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ABSTRACT: Two-dimensional (2D) electronics require low contact
resistance (RC) to approach their fundamental limits. WS2 is a
promising 2D semiconductor that is often paired with Ni contacts,
but their operation is not well understood considering the nonideal
alignment between the Ni work function and the WS2 conduction
band. Here, we investigate the effects of contact size on nanoscale
monolayer WS2 transistors and uncover that Ni contacts impart stress,
which affects the WS2 device performance. The strain applied to the
WS2 depends on contact size, where long (1 μm) contacts (RC ≈ 1.7
kΩ·μm) show a 78% reduction in RC compared to shorter (0.1 μm)
contacts (RC ≈ 7.8 kΩ·μm). We also find that thermal annealing can
relax the WS2 strain in long-contact devices, increasing RC to 8.5
kΩ·μm. These results reveal that thermo-mechanical phenomena can significantly influence 2D semiconductor−metal contacts,
presenting opportunities to optimize device performance through nanofabrication and thermal budget.
KEYWORDS: 2D transistors, strain engineering, contact resistance, thermal annealing

Two-dimensional (2D) semiconductors, such as transition
metal dichalcogenides (TMDs), have gained significant

interest for next-generation electronics due to their atomically
thin nature and good charge mobility in subnanometer films.1,2

Monolayer tungsten disulfide (WS2) has one of the highest
predicted mobilities and largest band gaps of the TMDs,
potentially enabling good low-power performance.3−5 How-
ever, further advances are limited by the high electrical contact
resistance (RC) to WS2-based field-effect transistors (FETs).6

Several techniques have been shown to reduce the RC to n-type
TMDs, such as depositing semimetals (e.g., Bi and Sb),7−9

using low melting point metals (e.g., In and Sn),10,11 or
transferred contacts,12 although many of these approaches are
not considered industry-compatible. Furthermore, n-type
contacts to WS2 lag behind MoS2 and more efforts are needed
to investigate performance at reduced, submicron dimensions.

In principle, the RC at the metal−semiconductor interface
depends on: (1) the metal−semiconductor energy band
alignment (including Fermi level pinning), where the metal
work function (ϕm) influences the Schottky contact barrier,
and (2) the number of defects created during metal deposition,
which tends to increase with the metal’s melting point11 or
reactivity,13,14 thus causing additional Fermi level pinning.
Nickel (Ni) is often used as the metal contact to n-type
WS2,15−19 with the lowest reported RC for Ni falling below 1
kΩ·μm at room temperature.16 In our devices, we find that Ni
(Figure 1a, b) exhibits the lowest RC compared to other metals

such as Au, In, Sb (Figure S1). However, the origin of the low
RC for Ni on WS2 is not well understood and is in fact
counterintuitive for two reasons: (1) Ni has a large work
function (ϕNi ≈ 5.15 eV),20 which is not well aligned to the
conduction band of monolayer WS2 (Figure 1c); and (2) the
high melting point of Ni (1455 °C) suggests that Ni contacts
could produce more defects in the WS2 during physical vapor
deposition.20,21

In contrast to the well-studied impact of metal work function
alignment and metal-induced gap states upon RC, the
mechanical effects of contacts are relatively underexplored.
Thin metal films often contain high amounts of residual stress
upon deposition, especially Ni.22,23 The band structure of 2D
semiconductors is known to be sensitive to strain,24,25 and
tensile strain has been recently shown to increase the electron
mobility of monolayer MoS2 and WS2.26−30 Strain can be
imparted by bending the substrate,26−28 by a capping
layer,29−33 or at the contacts.34,35 In addition, the stress in
such thin films can be modified by thermal treatment,36 which
may impact the overall thermal budget for 2D transistor
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fabrication. Therefore, it is necessary to explore the potential
role of strain in contact engineering, especially when depositing
highly stressed metals like Ni (Figure 1a,b).35

In this work, we uncover the important role that strain plays
at the Ni−WS2 interface and how it impacts the device
transconductance (gm = ∂ID/∂VGS) and RC. We observe that
electron-beam deposited Ni applies high tensile stresses to the
WS2 channel (Figure 1b). These stresses are approximately
proportional to the contact length (LC), leading to ∼2.64×
increase in on-state current with long contacts (LC = 1 μm)
compared to short contacts (LC = 0.1 μm) for a channel length
(Lch) of 50 nm (and ∼1.37× increase at Lch = 1 μm). Long
contacts also create significant strain near the WS2 contact
region, resulting in 78% lower RC. However, we observe that
thermal annealing causes relaxation of the strain in
unencapsulated devices, resulting in nearly identical values of
RC for both long and short contact devices post-annealing.
These observations highlight new strategies to boost device
performance and emphasize the critical role of thermo-
mechanical effects in evaluating different contact materials.

