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ABSTRACT: While two-dimensional (2D) materials have shown Oxygen plasma treatment

great promise for scaling technology nodes beyond the limits of T

silicon devices, key challenges remain for realizing high-quality and ® o 0 .0 o

practical 2D field-effect transistors (FETs), including lowering Pdau  * " @ © PdAu o

contact resistance, demonstrating device structures with high /

electrical stability, reducing interface charge trapping, and
integrating n- and p-FETs for beyond-complementary metal
oxide semiconductor devices. High contact resistance often stems
from Schottky contacts and Fermi level pinning and can be
reduced by local doping or transferred contacts, respectively.
However, these approaches to date have been mutually Si
incompatible. Here, we combine both into a single structure and

demonstrate a locally doped, transfer-contact stack containing access regions adjacent to the metal via contacts embedded in
hexagonal boron nitride. Doping is applied by oxygen plasma treatment of access regions, while the fully encapsulated WSe, channel
remains pristine, creating a lateral p*—i—p" junction. We demonstrate a reduction in contact resistance by up to >30,000 times with
the contact strategy, with a lowest individual contact resistance of ~3.6 kQ - ym, limited by the doping density at the contacts. Our
results highlight increasing doping in the contact region as being crucial for achieving improved contact resistance in p-type WSe,
devices. For our FET devices, the geometry of gates, doped access regions, and the channel are all defined by an electron beam
lithography giving full and precise control over size and position. The p-FET behavior is strongly enhanced with a high on/off ratio
up to 107, but ambipolar characteristics from the intrinsic channel are still retained. Negligible, temperature-independent hysteresis is
achieved from T = 10 to 300 K, with only back gate carrier control. High electrical stability is evident in the excellent reproducibility
of transfer characteristics between multiple contact sets on a single device and different devices. The doping reduces contact
resistance by reducing the Schottky barrier height and width, achieving Ohmic IV characteristics. The doping appears very stable,
with negligible degradation of performance, keeping the device for 50 days in atmosphere. This reasonably simple device structure
incorporates two important strategies to enhance contact quality, improving p-FET performance and retaining intrinsic channel
quality.

KEYWORDS: Two-dimensional, transition metal dichalcogenides, tungsten diselenide, oxygen plasma, p-type doping, hole injection,
freld effect transistor, tungsten oxide

oron nitride , and retain high mobility in the ultrathin
B INTRODUCTION b de (hBN),® and high mobility in the ultrath
Two-dimensional (2D) materials have been revolutionizing limit, thereby overcoming the performance degradation that
fundamental research and technology by the presence of occurs for silicon devices as body thickness and channel length
remarkable physical and electric properties in a naturally are reduced in the few nanometer limit.”

ultrathin body down to a single monolayer. Graphene, perhaps However, despite their significant potential, challenges
the most widely researched of the 2D material family, possesses remain for high-performance TMD field-effect transistors
distinctive electrodynamic and transport properties; — how- (FETs),® including contact resistance, reducing charge

ever, the zero bandgap makes it unsuitable for logic operations.
In response, semiconducting 2D transition-metal dichalcoge-
nides (TMDs) have emerged with significant potential in
transistor applications and as a possible solution for the scaling
of such technologies.4 Challenges for silicon devices stem from
interface effects including surface roughness and danglin

bonds that degrade carrier mobility, or short channel effects,”
whereas 2D TMDs are free from dangling bonds, can be
integrated with ultrasmooth 2D dielectrics such as hexagonal-

