest, the temperature dependence of mobility is
neglected. Therefore, the minimum conductivity simply increases exponentially as 1/T decreases. Figure
13(d) plots he minimum conductance in the log scale at each temperature. The bandgap extracted from
linear fitting givesE,=0.946eV. The extracted bandgap from these two methods matches well with each

other.
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slope.
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4.2 Suspended transistors

Quspended transistors are ideal fetudyingthe intrinsic mobility of channels without the dielect{22].
MoTe suspended transistors are fabricated through the transfeer-trench methodand the substrate
etching method The first method allows direct comparison of suspended and supported regions for thin
flakes, where Raman amd-Mcharacterizations are performed. Thabstrateetching methodsuspends

the whole clannel ar@, where intrinsic electrical performance can be assesEed temperature

dependent channel and contact resistance are compared and the temperature dependence of mobility

is extracted and compared withat of supported device.

Figurel4 shows the characterization results of suspended transistors fabricatedhéttiansferover-
trench method AMoTe flakeon the prefabricated trench ithe Si substrate with 90nr8iQ is shownin
Figurel4(a). The flake is bent downward in the suspeddegionaccording ttAFMmapping showrin
Figurel4(b). The measured transfer curve and the optical imagesofspended devicat ambient
conditionsare shown in Figurd4(c). The mobilityof the channel is nearly unchangidre sincehe
supportedregionon SiQis much longer than the suspended region. Therefore, the transfer curve here
resembles the transfer curnva&f supported devics, where the interface trapintroduce large hysteresis,
and surface scattering greatly degrades the mobiftyspended flakes show dramatic differences in
Raman spectroscopy compared with supported flakeshasvnin Figurell(d). The oubf-plane Ag
mode and B,y modeare charactristic forfew-layerMoTe flakes[48]. The suspended flake shows
enhanced absorption in owaf-plane Agmode and reduced absorption in-plane B, mode, while the
B’ mode is completely sapressed These changes are presumably owing to the additional strain

introduced in suspended flakesd theabsenceof surrounding dielectrics

Figure B showsthe intrinsic electrical characteristic$ suspended MoTsransistorsrevealed by
completely suspending the channel regidine SEM image is shown in comparison wighpported

devicein Figurel6. Figurel5(a) depicts the transfer curves at different temperatuetd/s=2V. The
deviceshows ntype behavior at all temperatures. The threshold voltage sleft temperature

increasesThe measured hysteresis is negligible which confirms that the suspended channel is free of
interface trap.Figurel5(b) shows thegtVy characteristics at 20V for various temperatureshe k-Vg
shows ohmic behavior with linear characteristics at high temperatiFegurel5(c) and (d) show the
channel resistance and contact resistance extracted fited-point measurementThe channel

resistance is substantially higher at low temperatures due to strong scattering from charged impurities.

These two resistancasanifestsignficant differences in the subthreshold regiah300K Theslopein
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the subthreshold regionf channel resistance is larggpmpared with contact resistanc&he
inconsistency between channel and contact resistandeiésto the differen gatedielectricsin the

channel and contact region
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Figurel4. (a)Opticalimage showing MoTe flake is suspended over a trench. &fjMimage of the flake shown in (egveals

the bending in the suspended regioft)ls-Vy characteristics of a suspended channel transistor that shows ambipolar behavior.

(d) Gomparison ofRamarspectma for suspended and supported flakesl <ale bas: 10pum.
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Figurel5. Temperaturedependent behavior of suspendénsistorsfrom 50K to 300K(a)ls-Vg characteristics at different
temperatureswith Vg=2V. (b)Temperaturedependent output characteristics &,=20V. (c)Gate dependenc®f channel

resistanceat various temperaturegd) Gate-dependent contact resistanca various temperatures.

Figurel6 compares the temperaturglependences of mobility between suspended devices and
supported devicesBoth devices are fabricated with the same processes, except the dielectric was
etchedfor the suspended device after fabricatidfigurel6(a) and (b) show the schematic and optical
imagerespectively fothe regularMoTe device used for comparison, where tB& layer is intact and
serves ashe dielectric for Si baciate. Figurel6(c) and (d) show the schematic and SEM image
respectively fothe suspendedoTe device, wherahe air gapunder the channeterves as the

dielectric Both channelgrethick and showstrong ntype behaviors that resemble the bulk matdria

The temperaturedependent mobilities for both devices are extracted at the same overdrive voltage and
presented in Figur&6(e). The mobility of the supported device decreases at 275K due to phonon

scattering.The hightemperature mobility of the susggnded channel reaching 108 éivs is much
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higher than that of the supported channel at 39%¥fs due to reduced phonon scattering. However,
the mobility of the suspended chanrfalls in the lowtemperature region This is presumably due tbe
absence bdielectric screening of charged impuritijg®]. Additionally, extraharged impurities are

possibly introduced during the dielectric etching.

Figurel6. (a) (b)Schematic and the optical image akupported device. The scale bar iu20 (c) (d)Schematic and SEM
image ofa suspended device. The scale barjm5 (e) Temperaturedependent mobility extracted from the supported device

and suspended device a fixed overdrive voltage
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