We studied monolayer WS2 devices in several geometries,
predominantly using local back-gates with a low equivalent
oxide thickness (EOT) insulator (see Methods). The local
back-gates (Figure 1a) are patterned by lift-off from 2 nm/8
nm Ti/Pt (Pt on top) followed by thermal atomic layer
deposition of 6 nm HfO2. The WS2 was grown separately on
sapphire37 and transferred onto HfO2. WS2 channels were
patterned by XeF2 etching, and transfer length method (TLM)
structures with Lch from 30 nm to 1 μm were defined using
electron beam (e-beam) lithography. Ni (15 nm) capped with
Au (20 nm) was deposited via e-beam evaporation at ∼10−8

Torr to form the contacts. The Ni/Au thin film exhibits a total
stress of 160−175 MPa (Table S1). Electrical measurements
were performed at 296 K under vacuum (∼10−4 Torr).

Because the stress applied by the contact increases with
LC,31,35 contacts with LC values of 0.1 and 1 μm were patterned
to examine the effect of contact-applied stress on the device
performance. As discussed later, the short LC (0.1 μm) is more
than twice as long as the current transfer length, indicating that
current crowding should not affect device behavior. Figure 1d
shows a comparison of measured transfer (ID vs VGS) curves at
Lch = 200 nm between the short (LC = 0.1 μm) and long (LC =
1 μm) contact devices. Devices with longer contacts have
higher drain current, more negative threshold voltage (VT),
and increased gm. For such devices with Lch = 200 nm, we find
that increasing LC (0.1 to 1 μm) doubles the median ID,max
(defined as the largest drain current ID over the VGS range
applied) from 35.1 μA/μm to 70.2 μA/μm, shifts the median
VT negatively by −0.1 V (from 0.9 to 0.8 V), and increases the
median peak gm from 32.7 μS/μm to 54.3 μS/μm, at VDS = 1
V.

To understand these changes, we performed finite-element
analysis method simulations to reveal the impact of stressed
metal contacts on the strain distribution along the WS2
channel, as a function of both LC and Lch. Figure 2a shows
the distribution of in-plane strain in WS2 devices with LC = 1
μm and various Lch. For a long-channel device (Lch = 1 μm),
the tensile strain in the WS2 is highest next to the contact edge
and decays toward the center of the channel. As the Lch is
reduced, the maximum WS2 tensile strain increases from 0.18%
(Lch = 1 μm) to 0.49% (Lch = 30 nm) at the contact edge. The
simulations are described in greater detail in Supporting
Information Section 3, where it is also shown that the strain in
WS2 is predominantly uniaxial, along the direction of current
flow.

Figure 2b illustrates the strain in WS2 when LC is reduced to
0.1 μm. Evidently, the maximum tensile strain is an order of
magnitude lower than for LC = 1 μm, ranging from 0.017% to
0.03% strain. This occurs because the stress in the contacts is
determined primarily by the deposition conditions and is
therefore independent of the contact geometry. The total
(compressive) change in the LC (the amount by which the
contacts pull on the channel) is approximately proportional to
the nominal LC. Thus, we find that both Lch and LC can
significantly affect the tensile strain in the WS2 channel. The
ratio between Lch and LC will dictate the overall strain profile:
even at short LC, the strain in the channel will increase as Lch is
scaled down.

We used photoluminescence (PL) spectroscopy to validate
the WS2 strain profile along the channel (see Supporting
Information Section 4). Because tensile strain in WS2 reduces
the direct band gap by lowering the conduction band, the PL
peak is known to redshift with tensile strain.38−40 To probe the
strain distribution in WS2 away from a contact edge, we map
PL spectra along the WS2 with a pixel spacing of 200 nm.
Figure 2c displays an optical image and the integrated intensity
in the range 1.7−2.2 eV, to accurately determine the contact
location (dark blue). Test devices were fabricated on 100 nm
SiO2 (on Si) instead of metal local back-gates to accurately
map the confocal PL response. The PL spectrum is fitted (with
a weighted Gaussian−Lorentzian line shape) and the neutral A
exciton peak is plotted with respect to the distance from the
contact edge (Figure 2d). The A exciton peak of WS2 close to
the contact edge is lowered by 20 meV, consistent with ∼0.5%

Figure 1. (a) Schematic of our monolayer (1L) WS2 devices on local
back-gates with thin HfO2 and Ni contacts capped with Au. (b)
Zoomed-in view of schematic in (a), showing strain in WS2 from Ni
deposition. (c) The band gap of monolayer WS2 in approximate
relation to the work function (ϕm) of some bulk metals and
semimetals. EC denotes the conduction band edge and EV denotes the
valence band edge of 1L WS2. (d) Measured ID vs VGS curves for all
Lch = 200 nm devices with LC = 1 μm (8 devices) and LC = 0.1 μm (4
devices), showing clear ID improvement with long contacts. Arrows
denote the voltage sweep direction, showing clockwise hysteresis.
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tensile strain based on previous experimental work.40 The WS2
PL peak position reverts to its nominal value ∼1.5 μm away
from the contact edge, illustrating an upper bound for the
lateral decay length of the strain imparted by the stressed metal
on WS2.33 We note that these measurements are constrained
by the diffraction limit and PL cannot probe the WS2 under the
metal contact. The signal arising from the nominal contact
regions is due to the finite laser spot size, which collects some
signal from the region outside the contacts.