trapping from interface stages, and integrating both n- and p-
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behavior for complementary metal oxide semiconductor
(CMOS) applications.” For p-type FETs in particular, contact
quality and the metal—semiconductor interface are crucially
important, where interface effects can significantly impact
contact resistance, semiconductor polarity, and subthreshold
swing (S.S.). Issues may include interfacial roughness,
contaminants/defects, and Fermi-level pinning (FLP) with
the formation of metal-induced gap states (MIGS), interface
dipoles, and disorder-induced gap states (DIGS)."’ Reducing
the height and/or width of the subsequent Schottky barrier at
the metal—semiconductor interface is crucial to lowering
contact resistance, and strategies to mitigate these issues can be
broadly grouped into interface/contact engineering,'' ™'
surface treatment,'® and the use of suitable contact metals
with optimized work functions.'>'”'® In particular, there is
currently intense interest in two specific methods that improve
contact quality and enhance p-FET 2performance, namely, (1)
transferred contact integration'”'*~*" and (2) surface charge
transfer doping by oxygen plasma treatment.'®**™*" So far,
these techniques have only been used separately; here, we
combine both in a single structure. Relying on either method
alone has disadvantages; for example, doping techniques have
previously been combined with direct metal evaporation of
contacts, which has potential to damage the 2D material.”>**
On the other hand, transferred contacts have not yet been
integrated with highly doped contact areas. Our hybrid
approach applies oxygen plasma doping locally to the contact
regions within a transferred contact structure, improving
contact resistance while maintaining the high quality of the
WSe, channel. The channel remains encapsulated in hBN,
thereby retaining pristine characteristics, while 9gate-adjacent
regions are oxidized to tungsten oxide (WO,) 2930 creating a
p-doped access region between the metal and the semi-
conducting channel. We achieve strongly enhanced p-FET
behavior in ambipolar, ultrathin, three-layer (3L) WSe, FETs
and demonstrate negligible temperature-independent hyste-
resis, indicating a low trap density with only back-gate control.
The device shows excellent electrical stability, with highly
reproducible transfer curves between different devices as well
as for multiple contacts on the same device. We also show
excellent stability over time for at least 50 days in atmospheric
conditions.

B RESULTS AND DISCUSSION

The device concept is shown in Figures 1(a) and (b), and
optical micrographs of two samples are given in Figures 1(c)
and (d). Holes are etched in a hBN flake, and metal contacts
defined by electron beam (e-beam) lithography create the via
contacts. After evaporation and lift-off, the metal partially
covers the holes leaving a gap for local doping. The structure is
assembled by a dry transfer process which avoids contacting
the 2D material with processing contaminants, preserving its
high pristine quality, and WSe, exfoliation and device assembly
is carried out inside a glovebox. Exposing the device to mild
oxygen plasma oxidizes the WSe, surface layer in the access
region to form the WO, surface charge transfer doping layer.
Parameters are chosen to ensure that only the top WSe, layer
is oxidized, as described in Supporting Information. A
simplified process flow is outlined in Figures 1(e) to (k),
and a detailed description is given in Methods. In particular,
the etching approach is able to create high-quality smooth
arbitrary structures in hBN.>"”? The WSe, thickness is
identified as trilayer for both devices by atomic force
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Figure 1. (a, b) Schematic device structure illustrating WO,
formation after oxidation and 3D cartoon image, respectively. (c, d)
Optical images of samples A and B, respectively. Sets of two-terminal
contact groups are labeled 1 to 5. In (d), the WSe, location is outlined
for clarity. (e—k) Basic step-by-step fabrication process. An hBN flake
around 30 nm is selected for via contact preparation and patterned
with etched holes. Metal (PdAu) is deposited partially covering the
holes leaving an open region for selective area doping. A PC/PDMS
stack is used to transfer the hBN/via contact layer onto trilayer WSe,,
and then both layers are transferred onto a bottom hBN flake to
encapsulate the device. Finally Cr/PdAu is deposited connecting via
contacts to bond pads.

microscopy (AFM), Raman spectroscopy, and photolumines-
cence (PL) spectroscopy, as shown in Figures S1 and S2.

Distinctive advantages of our device structure include
precise and full control over the size and location of the
doping area and the intrinsic channel length/geometry, since
all etching and metal deposition steps and their alignment are
defined by electron beam lithography. Alternative techniques
of separately transferring hBN masks””**** or hBN/top-gate
stacks®> onto the 2D TMD rely on user skill thus limiting
control over the position and size of the doping area and the
channel. Additionally, there is potential for contamination of
the FET channel when the TMD and hBN are transferred in
separate steps, or when spin coating a photoresist mask
layer.*>”” Ours is a relatively simple method for 2D FET
design incorporating transferred contacts and selective area
doping, with potential for systematic and precise investigation
of the impact of doped region and intrinsic channel geometry
on electrical performance. The channel regions are fully
encapsulated (above and below) with hBN, which is vital for
ensuring pristine and atomically smooth interfaces with
minimized surface defects.

