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ABSTRACT:To explore the potential o&ld-eect transistors (FETs) based on monolayers (MLs) of the two-dimensional
semiconducting channel (SC) for spintronics, the two most important issues are to ensure the formation of variable low-resisti
tunnel ferromagnetic contacts (FCs) and to preserve intrinsic properties of the SC during fabrication. Large Schottky barriers lead
the formation of high resistive contacts, and methods adopted to control the barriers often alter the intrinsic properties of the S(
This work aims at addressing both issues in fully encapsulated,EV¢3esing bilayer hexagonal boron nitride (h-BN) as a

tunnel barrier at the FC/SC interface. We investigate the electrical transport i FETW®&h the current-in-plane geometry

that yields hole mobilities 088.3 cri V°! ! at 240 K and on/oratios of the order of 1Qimited by the contact regions. We

have achieved an ultraloweaive Schottky barrier .34 meV) with an encapsulated tunneling device as opposed to a
nonencapsulated device in which the barrier heights are considerably higher. These observations provide an insight into the elect
behavior of the FC/h-BN/SC/h-BN heterostructures, and such control over the barrier heights opens up the possibiities for WSe
based spintronic devices.

KEYWORDS:monolayer WSéerromagnetic tunnel contacts, bilayer hexagonal borefdreadiole mobility,
BN encapsulation, Schottky barrier

INTRODUCTION (opto-) valleytronic applicatidh®wing to the exotic ects
rising from breaking of the inversion symmetry in monolayers

A large number of two-dimensional (2D) materials, includin d Svall i ides th ¢
graphene, hexagonal boron nitride (h-BN), transition metd]ML'S) and strong sp8ivalley coupling. Besides these features,
the atomically thin nature of 2D TMDCs is sicanit, in the

dichalcogenides (TMDCs) such as Mafd WSg metal . ) i i
h. sense that it allows foreetive electrostatics to easily control

oxides (Mx(), black phosphorene (b-P), and so fort - T
provide a wide range of properties and numerous feasit§je"er density in the channel by gate voltages because the

applications. On account of the potential in a wide range dpickness of the chan_nel falls below the charge depletion r_egion
applications in nanoscale devices such as logic cirelits, on_the metal/TMDC interface. One _of the excellent sta_rtllng

e ect transistors (FETSY, light-emitting diodésultrathin points for the development of high-performance digital
exible devicEgphotodetector¥, and so forth, 2D materials electronic devices therefore is to comprehend the behavior
such as atomically thin TMDCs have been of cgni
interest to nano-electronics. In particular, single-layer TMDG%:ceived: January 17, 2020
can be used in FETs as a high-mobility semiconductdrccepted: April 1, 2020
channéf resulting in signéant on/o current ratiosl{,/ I 4> Published: April 1, 2020
10°)° and reduced power dissipatidithe coupled sp

valley physitsin TMDCs has also attracted broad attention

in recent years as it provides a new opportunity f@& spin
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Figure 1.(a) Schematic of the h-BN-encapsulated ML, W8aeling device with FCs; (b) optical microscopy image of the device. The
rectangular part (red) represents the encapsulated structure; the optical image of the encapsulated samipig beftaetsie(c) (Top)

energy level diagram for ML \WMBith respect to the immediate contact material platinum; (bottom) schematic of$seuh@grcurrent under

the forward bias condition undeite bias and over threshold gate voltage. Note that the majority charge carriers are holes in our devices. The
band bending around the FCs is not scaled. (d) PL spectrograph for )it WB& (X represents the neutral exciton peak); (inset) room
temperature PL spectra for the same single layer o§W®e the single signature peak at 1.67 eV for collective excitations in a ML.