We also performed PL mapping of a device with Lch = 1 μm
and LC = 1 μm in Figure 2e,f. The PL peak in the channel is 30
meV lower than the nominal PL peak, corresponding to ∼0.7%
strain induced in the material.40 The profile of the A exciton
peak position in Figure 2f matches the expected strain profile
obtained by simulations in Figure 2a both within the channel
and outside the contacts, supporting our conclusion that the
metal contacts induce strain in the WS2 (Figure S4a, b).

As seen in Figure 1d, the gm and ID are both strongly
dependent on the contact and channel dimensions. The
measured transfer curves in Figure 3a,b compare long contact
(LC = 1 μm) and short contact (LC = 0.1 μm) devices for Lch =
1 μm and 50 nm, respectively. At all Lch, we consistently
observe that long contacts demonstrate higher ID,max. For the
long-channels (Lch = 1 μm), the on-state current (Ion) at fixed
overdrive voltage (Vov = VGS − VT) of 1.1 V has a median
increase of 1.35× when switching from LC = 0.1 μm to LC = 1
μm (Figure 3a, c). In contrast, for short-channels (Lch = 100
nm), the long-contact devices show a 2.67× increase in Ion
(Figure 3b, c). Figure 3c summarizes the strong impact of LC
on the nonlinear relationship between Ion (at Vov = 1.1 V) and
Lch: namely, shorter channels display a greater increase of Ion
when they have long contacts. This is consistent with the
simulations in Figure 2a, where shorter channel devices exhibit
a larger tensile strain in the WS2. Figure 3d plots the
experimentally measured median peak gm at each Lch, showing
a clear increase in peak gm for devices with long contacts. When
Lch is long (Lch = 1 μm) the median peak gm increases by 1.74×
for the long contacts (i.e., higher strain). In devices with long

Lch, which are dominated by the channel resistance Rch (e.g.,
Rch > 10 RC), it is reasonable to expect that gm is mostly
influenced by mobility.41 Thus, the increase in gm is attributed
to an increase in mobility in this long channel regime. This is
consistent with recent studies which have found tensile strain
to reduce intervalley scattering in the conduction band of
monolayer MoS2 or WS2, leading to higher mobility.26−29

From our TLM structures, we also estimate the RC with the
two LC values (Figure 3e), finding that long contacts lead to
substantially lower RC than short contacts. The longer LC
yields an RC of 1.73 kΩ·μm at Vov = 2.3 V for our best TLM
structure. This is consistent with some of the best existing Ni
contacts to monolayer WS2 in the literature, which range
between 0.72 to 2.6 kΩ·μm (see Table S3).15,18,42 In terms of
their nominal contact structure, these studies are equivalent to
our “strained” long contact case, with Ni thicknesses >15 nm
and LC on the order of 1 μm. We note that the TLM extraction
method for RC assumes the same sheet resistance for all Lch,
but this may exhibit some dependence on strain. However,
ensuring the TLM data are taken at the same Vov and having
short channel devices (here, Lch < 100 nm) in the TLM
appears sufficient to estimate RC, because the short-channel
devices are almost entirely contact-limited.

In contrast to the long contacts, our short contacts have RC
of 7.8 kΩ·μm at Vov = 1.8 V. We note that our short LC (0.1
μm) is comfortably greater than the estimated transfer length,
LT ≈ 37 nm (Supporting Information Section 6), indicating
that the higher RC is not due to current crowding,2 but is
instead a result of the lower WS2 strain with the shorter
contacts. The improvement in RC likely stems from the higher
concentration of electrons in the region next to the contacts.
The high tensile strain near the contacts (Figure 2a) lowers the
conduction band, increasing the electron concentration. Long
contact devices also have lower VT (by −0.27 V) (Figure
S10b), which is consistent with greater tensile strain in the
WS2 channel, lowering the conduction band edge and
increasing the electron density in the channel and contacts.
We can see that the difference in LC significantly affects both

Figure 2. (a) Simulated horizontal strain profile along a device with contact length, LC = 1 μm and channel length, Lch = 1 μm, 300 nm, 100 nm,
and 30 nm. The position x is normalized by Lch, for easier visualization. (b) Simulated horizontal strain profile along a device with LC = 0.1 μm and
Lch = 1 μm, 300 nm, 100 nm, and 30 nm. (c) Integrated photoluminescence (PL) spectral intensity map away from a contact edge (on the right).
(d) Measured A exciton peak in WS2 as a function of x-coordinate, for the map in (c). (e) Integrated PL spectral intensity map of a device with Lch
= 1 μm and LC = 1 μm, demonstrating the position of the contacts (dark blue). (f) Measured A exciton peak of WS2 as a function of x-coordinate,
for the map in (e). For panels (d, f), we note that the data plotted under the contact regions represent regions of WS2 just outside the contact edge
due to the finite laser spot size (∼500 nm). WS2 directly under the contact cannot be probed due to the metal layers on top.
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Rch and RC, with long contacts increasing gm by 1.74× (which
we attribute to enhanced mobility) and decreasing RC by 78%.