Figure 2(a) shows transfer characteristics for sample A,
before and after 60 s oxygen plasma treatment and red and
blue traces, respectively. The oxidation process is performed
using a reactive ion etching (RIE) system at room temperature,
1S scem O, flow rate, and low power of 10 W to ensure
oxidation is limited to the topmost WSe, layer for all exposure
times used in this study. Post oxidation transfer characteristics
show a significantly enhanced p-branch and clear off-state near
back gate voltage Vzg = 0 V, with the p-FET enhancement
arising from hole injection via surface charge transfer doping in
the access regions. An n-branch is still observed at positive gate
voltages, indicating that the intrinsic ambipolar nature of the
mechanically exfoliated WSe, in the channel region is
preserved, even after the p-doping process, and highlighting
the efficacy of the encapsulation process. The ability to
maintain both n- and p-type behavior within a single material
could be advantageous for beyond-CMOS technologies,”**
where both behaviors are required, and where integrating the
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Figure 2. (a) Transfer characteristics of Ipg as a function of Vi, sample A, before and after 60 s oxidation. Insets in (a) and (d) show schematic
illustrations of contacts with the source-drain pair measured shown in red. Data are representative of device behavior since contact pairs show high
reproducibility. (b) Transfer characteristics for a control device of unencapsulated WSe, on SiO,/Si before and after 60 s oxidation, red and blue
traces, respectively. The gray trace shows device behavior after exposure to atmosphere for 1 day. (c) Transfer characteristics measured for various
contact arrangements in sample A, defined in the legend. The inset shows a schematic diagram of the contacts where colors correspond to different
traces in the figure. (d) Representative transfer characteristics for sample B. Data are presented in the unoxidized condition (gray), after 180 s
oxidation (blue), and after further 60 s oxidation (red). (e) Comparison of transfer characteristics for samples A and B and a second control device
of unencapsulated WSe, on an SiO,/Si substrate. Samples A and B are oxidized for 60 and 180 s, respectively. (f) Transfer characteristics for
sample B after the second oxidation (total cumulative oxidation time 240 s) and after being left at atmosphere in a desiccant cabinet for 10, 20, and
50 days. Data in (e) and (f) are measured for the same contact arrangement as (d).