of the metal in contact with TMDESSchottky contacts with  mirror symmetry of the plane perpendicular to the 2d lattice
low barrier heights () and low reverse leakage currents areplane’® despite the gate tunability of the barrier heights.
key requirements in order to produce TMDC-based devic&subsequent erts were made to combine W®ith
such as FETs that simultaneously preserves the intringierpendicular anisotropic magnets wigd,Abarriers, but
characteristics of the channel. This idea can also be extendedn in this case, the Schottky barrier heights are considerably
to spin injection in these materials as long as there is hagher with the best value of 147 meV without any apparent
ferromagnetic (FM) conta€(FC) with a tunnel barrier such  gate tunability?
that the height of the overall barrier (FC/h-BN/SC) is low This work focuses on the measurement and understanding
enough to enable optimization of values for contact andf the gate-dependent and temperature-dependent charge
channel resistance. This is called the impedance matchingnsport properties in tunnel FETs formed by the ML of
phenomendti and is a key element for injection and detectionWSe crystals with FM metal contacts with perpendicular
of spin in semiconductors. magnetic anisotropy. Oundings show that a combination
Analysis of Schottky transistalectrical characteristics at with a thin layer of h-BN on top of ML W&&ng with thick
room temperature alone cannot provide a complete unden-BN at the bottom not only allows for ultralovective
standing of the mechanism of conduction and formation dfarrier heights but also allows this barrier height to be tuned
barriers. However, temperature-dependent electrical behawigth the gate voltages opening the possibility for modulation of
investigation may provide a detailed mechanism for curretitese heights to yield comparable values for contact and
transport. To our knowledge, very little research in thishannel resistance in the future for impedance matching and
direction of contact engineering for future lateral spin FEEpin injection. The strategy of encapsulating allows for probing
functionality has been made using FCs to ML TMDCs with athe intrinsic transport properties in the ML semiconducting
e cient tunnel barriéf>'® however, contacts with in-plane channel (SC), while giving out the minimuecéve Schottky
magnetization might be a bottleneck for fully electrical spiparrier height as low as 5.34 meV using a 2D thermionic
transport proposed in the MLs in this case because MLs efmission modelfree from Fermi level pinning (FLPkets.
TMDCs prefer spin polarization in thdirection originating  This tunability is manifestly lost in the unencapsulated device.
from the Ising spin orbit coupling because of breaking of theor simplicity, here onward, we will refer the contact material
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as Pt, the part of the superstructure which is in immediatea)  b)s04 ’\'v
contact with bilayer h-BN and ML WSe sl
i bas> 0\4_'_
107 S 240} o
RESULTS AND DISCUSSION < S S N 1
Device Fabrication.ML WSg and thin h-BN are obtained ~ _3 7_; -25.0—/\'—\:;31%
by mechanical exfoliation from bulkS2¥Sg (see the 10° = 55! B
Supporting Informatidior bulk crystal growth details) and h- -26.0—/\
BN crystals (2D Semiconductors Inc.) by the polydimethylsi- 2Bl ™

loxane (PDMS)-based method followed by subsequent dry -5 -10-05 00 0510 15 4 6 8 10 12 14 16
transfer with the help of a micromanipulator onto the boron- Ve (V) 1000/T (1/K)
doped Si@Si(100) substrate (300 nm-thick Sidnitially, c) d)

the layer thickness is determined by the optical contrasts. This oo

procedure has been followed to create two devices. One | 95 =(-1000S,k,)/q 10°} 4ok SDVoage |
assembly forms the 2L-hBN/WBBN stack (D1), while the L I P B 0PN 1/ =107 1oy
other WSghBN stack (D2) is formed by deliberately g 002y ~ 107 —15V1
misplacing the thin h-BNake and the ML WSeake to = i‘:,m 10"} 3
yield one encapsulated area and one nonencapsulated af®a, Sl - 10’12' 05V]1
followed by annealing in an Ag/etmosphere at 423 K for 3 006} 0

h.Figure & shows the schematic of the tunnel FET device. In | o %
an eort to reduce the inhomogeneity between the devices, ~ L. . ... . . ... . . L 55=566mY

0.0 02 04 06 08 1.0 1.2 14 1.6 15 10

both the studied transistors are fabricated simultaneously on a
single substrate. Si is used as a back gate to tune the carrier Vi (V) V_ (V)
density in the channel. W$econrmed to be a single layer
by confocal photoluminescence (PL) measurements, as shokigure 2.Charge transport in the encapsulated ML, WeSice av,

in Figure @l (see the&Supporting Informaticior details). The = S18 V. (@)ISV curves for the ML WSEET device with FM
high quality of the encapsulated SC with thin h-BNeistesl contacting WSeia a tunnel bar.rler formed bg/ztwo layer h-BN from
in the high neutral excitort ¥ignal at low-temperature PL, as | = 80 t© 240 K; (b) Arrhenius plot lg{ T°%) vs 1000T at
depicted inFigure o, compared to the defect peaks asdl erent draiSsource voltage¥,, in the thermionic emission