Tensile strain in TMDs like WS2 lowers the conduction
band edge,27,43 decreasing the Schottky barrier height (SBH)
for electron injection at the contacts.24,44,45 We quantified the
impact of contact-induced strain on SBH for the long (LC = 1
μm) and short (LC = 0.1 μm) contacts (Figure 3f), using
temperature-dependent measurements (Figures S11, S12).
The SBH decreases from ϕB ≈ 400 meV for short contacts
to ϕB ≈ 170 meV for long contacts with greater strain (for the
single devices plotted in Figure 3f). Comparing measurements
for three long and three short contact devices reveals an
average barrier height reduction of 170 meV from the strain
induced by the long contacts. This substantial reduction
illustrates that strain can modify the effective SBH at metal−
2D interfaces independently from the metal work function.
This dependence of RC on strain and contact dimensions is
often overlooked and may directly affect the apparent
performance of various contacts reported in the literature.
We expect these results to be qualitatively similar to other
TMDs25 such as MoS2

27,35 and WSe2
45 due to their

improvement in electron mobility with tensile strain.
Thermal processing is known to affect thin film stress and

thus is expected to change the strain profile and electrical
transport of the WS2 transistors. We investigate the impact of a
150 °C, 2-hour vacuum anneal on the Ni−WS2 device
performance with respect to LC and Lch. After annealing, the
highly strained long contact devices (LC = 1 μm) show
decreased Ion, an effect which is especially apparent for the
short channel devices (Figure 4a, c). In contrast, the devices
with short contacts (lower initial strain) showed negligible
change in performance after annealing (Figure 4b, c). The
largest decrease in Ion after annealing occurs for devices with

long contacts and short channels (Figure 4c). Additionally, for
the higher-strained, long-contact devices, annealing decreases
the peak gm from 17.1 μS/μm to 14.5 μS/μm for Lch = 1 μm.
This decrease in peak gm for long channel devices is consistent
with a loss of strain-induced mobility enhancement in the WS2
channel after annealing.

Figure 4d shows the increase in the median RC due to
annealing, for both the long contact devices (3.8 kΩ·μm to
14.1 kΩ·μm) and short contact devices (9.5 kΩ·μm to 14.1
kΩ·μm), at Vov = 1.75 V. Thus, the value of RC for long contact
devices increased by ∼3.7× while the short contacts increased
by only ∼1.5 ×. Furthermore, the final RC after annealing for
both the long contact and short contact devices are similar,
both with a median TLM fit of 14.1 kΩ·μm at Vov = 1.75 V.
This suggests that the electrical properties of the WS2/Ni
interface are rendered more similar following annealing.
Evidently, the performance boost from strain induced by the
long contacts is lost after annealing, which further supports the
conclusion that strain is responsible for the improved RC and
gm. This also suggests that the relatively mild annealing
condition of 150 °C is above the thermal budget for this
combination of contact geometry and stress state in
unencapsulated devices. However, the significant improvement
in electronic properties provides strong motivation to preserve
strain after annealing. We observe that encapsulating the
devices with AlOx successfully maintains the strain from the LC
= 1 μm contacts after annealing (Figure S13).

Our device observations are consistent with in-plane X-ray
diffraction (XRD) analysis, which reveals changes in Ni/Au
strain upon annealing (Figure S14). The Ni layer initially
exhibited in-plane tensile strain (0.137%) which increased to
0.174% after annealing. Likewise, the initial compressive strain
in the Au layer (−0.241%) was reduced after annealing

Figure 3. (a) ID vs VGS curves of a LC = 1 μm and LC = 0.1 μm device with Lch = 1 μm. Arrows denote the voltage sweep direction, showing
clockwise hysteresis. (b) ID vs VGS curves of a LC = 1 μm and LC = 0.1 μm device with Lch = 50 nm. (c) On-state current (Ion) at a fixed overdrive
Vov = 1.1 V versus Lch, comparing a total of 103 devices with LC = 1 μm and LC = 0.1 μm. (d) Peak transconductance (gm) vs Lch for LC = 1 μm and
LC = 0.1 μm, plotting the median device at each Lch. The dashed blue lines are qualitative guides to highlight the trend. (e) Estimated RC for LC = 1
μm and LC = 0.1 μm, showing ∼5× reduction in RC with long contacts (fitting the highest performing TLM). (f) Electron Schottky barrier height
analysis for long contact and short contact devices, demonstrating a large decrease in barrier height (ϕB) for long contact devices. Inset: Schematic
of energy band diagram with strain experienced at the channel and near contacts.
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(−0.127%). This net increase in tensile strain within the
contact metals imparts a large stress to the WS2, causing the
WS2 to exceed the traction limit and relax by slipping freely on
HfO2.33 This aligns with simulation results in Figure S3, where
weak mechanical coupling between the WS2 and HfO2 results
in low strain in the WS2 channel.