two may help reduce device footprint and enable more remain slightly asymmetric, as will be discussed with reference
versatile applications. to Figure 4. Therefore, additional oxidation steps of 60 s each
For comparison, Figure 2(b) shows transfer characteristics were performed, with a total oxidation time of 180 s resulting
for a control device of few-layer WSe, on a SiO,/Si substrate in more uniform doping and quasi-ohmic contacts. Based on
without hBN encapsulation. Prior to oxidation, the pristine this finding, sample B was initially oxidized for 180 s, followed
WSe, displays ambipolar transport (red trace). In contrast to by a further 60 s to increase the uniformity of IV
the locally doped transferred contact stacks, the entire surface characteristics, although transfer characteristics following
is exposed to oxygen plasma, and the current does not turn off both oxidation steps are very similar.
within the measurement range. This example illustrates the The transfer characteristics for sample B are listed in Figure
essential requirement for local area doping for functional p- 2(d). Similar to sample A, the p-branch is strongly enhanced
type WSe, FETs with the threshold voltage (V) within an after oxidation with Vy close to Vzg = 0 V. Transfer
acceptable measurement range. The control device also shows characteristics are also highly reproducible between samples
rapid degradation over time; the gray trace shows transfer A and B as shown in Figure 2(e), and data are shown after
characteristics after the device is placed in atmospheric their initial oxidation steps of 60 and 180 s, respectively. For
conditions for 1 day, with significantly lower current and Vj comparison, data are shown from a second control device of
drift indicating surface deterioration and changes in doping WSe, on a SiO,/Si substrate, also oxidized for 60 s, which
levels. shows shallower turn on, lower on current, and the absence of
In contrast, exceptionally high electrical stability is an n-branch at positive V. Since electrical stability is a key
demonstrated for our locally doped transferred contact devices, issue for doped 2D materials,””** sample B is measured for up
in terms of high reproducibility both between multiple contact to SO days after the second oxidation step. Figure 2(f) shows
sets on a single device and for different devices, as well as in transfer characteristics as a function of day number, while
negligible degradation over time. Figure 2(c) shows two- keeping the device in the atmosphere in a desiccant cabinet.
terminal transfer characteristics for different contact groups on Remarkable air stability is achieved with negligible change in
sample A. The turn-on behavior, on state-current, and Vy, are the off current, on current, or Vy;, position.
exceptionally similar. After oxidation, the channel resistance (Rcy) and the
Sample A was oxidized for 60 s initially, as this is sufficient to combined resistance of the metal—semiconductor contacts and
convert the top WSe, layer to WO, (Supporting Information doped access regions (2Rc + 2R,..) are estimated from four-
Figures S1, S2, and S3). However, after this step, the IV sweeps point measurements, with data presented in Figure S4. It is not
8321 https://doi.org/10.1021/acsaelm.4c01574
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Figure 3. Hysteresis characterization. (a) Transfer characteristics for sample B at T = 10 and 300 K, for sweep rate ~0.24 V s™'. The arrows
indicate the sweep directions. Insets: Contacts measured (red) and mobility as a function of temperature at Vg = —S0 V. (b) Transfer
characteristics of a control device of WSe, on a $iO,/Si substrate at T = 10 and 300 K. Inset: linear relation between In(u) as a function of T~/ at
Vg = —S0 V. (c) Carrier trap density for samples A and B and the control device as a function of temperature. Labeling, e.g.,, “A-C1” refers to
sample (A or B) and contact pair as defined in Figures 1(c) and (d).

possible to separate 2R- + 2R, to independently estimate
contact resistance; therefore, separate devices are fabricated
without an hBN capping layer so that there are no transitions
between doped and undoped regions after oxidation, thereby
allowing the contact resistance to be extracted.””** We
estimate a minimum individual contact resistance R ~ 3.6
k€ - ym and a maximum resistance reduction from the pristine
state of up to >30,000 times, shown in Figures S5 and Sé6.
Plotting contact resistance as a function of doping density,
Figure S6(d) shows a clear trend of reduced resistance with
higher doping density, indicating that the contact resistance of
our devices is limited by the doping level achieved through our
oxidation process, p,, ~ 1.2 X 10" cm™. This is consistent
with the current lowest reported contact resistance from
surface charge transfer doping by surface oxidation of 2R ~
0.642 kQ - um being obtained at a higher doping density of
3.94 X 10" cm™. The oxidation strategy used ozone plasma
treatment for 30 min at an oxygen flow rate of 3 L/min, for
Pd/Au contacts in exfoliated three-layer WSe2.27 This
relationship highlights increasing doping at the contacts as
essential for achieving low contact resistance. For context,
other reported values of individual contact resistance R range
from ~0.9—6.1 kQ - um;*' ~1.4 kQ - um;*° ~1.45 kQ - pm;>>
~3—4 kQ - um;** ~3.6 kQ - um** for exfoliated WSe, flakes,
and ~40 kQ - um for metal—organic chemical vapor
deposition (MOCVD) grown bilayer WSe,,'* and on/off
ratio up to 10°.