. - temperature range; (c) extraction of Schottky barrier hejdht
opposed to an unencapsulated sample lying bare on,the Si king therintercept value. Here, each data point represents the slope

Si substrate, as shown figure S3(see the Supporting optained from the Arrhenius plot in (b) under a spégjs (d)
Information), obtained from the same bulk. It is important tocurrentiy plotted on a logarithmic scale as extracted from a single-
note that the WSeeneath the thin h-BN does not come in layer WSEFET atT = 40 K and as a function of the gate volgge
contact with polymers during fabrication because of futbr several values of the voltadge between drain and source
encapsulation of theake. ML WSge FET devices are contacts. Notice that the on/oratio approaches 1&énd a
fabricated by patterning (methyl methacrylate)/poly(methypubthreshold swing of S$00 mV per decade.
methacrylate) resists using e-beam lithography. The metallic
FM electrodes consisting of a superstructure formed by Co/Ricrease in temperature. Tlgeire demonstrates a rectifying
with Pt (15 A) as the immediate contact material on top obehavior from symmetric electrodes, especially at 80 K.
both D1 and D2 are deposited inside an ultrahigh vacuumxperimentally, even when designing symmetric electrodes,
chamber with a base pressure 16°° Torr. The magnetic  there is some dérence in the widths of the electrodes in the
behavior is commed by the polar magneto-optical Keece order of‘nnT". In fact, it is quite dicult to make them ideally
(seeFigure Sywith the external magnetield perpendicular symmetric. Hence, we believe that at low temperatures,
to the sample surface. The channel lengths of both the devitexause of the slight asymmetry of the electrodes, one of the
are 4 and 3.5m, respectively, and the widths of tilees are  electrodes starts behaving more resistive than the other one.
generally between 2 and 21& The dielectric screening by h- Therefore, the nearly symmetrical rectifying behavior in the
BN on ML WSgnot only helps with device mobility but also 13SVys at low temperatures is due to these back-to-back
protects the channel from environmentadéctess and  Schottky diode-like structures. A typical two-p&¥eurve
degradation. The optical microscopy image shokiguire taken in a wide temperature range is displayédure S2a
1b illustrates thenal device geometry for single-layer,WSe (see the Supporting Information) for this device with a
FETs.Figure t illustrates the energy level diagram for MLchannel lengtt, of 4 m. Please note that our device channel
WSe with respect to the immediate contact material platinuntength is 4 m, while the contact widths ard m. For a
to the channel via the thin h-BN barrier (not shown).constant channel length, because the tunneling (Schottky
Currensvoltage KSV) measurements are performed by barrier) changes exponentially with voltage, increasing above
applying a DC voltage across two electrodes and registers@ne voltage results in a very small change of voltage on the
the current response in both devices. contacts and most of it falling on the channel, and if the
DC Bias Electrical Transport and Schottky Analysis.  channel is larger comparative to contacts, leading to a (nearly)
We now examine the two-prd8&/ curves as a function of linearlV behavior. Two-probe conductance measured at 240 K
temperature in order to better comprehend the essence of thae a function of is shown irrigure S2i(see the Supportlng
Schottky barrier in these devices. First, we discu&Vthe Information) and exhibits decreasing conductandfg ias
characteristics for the tunnel device with Pt/h-BN contacts tewept toward positive voltages. In fact, this characteristic
ML WSe. Figure 2 displaykSV curves on a logarithmic scale behavior is seen on both devices measured throughout the
for several temperatures falling into the thermionic emissiavide temperature range and indicates that the devices are
regime. The measured current response increases with theinsically p-type as fabricated. lects that the Fermi level
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lies deep within the band gap close to the valence band @évice without encapsulation D2 does not show any signs of