We have considered other potential mechanisms that could
explain the increase in RC with annealing, such as diffusion46 or
interfacial reactions.14,47 Ni has been shown to diffuse into
MoS2 and increase RC following annealing at 250−400 °C.46

Additionally, the oxidation of Ni has been proposed to explain
increased RC with annealing.2 However, these mechanisms do
not account for the observation that the largest decrease in Ion
occurs in the most highly strained devices (long contacts, short
channel). Thus, we attribute the increased RC after annealing
to strain relaxation in the WS2.

In conclusion, we uncover that electron-beam evaporated Ni
contacts impart tensile strain in a monolayer WS2 channel,
ultimately reducing the RC. The effects of tensile stress in the
Ni contact can be comparable in magnitude to the
contributions from the work function and the metal−2D
interfacial quality. WS2 devices with long contacts (1 μm) have
a best (median) RC of 1.73 (2.00) kΩ·μm which worsens for
short (0.1 μm) contacts to 7.8 (8.9) kΩ·μm. We also
demonstrate that thermal annealing affects contact-induced
strain, which depends on the contact length, LC.

Considering the key role of RC as a limiting factor in device
performance and the numerous recent studies of contacts in
2D transistors, these results highlight the importance of
carefully examining metal strain effects to determine the origin
of changes in RC. This is especially important when considering
the implications for LC scaling: many contemporary studies use
contacts long enough to cause strain effects, yet future
nanoscale devices must use short contacts. The sensitivity of
RC and mobility to annealing conditions, resulting from strain
relaxation, also suggests that strict attention to thermal budget
or strain stabilization is required.

■ METHODS
WS2 Growth. Monolayer WS2 was grown on SiO2/Si

substrates and sapphire by chemical vapor deposition (CVD)
using diethyl sulfide (DES) and ammonium metatungstate
(AMT) precursors.37 0.6 g AMT and 0.1 g potassium
hydroxide were dissolved in 30 mL deionized water and dip-
coated on the edges of the substrate. For the sapphire (SiO2)
substrate, the substrate is annealed in the furnace at 775 °C for
6 h with a DES flow rate of 0.05 sccm (0.12 sccm). N2 and H2
were used as carrier gases during the growth. Representative
Raman and PL spectra of the WS2 films are shown in a
previous study by Zhang et al.37

Device Fabrication and Electrical Measurements.
Monolayer WS2 was grown on sapphire and then transferred
onto local back-gates covered by 6 nm HfO2. Device
fabrication and transfer details have been described in depth
previously.48 In summary, the local back gates were defined by
lift-off of 2 nm/8 nm Ti/Pt followed by the HfO2 gate
dielectric by thermal atomic layer deposition at 200 °C. Coarse
contact pads were then defined by lift-off of 2/20 nm Ti/Pt.
Polystyrene (PS) was spin-coated on top of the WS2 and then
transferred using NaOH, with thorough rinsing in DI water. An
O2 plasma treatment (100 W, 1 min) of the HfO2 dielectric
was done before transferring the PS/WS2 film to modify the
substrate’s surface energy. PS was removed in toluene, then a
vacuum anneal (200 °C, 2 h, ∼10−6 Torr) was performed to
promote adhesion. After the transfer, channel definition was
done using XeF2 etching. Electron beam lithography was used
to pattern the fine contacts. Ni/Au (15/20 nm) were e-beam
evaporated at ∼10−8 Torr. Electrical measurements were
performed at 296 K in a Janis ST-100 vacuum probe station at
∼10−4 Torr, using a Keithley 4200 semiconductor parameter
analyzer.

For contact resistance (RC) extraction, the transfer length
method (TLM) was used. In a two-terminal device, the major
components are the RC and the channel resistance (Rch). The
total resistance in kΩ·μm (normalized by the channel width)
can be expressed as RTOT = 2RC + Rch= 2RC + RshLch, where Rsh
is the sheet resistance of the channel. The RC is evaluated by
plotting RTOT versus Lch and the y-intercept at Lch = 0 gives the
resultant 2RC. The RC is extracted for each gate overdrive Vov =
VGS − VT, with VT from the constant-current method at ID =
10−2 μA/μm.49
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c02616.