For a broader contextual comparison, various other
strategies have been employed with the goal of achieving
low-resistance contacts for p-type WSe, FETs. An ultralow
contact resistance of 0.5 kQ - um was achieved using an
epitaxially grown VSe, contact layer on bilayer CVD-grown
WSe,. The transistors were located between naturally
occurring cracks in the VSe, layer, which formed van der
Waals (vdW) contacts,"* and devices demonstrated very high
on-currents up to 1.72 mA- um™" and on/off ratios up to 10°.
An alternative charge transfer doping strategy, integrating few-
layer a-RuCl; at the contact regions in monolayer WSe,
transistors, achieved a contact resistance of ~4 kQ - um,
with an on-current of 35 yA: ym™" and on/off ratio exceeding
10°.* Near-ideal vdW interfaces between TMDs and contact
electrodes have also been demonstrated using metal evapo-
ration techniques, where carefully minimizing radiative heating

8322

led to a low contact resistance of ~3.3 k€2 - um for Pt contacts
to multilayer CVD WSe,, with saturation currents >10 uA -
um™' and an on/off ratio of 107. This resistance increased to
~229 kQ - pum for monolayer WSe,, attributed to a higher
Schottky barrier due to the elevated position of the valence
band edge.** For the transferred contacts approach to contact
integration, Pt contacts embedded in hBN achieved a low
contact resistance of ~5 k€ - ym for monolayer WSe,, with an
on-state current of 7.4 yA - yum~' and an on/off ratio of 10%.*°
In another study, bilayer WSe, p-FET's using transfer contacts
demonstrated a contact resistance of ~3.5 kQ - ym with Pt as
the contact metal, achieving an on/off ratio of 10° and an on-
current of 5 A - um~'>°

Returning to the electrical characteristics of our locally
doped via contact stacks. Devices display negligible hysteresis
independent of temperature; Figure 3(a) shows typical forward
and backward transfer characteristics for sample B at T = 10
and 300 K. Similar characteristics are observed for sample A as
shown in Figure S7(a). For context, noticeable hysteresis has
previously been observed for plasma-doped samples with back-
gate control, which modulates carriers in the contact regions,
doped areas, and the channel. In these studies, devices were
fabricated on SiO, substrates, i.e., without hBN encapsulation.
For example, in ref 46, significant hysteresis was present for a
gate voltage sweep range of 70 V, attributed to interface trap
charges, becoming almost negligible for a 20 V sweep range.
In a separate study, noticeable room-temperature hysteresis
became negligible below T ~ 50 K for back-gated samples,
whereas top-gated samples showed negligible hysteresis across
all temperatures. This led to the conclusion that the hysteresis
was primarily due to water trapped at the WSe,/SiO,
interface.”® Significant hysteresis has also been observed for a
WSe, device with the entire surface exposed to oxygen plasma,
but it became negligible for devices with hBN covering the
channel region.”* This is consistent with other studies showing
that capping layers can significantly reduce hysteresis, as
demonstrated in ref 18 using Al,O; grown by atomic layer
deposition (ALD). For transfer contact devices, negligible
hysteresis can be achieved when devices are fully encapsulated
with hBN and fabricated in a glovebox;20 however, when the
same devices are fabricated in air or when metal is directly
evaporated through hBN vias, hysteresis becomes more
pronounced.” Additionally, ref 45 reported low hysteresis of
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Figure 4. IV sweeps and Schottky barrier height/width extraction. (a) Pristine IV characteristics of sample A at Vg = —50 V as a function of
temperature, for the contact arrangement shown in the inset. (b, c) Corresponding IV characteristics after 60 s oxidation at fixed gate voltages from
Vg = —10 to —50 V in steps of —10 V and after different oxidation times at Vg = —S50 V, respectively, at T = 300 K. (d) IV characteristics of
sample B after 240 s oxidation at fixed gate voltages from Vg = —10 to —50 V in steps of —10 V at T = 300 K. The inset shows the contact

arrangement. (e) Fowler-Nordheim (FN) plot of ln(%) as a function of % at T = 10 to 300 K in steps of 10 K. The linear fit to T = 10 K data

2

DS DS
(black dashed line) is used to estimate barrier width. (f) Corresponding transfer characteristics, the blue dash-dotted line shows a fit to the
exponential subthreshold behavior. The deviation from this trend identifies the flat band current and voltage and thereby Schottky barrier height.
This is subsequently used in (e) to extract barrier width by fitting data at 10 K using the FN-tunneling relation. (d, e) Data for sample B for the
contact arrangement shown in the inset of (f). Data for other contacts are shown in Supporting Information.