WSeg, which is expected to be of a very high work functiotunability (see~igure B), it is very hard to pin point the

metal contact material such as platinum here. The back gatgecic value of the barrier height in this case. Such an analysis,

voltageV, applied to the Si substrate results in a 500 m\bn the other hand, seemed possible with the encapsulated

subthreshold slope for every decade of current change, shayevice, but the interference from leakage possibly\fiar &iO

in Figure @, at 40 K (for 300 nm SjQlielectric). Electrical broader range of gate voltages has not enabled us to make that

transport across a Schottky contact into a semiconductor hasnclusion decisively. Even so, the lower bound forugie

been conventionally described by the 3D thermionic emissidrarrier height could be inferred as 32.5 meV, as shown in

equatiort’ Figure &, because this value scales with the threshold gate
The same format of the equation is memtlinto a slightly ~ voltage of the transistor within the temperature range where

di erent equation when we consider devices which fall in thtee thermionic emission model is valid. In addition, because

regime of thin 2D materials as is our case. In such a situatiehe device can be tuned for the Schottky heights, a transition

the draissource currenlps can be dened by a 2D from the thermionic emission regime possibly into the

thermionic emission equatidrinstead. This equation has tunneling dominant regime is achieved, pushing dusve

the form of a reduced power law where temperaturgalue down to an ultralow value of 5.34 meV.

dependence goes B¥ for a 2D transport channel and is  The D2 corresponds to direct Schottky contact by Pt to the

given by ML WSe ake. Temperature-dependi¥ characteristics
v show an asymmetry on either side of the bias, and the
lps = A;Ds-ﬁ/Z expgi MES _bs transistor behaves more like a Schottky diode, as shown in
kgT n (1) Figure Sldsee the Supporting Information). Thisrts the

dominance of transport assisted by thermionic emission and is
consistent with the previous restits for the direct normal

metal (NM)SSC junction. On the other hand, for D1, as has
been shown iRigure 2, an almost symmetric behavior in the
IpsSVps plot around zero bias could be seen, suggesting the
dominance of tunnel transport over thermionic emtésion.
Thus, instead of increasing two-probe resistance, insertion of a
OQI?-hI:%N barrier reduces the device resistance, especially at low
drairbsource biases, which could be quite relevant for all
practical purposes of elemlti spin injection/detection
performed generally at low biase¥he two terminal
resistances at 10 K in the low bias regime exceed 500 M
for tunnel device D1, as showrrigure SZinset). This can

be conrmed quantitatively by examining the 2D Arrhenius
behavior usingg 1and extracting g. Figure B shows the
Arrhenius plot at derent draiSsource bias voltag&syure

2c displays the resulting Schottky barrier height extracted from
extrapolation of slopes, as showfigare b, as 5.34 meV as
discussed above. This is a dramatic decrease, of almost 98%, in

g from no barrier to the 2L-hBN barrigfiqure 3a,b).

Notably, a signtant fact is that the barrier height, which is
related to the contact resistance, can be controlled by inserting
h-BN barriersFigure @ shows the subthreshold slope curve
for the estimation of the on/aatio for the tunnel FET. The

data shown for 40 K Figure @ as a function of gate voltages

Figure 3.(a) Back-gate voltage-dependertive Schottky barrier Sh(_)W that the best value for this rati_o is of the order’of 1.0
heights g for the two-layer hBN tunnel barrier device. The deviationVhich is comparable to previous high-performance devices
from the linear response\gt= 516 V (green dotted line) should ~Made from the WS#IL as the SC with the NM contatts.

de ne the at band voltage/f) and close to the reak for Pt/hBN The Schottky barrier height is dependent solely on the work
on ML WSe The shaded pink region suggests a crossover from tanctions of the metal and SC for metals/SC junctions without
thermionic regime into the pure tunneling regime. (b) Back-gatfterface statésResearch on MgSchottky contacts showed
voltage-dependent etive Schottky barrier heightg for the  that the measured height of the Schottky barrier depends
nonencapsulated ML WSdevice with the direct metal/semi- |inaarly on work functiofi.However, it is an open issue
Eonqucaor.Jlﬁ]’t‘Ct"zt”:bN?t'g? ”l‘:‘iggth values and nontunability of thg,\ohar or not interfacial states also play a part. It is known
arrier heights attributed to s (orange area). that such states can dramaticatigta g through FLP?*as
exhibited in our device D2. For a high density of interfacial
hardly any modulation with the change of gate voltages. Gitates (DIS), g can be completely determined by the
the other hand, the tunnel barrier-encapsulated device Drterfacial states, independent of the metal work function.
attains good gate tunabiliiqure @) and shows an ective The gate dependence of the barrier provides some insight into
Schottky barrier height as low as 5.34 meV, as shegmrin ~ the role of interfacial states. In the conventional theory of
2c. It is worth mentioning that the true estimate of theSchottky barriers for semiconductbispth work functions
Schottky barrier height comes from tieband deviation of and interface states play a role in determining the barrier
e ective Schottky values from a linear region, and because tedght with relative importance depending on the DIS.

whereA* is the 2D equivalent Richardson consgistthe
contact area of the junctianis the elementary chargg,is
the Schottky barrier heightjs the ideality factokg is the
Boltzmann constant, aWgs is the draiSsource bias.