Device fabrication process, stress characterization, finite
element analysis information, photoluminescence spec-

Figure 4. Contact length-dependent annealing effect on device
performance. (a) Current vs gate voltage (VDS = 1 V) of a LC = 1 μm
device before and after a 150 °C vacuum anneal. Arrows denote the
voltage sweep direction, showing small clockwise hysteresis. (b)
Current vs gate voltage (VDS = 1 V) of a LC = 0.1 μm device before
and after a 150 °C vacuum anneal. (c) On-state current at a fixed
overdrive Vov = 1.1 V vs Lch before and after annealing, for LC = 1 μm
(left) and LC = 0.1 μm (right). Short channel, long contact devices
show largest decrease in current. (d) Median RC for LC = 1 μm and LC
= 0.1 μm before and after annealing.
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1. Global Back-gated Device Fabrication and n-type Contact Resistance to WS2 

Monolayer WS2 was grown by CVD directly onto 100 nm of SiO2 with a Si (p++) substrate serving as 

the global back-gate (Figure S1a). Discrete triangular monolayer WS2 flakes were identified and used 

for the devices. XeF2 was used to etch the WS2 into well-defined channels, and transfer length method 

(TLM) structures with contact length LC = 1.5 μm and varying channel lengths (Lch = 100 nm–1 μm) 

were defined by electron beam (e-beam) lithography. We e-beam evaporate various contacts (Ni, Au, 

In, Sb) at ~10−8 Torr to examine the effects of metal contact on RC. The exact metal splits used here 

were: Ni/Au (20/35 nm), Au (55 nm), In/Au (10/45 nm), Sb/Au (20/25 nm). Devices were measured 

in vacuum at 296 K before and after a 250 °C, 2 hour vacuum anneal. Annealing is commonly used to 

evaporate adsorbates off the TMD surface, resulting in lower hysteresis and improved current drive. 

 

Figure S1b shows measured drain current (ID) vs. gate voltage (VGS) for Ni-contacted WS2 with dif-

ferent channel lengths, before any annealing. The carrier density is obtained from the gate overdrive 

VGS − VT, where VT was extracted by the constant-current method with a threshold current of ID = 10−2 

μA/μm (IRDS high-performance limit). Figure S1c shows good linear fits to the total device resistance 

normalized by width (RTOT) vs. Lch. The vertical intercept of the linear fit yields the total contact re-

sistance (2RC). Figure S1d shows the RC before and after annealing for all the contact metals (Ni, Au, 

Sb, In), with the lowest contact resistance obtained for Ni contacts pre-anneal. We uncover that the RC 

significantly changes after annealing and is dependent on the contact metal. While Au has proven to 

be a good contact to MoS2,
1 this was not the case for WS2 and resulted in the highest RC of the metals 

tested. Improvements in performance were seen when switching to Sb, In and Ni contacts. Sb contacts 

were not annealed due to thermal stability concerns.2 While the In contacts improved with annealing, 

the Ni RC worsened. Ni has been used as a standard contact for n-type WS2 and is reaffirmed to be a 

good contact to WS2, especially without any annealing.   

  

 

Figure S1. (a) WS2 device schematic on 100 nm SiO2. All devices were patterned with contact length 

LC = 1.5 μm. (b) Current vs. gate voltage (VDS = 1 V) of a Lch = 1 μm, 500 nm, 300 nm and 200 nm 

channel for Ni contacts. (c) Total device resistance RTOT vs. Lch measured by TLM, at various carrier 

densities n, showing RC extraction at the y-intercept. (d) Extracted RC for various contact metals to WS2, 

with Ni achieving the lowest contact resistance. Filled circles indicate data after 250°C annealing. 
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2. Wafer-scale Ni/Au Stress Characterization 

15/20 nm of Ni/Au was electron-beam evaporated at ~10−8 Torr onto a 350 μm thick (100) Si wafer 

terminated by native oxide. The wafer curvature was measured before metal deposition, after metal 

deposition, and after a 2 h, 150 °C vacuum anneal. Using the Stoney equation,3 the film stress in the 

Ni/Au after e-beam deposition was found to be 160–175 MPa tensile. After the 150 °C 2 hour vacuum 

anneal, the film stress increased to 210–220 MPa tensile stress. Thin film force is given by F = σt, 

where σ is the thin film stress and t is the thickness. The values found are summarized in Table S1. 

These values are consistent with the XRD data in Supporting Information Section 10, where the 

tensile in-plane strain increased with annealing.  

Table S1: Extracted thin film stress from metal contact deposition. 

Metal stack, nm Anneal? Stress σ, MPa Thin film force, N/m 

Ni/Au, 15/20 No 160–175 6 

Ni/Au 15/20  Yes (150 °C, 2 hours) 210–220 7.5 

Ni, 15 No 375– 410 6 
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3. Finite Element Analysis Simulations 

Two-dimensional (2D) and three-dimensional (3D) stress simulations were performed for back-gated 

(BG) transistors, assuming linear elasticity. Multi-scale finite-element method simulations of the entire 

sample (including the transistor and the entire silicon substrate) confirmed that strains due to substrate 

bowing were negligible in comparison to those induced by the stressed contacts. To reduce simulation 

complexity, it thus suffices to simulate a smaller domain around the transistor with a fixed boundary 

condition at the bottom of a thinner section of substrate, with no appreciable errors in stress and strain 

distributions. In addition, we confirmed through 3D simulations that the WS2 strain in the transistor 

width direction is small (WS2 strain is essentially uniaxial and along the direction of current flow), as 

illustrated by Figure S2. Consequently, 2D simulations accurately capture the uniaxial stress and strain 

distributions in our devices, so the results presented in this work are generated using 2D simulations. 