<0.5% for transfer contacts with a gate voltage sweep range of encapsulation fabrication method where WSe, is directly
+100 V. Our device achieves negligible hysteresis consistent picked up by a top hBN layer likely results in cleaner interfaces
with high-quality transfer contact devices,”’ even with our and a lower trap density. We also measure the electrical
inclusion of an etched access region in which the WSe, (WO,) hysteresis after sample B is aged for 50 days in atmosphere, and
is exposed to the atmosphere prior to (and after) oxidation. we find it continues to remain very low, as shown in Figure S8,
This suggests good stability of the doped contact areas, and Supporting Information. The IV characteristics over time are
trap states within the WO, do not negatively impact the also given for completeness in Figure S9.
channel characteristics of our devices.”” Incidentally, a high We also estimate the field effect mobility p,, by a simple
on/off ratio is achieved for sample B, up to 1 X 107, Figure two-point measurement. The mobility is extracted as y,p =
3(a). Lg,./w C,, Vps, where the L is channel length, and w is channel
We compare samples A and B with a control device, where width. The transconductance g, is estimated from linear
WSe, is directly transferred onto a SiO,/Si substrate without relation of transfer characteristics as g, = dIpg/ dVie.™® Highest
hBN encapsulation. In contrast, the control device shows room-temperature mobilities ~80 cm”> V™! s™! are obtained for
significant hysteresis, Figure 3(b), which we attribute to traps sample B with a trend of increasing mobility with decreasing
at the SiO,/Si interface. Here the channel is fully encapsulated temperature. A typical example is shown in Figure 3(a) inset.
in hBN in comparison to previous reports where temperature- Data for other contacts on sample B and for sample A are
dependent hysteresis is observed for doped access regions in shown in Figure S7. For comparison, we estimate a room-
WSe, with back-gate control,”” illustrating the significance for temperature mobility for sample B using a four-point (4P)
full encapsulation to improve device performance. To quantify measurement of around 145 cm® V™' s7'. The higher 4P
the hysteresis we estimate a corresponding change in carrier estimate is consistent with inclusion of channel and contact
density due to trapped charges47 as N, = C,,AVy/e, where resistance in the two-point measurement.'®** As shown in
AVy, is the difference between forward and backward sweeps at Figure 3(b) inset, the mobility for the control device shows a
Ipg around 10 pA, and C, is capacitance per unit area.* Figure linear trend in In(u) as a function of T~'/3, consistent with 2D
3(c) shows data for samples A and B and the control device. variable range hopping from disorder-induced localized
The control device shows the largest carrier trap density states.””*” This can be attributed this to greater disorder
compared to samples A and B, which we attribute to the from surface roughness, dangling bonds, and impurities
absence of an hBN layer between the WSe, and SiO, since creating traps at the WSe,/SiO, interface.”’
inserting hBN can lower surface roughness and reduce disorder Reducing the Schottky barrier (SB) is essential to reducing
effects from trap sites in the SiO,. Additionally the contact resistance.” We find a reduction of both barrier height
8323 https://doi.org/10.1021/acsaelm.4c01574
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and width for the locally doped transferred contact stacks,
evidenced in analysis of tunneling mechanisms and also in
greater hole injection, i.e,, higher hole currents after oxidation.
We note that the utilization of transferred contacts'"*° and
surface charge transfer doping from WO, formation'®* can
both lead to Fermi-level depinning and reducing the SB,
although estimating the pinning factor requires comparison of
different metal work functions.'”*® Prior to oxidation, i.e., in
the pristine condition, low-temperature data typically shows
flat regions around Vpg = 0 V characteristic of tunneling
behavior, as shown in Figure 4(a) for sample A. Corresponding
IV characteristics as a function of Vyg after 60 s oxidation are
shown in Figure 4(b). The behavior is slightly asymmetric
around Vpg = 0 V but is neither strictly ohmic nor Schottky
and may suggest the doping concentration in the access
regions may be nonuniform or potential barriers at the source
and drain contacts may be asymmetric. We therefore perform
repeat O, plasma oxidation steps for 60 s each time, as shown
in Figure 4(c), and the total oxidation time is given in the
legend. A linear trend appears after 180 s oxidation, suggesting
more uniform doping concentration and nearly ohmic
contacts. Similar data are obtained for other contacts to
sample A, as shown in Figure S11. Sample B is therefore
exposed to an initial 180 s oxygen plasma treatment. However,
we find that a further 60 s of oxidation is required to produce
more symmetric and quasi-ohmic characteristics, as shown in
Figure 4(d). We speculate that if there is any directionality to
exposure during the oxygen plasma treatment process, the
depth of the etched holes may cause shadowing of particular
regions and therefore nonuniform exposure, necessitating the
need for a second oxidation step to produce more uniform
doping despite the 180 s initial exposure time. This could
potentially be investigated by mounting the sample on an
angled stage and continuously rotating it during the oxidation
process to ensure uniform plasma exposure across all regions.
Additionally, oxidation parameters such as plasma power, flow
rate, and exposure time could be further optimized to improve
uniformity. Reducing the thickness of the top hBN capping
layer may also help minimize any shadowing effects.