To determine g, In(l4d T°) is plotted against 100Dfor
variousvVpg biases, as shownHigure B. The data are linear
at each bias in the thermionic emission regime, and the sl
(S is subsequently plottedrigure 2 as a function of drain
source bias. Theintercept ofigure 2, denoted b, in the
formula mentioned on thgure, yields g according t&, =
Sq g/1000ks. For ML WSe transistors D2 with direct Pt
contacts, g is found to be 239 meV Figure B) and shows
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Interestingly, in the two limits of DIS = 0 (work function a) b)

model) and DIS (FLP), the Schottky barrier is Fitsdwi o T/T) | W V,=0.12V
independent of the electron density. However, in the 1000} &M”JW ;
intermediate regime of DIS, the Schottky barrier height oW Vo
decreases with increasing electron density. As the same trend o 1} 'n'l‘u»g 3 v i
is observed in our ML WSgansistor D1, it provides evidence g _"-;f = A
that work functions and interfacial states both play a role in S INNH: VR _ ]
determining the barrier height. Therefore, the data presented g  — y :
here for ML WSeg which also demonstrate lowering of the © ool T‘F“K . .
Schottky barrier height with the insertion of the 2L-hBN 020 40 60 80 100 120 140 160
barrier, beg an explanation for the case of intermediate DIS 1000/T (1/K)

and suggest that interfacial states are important for a full
understanding of Schottky contacts to TMDCs. At the same
time, the likelihood of transport beingaed by intrinsic oo G
defects in the bulk and fabrication-related details could also be )
an open possibility. A detailed model explaining this, in
addition to the experimental data and technique to probe the
interface directly, is worthy of further investigation, however,

Fitted with exp(-(T /T))
Fitted with exp(-T /T)°*)

(Y
° v
V=
_ v V=-1691V
Vds_ 15V V=-1654V
<4 Vs

10n

Conductance G (S)

out of the scope of this work. el
ISV measurements combined with the gate dependence TEEK « 3
provide additional insight into the impacts of h-BN barriers on fop L bl
g- For Pt directly in contact with ML W3Sethout the h-BN 1000/T (1/K)

barrier, the Schottky barrier height does not decrease

considerably and varies approximately from+23® to Figure 4.Evidence for hopping transport in the Pt/hBN/WSe
258+ 1.6 meV at various gate voltages, as shéiguie B contact region; (a) band diagram for the Schottky contact region
(blue dots). With the insertion of the 2L-hBN barrigy, for the ML W_Sgdevice. _The device can be separated into thre(_e
varies from 5.34 0.08 meV av, = 318V to 72+ 2.6 meV at locales. The direct tunneling locale comprises the h-BN tunnel barrle_r
V, = &14 V. In the measured range, the direct Pt ContaﬁEd one part of Schottky contact taken together. The second locale is

. i i . the tail portion of the depletion layer where holes (electrons)
Schottky barrier height is never less than for Pt with 2L-hB nsport in a hopping mannerism. The third locale is where holes

A simple linear extrapolation indicates that for no bagisr,  (electrons) either transport in the W8bannel by hopping or
approximately 258 meV for gate voltages of 8idvé. On  transport in the WSeralence band (conduction band), contingent
the other hand, with the insertion of 2L-hBRjljs relatively  upon the carrier density. (b) Arrhenius plot of the temperature-
low at all measured gates and goes to an ultralow value of 5d@fendent conductar@gsymbols) at varioigsatV, = $18V and
meV atv, = S18 V. Thus, both back gate and 2L-hBN providethe tting resuilts by the dérent hopping models (blue and yellow
a wide parameter space to control the Schottky barrier heiqmes)- Two hopping regimes are clearly separafétl fwertical

in the ML WSgtunnel FET device ine) corresponding to a temperature 58 K. (c) Arrhenius plot of
' Gfor di erent values &, Solid lines ards to the data showing two