In the finite element analysis, strain profiles are plotted against the x-coordinates of the unrelaxed 

geometry to consistently track and compare the same specific physical points across simulations. Each 

data point corresponds to a node, which retains its identity before and after relaxation. This method 

simplifies comparing strain profiles, as the x-coordinate always refers to the same physical point, de-

spite deformation. 

Since the stress in Au is small compared to Ni in the 15 nm Ni/20 nm Au stack, and given that Au is 

more mechanically compliant than Ni (i.e. lower in Young’s modulus), we assume that the Au layer 

does not have a significant effect on the strain profile in WS2 (at least before annealing) and is not 

included in the simulations. An in-plane tensile “initial stress” (the stress before the geometry is al-

lowed to relax) of 400 MPa was assumed in Ni, equivalent to the 170 MPa of stress (6 N/m film force) 

of the thicker Ni/Au stack extracted from substrate bowing measurements. The isotropic elastic prop-

erties assumed for the materials other than WS2 are summarized in Table S2. In contrast, WS2 is only 

transversely isotropic (i.e. isotropic in-plane), and thus is described by an anisotropic stiffness tensor. 

Its elastic properties were taken from Li et al.,4 and can be summarized as Exx = Eyy = 252 GPa, Ezz = 

 

Figure S2. (a, b) The distributions of lengthwise in-plane strain [εxx given in (a)] and widthwise in-

plane strain [εyy given in (b)] in WS2 in a transistor with Lch = LC = 1 μm, viewed from above. The strain 

is induced by isotropic in-plane stress built into the contact electrodes. Only a quarter of the device is 

shown: the bottom left corner corresponds to the center of the device, with the dashed lines indicating 

the two symmetry planes. The magenta arrows indicate the principal strain directions at each point, 

showing that the strain is predominantly in the direction of current flow (i.e. along the x-axis) and hence 

approximately uniaxial, except very close to the edge of the channel. (c) WS2 strains εxx (left axis) and 

εyy (right axis) along positive x-axis of the same device showing the widthwise strain is small (note the 

right axis is 4× smaller in scale). 
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50 GPa, Gxz = Gyz = 26 GPa, νxy = νyx = 0.18 and νxz = νyz = 0.10. Here, x and y correspond to the in-

plane directions and z to the cross-plane direction, E denotes Young’s modulus, G denotes shear mod-

ulus and νij denotes Poisson’s ratio for loading along i and transverse direction j. The remaining elastic 

properties can be determined from these, e.g. νzx = (Ezz/Exx)νxz and Gxy = Exx/[2(1 + νxy)]. Any strain 

imparted on WS2 during growth or transfer is not included in these simulations, so the simulated WS2 

strain results should be interpreted as relative to WS2 as-transferred. 

Table S2: Young’s moduli and Poisson’s ratios assumed for materials except for WS2. 

 Si SiO2 Pt HfO2
5,6 Ni 

Young’s modulus 

(GPa) 
170 70 400 170 70 

Poisson’s ratio 0.28 0.17 0.22 0.25 0.44 

 

Due to poor adhesion provided by the weak van der Waals forces, it is possible for there to be some 

amount of relative displacement (and even slipping) between WS2 and adjacent materials, especially 

between WS2 and the underlying HfO2.
7 A shear-lag model has previously been applied to 2D materials 

to capture this effect.7–9 To implement it in simulations, we apply a boundary condition between WS2 

and HfO2 that is equivalent to a very thin elastic adhesive, which acts as a bed of springs opposing the 

relative lateral displacement of WS2 on HfO2. The shear stiffness κ of the adhesive is equal to the lateral 

traction (force per unit area) per unit displacement, and quantifies how much lateral force it takes for 

WS2 to slide on HfO2. If κ is low enough such that WS2 is sufficiently decoupled from the layer under-

neath, we may express the characteristic strain decay length7,10 (also known as the shear-lag length) as 

λ ≅ (E′t/κ)1/2, where t is the WS2 thickness, E′ = E/(1 – ν2) is the effective in-plane Young’s modulus 

of WS2 constrained such that there is no strain along its width (also known as 2D P-wave modulus), 

and E and ν are WS2’s in-plane Young’s modulus and Poisson’s ratio, respectively. 