To further investigate the transport mechanisms, data are
represented in Fowler-Nordheim (FN) plots, i.e., ln<%) asa

DS

function of VL Representative data for sample B are shown in
DS

Figure 4(e). Briefly, transport through a tunnel barrier at low
T, i.e, where thermionic emission is negligible, can be
characterized either by direct tunnelling (DT) or FN
tunneling.”>>® This analysis was initially motivated by the
observation of tunneling-like characteristics in Figure 4(a).
Direct tunnelling, where current tunnels through the entire
width of the barrier at low source-drain bias, is described by

| (IDS] [ 1 ] 2d\2me
nf—|~In—- ———
VDS VDS

h
For sufficiently high source-drain bias, FN tunneling occurs
and current tunnels through a triangular region at the top of
the barrier expressed by

h{ Ing ]
‘72
DS

(1)

4d+2mg® 1

3he Vg (2)
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where d is barrier width, m is effective mass, ¢ is barrier height,
1 is the reduced Planck constant, and e is the unit of electronic
charge. Our devices show a transition from DT to EN
tunneling as bias increases, Figure 4(e). Data for sample A
corresponding to Figure 4(a) are plotted in an FN manner in
Figure S10, and data for other contact groups for sample B are
shown in Figure S12. We estimate the slope of the lowest
temperature data, T = 10 K in the FN regime, indicated by the
dashed black line in Figure 4(e). The lowest available T data is
used to remove the contribution of thermionic emission, and
the slope can be related to barrier height ¢ and barrier width d
according to eq 2. We first independently estimate barrier
height ¢ is from transfer characteristics at flat band current and
voltage as shown in Figure 4(£).*7>*>° This value is then used
in eq 2 to estimate d. Values between ¢ ~ 260 to 315 meV and
d ~ 0.3 to 0.7 nm are estimated for different contact groups on
sample B, Figure S12. For comparison, the van der Waals gap
that exists for transferred contacts ~0.3 nm.” Prior to
oxidation, we estimate ¢ ~ 395 meV and d ~ 2.3 nm for
sample A, Figure S10. It has been suggested that a scenario
where the WO, region does not extend under contacts results
in a reduction of the Schottky barrier width instead of height,*’
whereas extending far under contacts would change the barrier
height rather than width. Our estimates appear to be a mix of
these scenarios but with a larger relative change of d compared
to ¢, suggesting the barrier width change is the major
mechanism for greater charge injection into the channel, and
this device architecture and fabrication process mostly controls
the barrier width. In our work, we employ high work function
PdAu contacts, for which p-type characteristics are expected to
dominate and the relatively high work functions of these metals
facilitate hole injection. In light of previous studies,'"'*'
metals with even higher work functions such as Pt may result
in stronger p-type behavior for TMDs, along with higher on-
currents due to improved hole injection efficiency. In the
absence of Fermi-level pinning, using Pt could potentially
further reduce the Schottky barrier height and, thus, enhance
the p-FET performance. This presents a promising avenue for
future work aimed at optimizing contact resistance and
maximizing the device performance.