DISCUSSION ggsrglgi;:;)conductlon behavior for various regiofsaoflV, (charge
To reconcile the case for @ent tunneling in our

encapsulated device, one has to be careful to see the Arrhenius

plots over a broad temperature range. To clarify this point, letodels used above, which shows temperature varid@ion of
us focus on the temperature dependence of conductance whidth di erentVy instead, for the same encapsulated sample
serves as agerprint for the electronic hopping processes thab1, the slope of the Arrhenius plot changes around $imilar

are involved in the transport, as shown in the schematic implying the same crossover of conduction mechanisms. The
Figure 4. In the WSesystem, it is reported that the selenium two temperature regions for theedént hopping regimes are
vacancies can introduce localized donor states inside the bawen more pronounced at a small 8stiorce biagysof 0.12

gap:? Figure b shows the Arrhenius plot fbrdependent  V where the probability of contact resistance dominating the
conductance at direntVy at a constant gate voltage. It could total resistance is quite high. This emphasizes that the
be seen from temperature variatid® wfth di erentV,that dominant transport mechanism is hopping through the contact
the charge transport phenomena can be described by twagions over the WSehannel itself.

di erent mechanisms, known as activation transport models, ifn this instance, we put forward an explanation that the
the respective high- and low-temperature regimes, withcantact region may be constituted by thregreht zones as
characteristic threshold at arolihd= 58 K. For thi§ > T*, depicted schematicallyFigure 4: (i) the dielectric insulating
carriers with a conductivity varying Gke expSTy/ T) are h-BN tunnel barrier, (ii) the strongly depleted zone (dark
dominated by the nearest-neighbor hopping mechanidm. Fopink) underneath h-BN playing the role of an additional
< T*, a 2D variable-range hopping (VRH) mechanisncomposite tunnel barrier, and (iii) the rear part of the
equation with much weaker temperature dependence accodépletion zone (smeared pink) of the ML W&gere the

ing to G expST,/T)% can instead be used tb the hopping mechanism guarantees electronic conduction. If we
conductance. In many low-dimensional systems,Tsuch pay close attention to the inhomogeneous channel composed
dependence has been observed in accordance with Mofttwo components, the depletion part below h-BN and a semi-
VRH theory® and is a signature for transport via localizedn nite section of a channel, electron hopping@canfmm

states driving the system into a strongly localized t&4itne. the electric eld®” or thermal activation enetgythrough
In Figure &, as a derent set of data to verify thting localized states whenever there is an increase in either the bias
18671 https://dx.doi.org/10.1021/acsami.0c01025
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or temperature, particularly for the VRH procedure, and cagharge transport measurements have been performed in a four-probe
e ectively reduce resistam;eThis fact could be investigated cryostat system tykeshotsy varying temperature from 6.6 to 280

in more detail by experiments with a higher number of probdsWith a base pressure ok 2.0° mbar. For the back-gated two-
minal measurements, as descridédune 2we have used one of
Y

which can shed more light precisely on this subject through ; . .
elaborate investigation of channel resistances. These result éﬁfgﬁ?’égﬁ&%ggﬁﬂgﬂ; ta?] 3%‘;'%’;%%?&?12:%&?;&6B
S

extremely promising indicators in the direction of theynannelto apply the back-gate volggEstimation of the mobility

possibility of spin injection and transport in encapsulategk our FET device with the 2L h-BN tunnel junction has been

ML WSeg. Uniform h-BN barriers can provide the contactperformed by thdps S Vg characterization. All measurements

resistance needed to alleviate the conductance mismatehorted here use a voltage-biased scheme.

problem and the resistance value can be easily controlled by

gate voltages, enabling the tuninggodown to almost zero, ASSOCIATED CONTENT

given the limits for gate leakage values (this might vary fro _ _

device to device). This permits a minimization of the depletion Supporting Information _

region for a highly conductive spin transport channel. The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c01025

CONCLUSIQNS _ ' Details of bulk single-crystal preparation, room temper-
We have examined the properties of p-type single-layer ature and low-temperature PL measurements, details of

tunneling WSE-ET devices with FM electrodes. In particular, electrical measurements, polar MOKE measurement of
using 2D thermionic emission analysis by cHuatdge the Co/Pt-layered FM superstructure at room temper-
curves, we have measured the Schottky barrier height for Pt  ature, and optical images of the device constituents
electrodes directly in contact with Y&w have attributed (PDPR

the nontunability to FLP ects. Remarkably, we have found
that with the insertion of a thin h-BN barrier between the Pt
electrode and the WSeake encapsulated by thicker h-BN,  AUTHOR INFORMATION
the e ective Schottky barrier height can be reduced to a

ultralow one by as much as 97.7%. We have shown that the ,. o= . . :
barrier height can be manipulated by both the h-BN presence inn-Tsong LirS Department pf Physms_, National Talwan
and back gate voltages. From systematic studies of the bias University, Ta_upel 10617, Taiwan; Institute of Atom_lc and_
) ' Molecular Sciences and Research Center for Applied Sciences

temperature, and back-gate voltage dependence of Schottky e . = )
barrier heights, we surmise that in order to maintain a balance éggggn;%ﬂgfg&];ﬁ!&%: éSthS;;STr;tm.?V:’g/OOOO

between interface tunneling resistance and channel resistance,
which is mandatory for the observation of two-terminal Spiihors

signals, the understanding and the behavior of hopping Viag,ray pand§ Department of Physics, National Taiwan
localized states in the contact depletion region could play a University, Taipei 10617, Taiwan; Néno Science and

central role. Elimination of metal/TMDC chemical inter- — tocpn0i0gy Program, Taiwan International Graduate Program,
actions by the h-BN insertion layer along with full boron Academia Sinica, Taipei 11529, Taiwan

nitride encapsulation of the channel allows us to better Jyun-Yan Sia® Department of Physics, National Taiwan
preserve the intrinsic properties of the 2D channel. The University, Taipei 10617, Taiwan '

discussion presented here for hopping via h-BN tunnel bamerSWei—Liang Che& Center for Condensed Matter Sciences
to 2D semiconductors allows us to satisfactorily describe and National Taiwan University, Taipei 10617, Taiwan '

reproduce their experimental electrical response within the ~pian_j, Le& D fEl hvsics. National Chi
Schottk$Mott limit. Such low barrier heights and the ability C-I-Isr?g‘]lljnisésrsit)e/pi{;miﬂﬁ0300168”.?&\/\3,’:'”(:5’ ational Chiao
to optimize them encourage and open up the avenues forp,man sanka¥ Institute of Physics, Academia Sinica, Taipei

future studies on purely electrical spin transport in MLs of 11529 Taiwan: Center for Condensed Matter Sciences
WSe. These results promise to be important not only to those Nationlal Taiwah University, Taipei 10617, Taiwan; '
interested in WS$ein particular but also to the larger orcid.org/0000-0003-470é-2517 ' '

community exploiting 2D materials for optoelectronic and v\,_\ing chang Center for Condensed Matter Sciences,
spintronics applications. National Taiwan University, Taipei 10617, Taiwan
Chii-Dong Chers Institute of Physics, Academia Sinica, Taipei

METHODS 11529, Taiwan

ML WSg and thin h-BN are obtained by mechanical exfoliation from Wen-Hao Chan§ Department of Electrophysics, National

bulk 2HSWSeg grown by chemical vapor transport (see the Chiao Tung University, Hsinchu 30010, Tainad;org/

Supporting Informgtiofor bulk crystal growth details) and h-BN 0000-0003-4880-6006

crystals (2D Semiconductors Inc.) by the PDMS-based method Fang-Cheng Chdd Center for Condensed Matter Sciences,

followed by subsequent dry transfer with the help of a micro- . . . . . ; o
manipulator onto the boron-doped $8100) substrate (300 nm- National Taiwan University, Taipei 10617, Taiwan; Taiwan

thick SiQ). Initially, the layer thickness is determined by the optical ~ Consortium of Emergent Crystalline Materials (TCECM),
contrasts. Room temperature PL spectra were acquired with a home- MOST, Taipei 106, Taiwan

built laser scanning confocal spectromicroscope with 532 nm 'a@bmplete contact information is available at:

excitation. The low-temperature PL spectra of, WMEe were . :
measured by a micro-PL setup. The setup consist of a three_af)l(%ps.//pubs.acs.0rg/10.1021/acsam|.0(201025

positioner and a 180objective lens (NA = 0.82) integrated in a
cryogen-free cryostat with a base temperature of 4.2 IKGN& He Notes . o
laser with a wavelength of 632.8 nm was used to excite tiEh&/Se The authors declare no competingncial interest.
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