B CONCLUSIONS

We have demonstrated a contact-doping approach compatible
with transferred contacts, achieving dramatic contact resistance
reduction and enabling negligible, temperature-independent
hysteresis in transport measurements of WSe,. In particular,
the hole injection is greatly increased through the reduction of
the Schottky barrier in WSe,. High electrical stability is
achieved both in terms of high reproducibility in transfer
characteristics for different contact arrangements and different
samples, as well as excellent air stability for up to 50 days at
atmosphere. The results highlight the importance of
heterostructure design for WSe, FETs, particularly the need
for full encapsulation with a 2D dielectric when doped access
regions are incorporated by selective oxidation. By defining
access regions and contacts a priori in the hBN dielectric by
electron beam lithography, we achieve precise control of the
doped region location and size, as well as channel geometry.
Incorporating contacts embedded in hBN directly transferred
onto the WSe, material minimizes contamination and
preserves the pristine nature of the TMD channel. This is a
promising approach for the development of doped TMD
structures with high-quality channel and contacts. Our results
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also highlight achieving higher-density doping at contacts as
being highly important for achieving low-resistance p-type
contacts for WSe,.

B METHODS

Device Fabrication and Characterization. WSe, from HQ_
graphene is mechanically exfoliated on a 285 nm SiO, substrate, and
the trilayer WSe, is identified by optical contrast. The thickness is
further confirmed by atomic force microscopy (AFM), Raman shift,
and photoluminescence spectroscopy (PL) measurements, as
described in Supporting Information. Hexagonal boron nitride
(hBN) is also mechanically exfoliated on a SiO, substrate and
annealed by ramping the temperature to 300 °C in 1 h, maintaining at
300 °C for 3 h, then naturally cooling to room temperature. Around
30 nm thick hBN is used for via contact fabrication. The via hole
patterns are defined in the hBN using e-beam lithography after spin
coating the chip with poly(methyl methacrylate) (PMMA) A4
photoresist. After developing, the hBN is etched using an Inductive
Coupled Plasma (ICP) system with parameters Ar (20 sccm), O, (S
sccm), and SF4 (20 scem), for a total time of 120 s. The sample is
then cleaned using Propylene Glycol (PG), acetone (ACE), then
isopropanol (IPA) to remove the photoresist. The via contact metal
pattern is then defined by e-beam lithography after spin coating the
chip with PMMA (A4). Around 35—40 nm PdAu is deposited,
partially covering the etched areas in the hBN such that a hole
remains adjacent to the contacts for selective area doping. A lift-off
process is used to remove unwanted metal by rinsing the chip in ACE
then IPA. For the dry transfer process, Polydimethylsiloxane (PDMS)
covered with a Polycarbonate (PC) thin film is used as a stamp and
used to pick up the via contact hBN. We then pick up the trilayer
WSe, and transfer to the bottom hBN flake, thus fully encapsulating
the device. The entire stack is then annealed by heating to 300 °C in 1
h, maintaining at 300 °C for 1 h, and then allowed to cool naturally to
room temperature. We used e-beam lithography to define contact
metal tracks and bond pads, followed by e-beam evaporation of Cr/
PdAu 10/80 nm. A final lift-off process is required to remove the
unwanted metal. The gate electrode and etched hole layout and
geometry are identical for samples A and B. The only difference is that
sample A is etched into a rectangular shape to ensure the via contact
metal crosses the WSe, edge. For sample B, the via contacts design is
adjusted so that contacts cross the edge without an extra etching
process.

Electrical Measurements. Electrical transport measurements are
performed using a Keysight B1S00A semiconductor parameter
analyzer and LakeShore cryogenic probe station between 10™* and
107° mBar.
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