 

Figure S3. The contact-induced in-plane strain distribution in WS2 in a transistor with Lch = LC = 1 μm, 

for several different values of characteristic strain decay length λ, which is approximately inversely 

proportional to the square root of the restoring shear “spring constant” which couples WS2 to the under-

lying HfO2. Weaker coupling (easier sliding) generally yields a lower peak strain and a more uniform 

strain distribution in the channel. λ = 0.5 μm is assumed in the other simulation results presented in this 

work.  
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Values of λ ranging from about 0.3 μm to 15 μm have been reported for various monolayer 2D mate-

rials on bulk substrates.7,9,11–14 For our WS2 films on SiO2, photoluminescence measurement results in 

Figure 2c-d suggest that λ is comparable to 0.5 μm, so we have chosen λ = 0.5 μm (corresponding to 

κ = 650 MPa/μm) for our simulations of WS2 on HfO2 as a reasonable estimate. This value is also close 

to what has been reported for WS2 on a polymer substrate.12 The impact of other possible values of κ 

(and hence λ) on the strain profile in a transistor with Lch = LC = 1 μm is explored in Figure S3. It can 

be seen that for very high κ (no slip), only the region of the channel within ~50 nm of the contacts have 

appreciable strain. Much more of the channel is strained if WS2 is able to slide more easily on HfO2, 

and the entire channel is strained if λ is comparable to or greater than Lch. For very small κ (λ ≫ Lch), 

the compressive strain under the contract is balanced by a small strain distributed mostly in a long 

region beyond the contacts (x > 1.5 μm in Figure S3), so the channel strain is likewise small.  

Figure S4a,b demonstrates the compressive strain under the contacts, which appears to be relatively 

similar in magnitude, regardless of channel length. At the beginning of the contact (x = 0), the WS2 

strain appears to abruptly switch from tensile to compressive (Figure S5a,b). Under the contacts, the 

WS2 is most compressive at the center of the contact, reaching a maximum of -0.15% compressive 

strain (Figure S5a,b). Outside the contact edges, the WS2 strain is tensile then decays to “un-

strained/neutral” away rom the contact edge. 

 
Figure S4. (a) Simulated horizontal strain profile along a device with LC = 1 μm and Lch = 1 μm, 300 

nm, 100 nm, and 30 nm. The x position is normalized by Lch, for easier visualization of different channel 

lengths. (b) Simulated horizontal strain profile along a device with LC = 0.1 μm and Lch = 1 μm, 300 nm, 

100 nm, and 30 nm. Similar to panel a), the x position is normalized by Lch. 
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Figure S5. (a) Simulated horizontal strain profile along a device with LC = 1 μm and Lch = 1 μm, 300 

nm, 100 nm, and 30 nm. The position x is normalized by Lch, for easier visualization of different channel 

lengths. (b) Simulated horizontal strain profile along a device with LC = 0.1 μm and Lch = 1 μm, 300 nm, 

100 nm, and 30 nm. (c) Simulated horizontal strain profile of WS2 along a device with LC = 1 μm and 

Lch = 1 μm, 300 nm, 100 nm, and 30 nm from the inner contact edge at x = 0. (d) Simulated horizontal 

strain profile of WS2 along a device with LC = 0.1 μm and Lch = 1 μm, 300 nm, 100 nm, and 30 nm from 

the inner contact edge at x = 0. 
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4. Photoluminescence Spectroscopy on WS2 

Monolayer WS2 grown on sapphire was transferred onto thermally oxidized 100 nm SiO2/Si and then 

patterned using electron-beam lithography. Ni/Au 15/20 nm was electron-beam evaporated for the 

contact features (as described in the Methods section). Spatially-resolved photoluminescence meas-

urements of the WS2 monolayer devices were obtained by confocal spectroscopy (Witec confocal Ra-

man imaging microscope). To obtain the spatial map, the sample was exposed to a tightly focused 532 

nm laser spot (×50 objective, NA = 0.55) using a high-resolution closed loop XYZ piezo scan stage. 

The excitation laser power was set to 126 μW and the photoluminescence signal was collected by the 

same objective lens and filtered by a dichroic filter cube and a long wave pass edge filter (Semrock, 

LP03-532RU-25). 

 

To track the photoluminescence (PL) peaks, we fit the PL mapping spectra using an iterative least-

square method in MATLAB. All PL spectra were taken from 1.78 eV to 2.2 eV and the baseline of the 

spectra were subtracted prior to fitting. Two peaks were used to fit the PL spectrum using a weighted 

Gaussian-Lorentzian line shape for all the peaks (Figure S6a). The higher energy (A exciton) peak 

was plotted for Figure 2d,f instead of the A− lower energy shoulder peak. Both peaks were confirmed 

to show the same redshift with strain away from the contact, as well as the peak position for the com-

bined PL peak (Figure S6b).  

 

  

 

Figure S6. Photoluminescence measurements of WS2 for strain determination. (a) PL spectra and peak 

fitting of A and A− peaks. (b) Extracted WS2 PL peak position of A and A− peak position as a function 

of x-coordinate away from the contact edge (on the right). Plot uses data from Figure 2d and shows that 

both A and A− peaks are redshifted near the contact, corresponding to tensile strain near the contact. 
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5. Literature Comparison for RC in WS2 and Annealing Conditions 

 
Table S3: Benchmarking the electrical performance of WS2 transistors. 

 

Ref WS2 

layers 

Contact Metal Annealed  

Contacts? 

LC (nm) Ion  

(μA/μm) 

Lch (nm) RC (kΩ·μm) 

This 

Work 

1L Ni/Au (15/20 nm) No 1 μm 223 50 1.73 

This 

Work 

1L Ni/Au (15/20 nm) No 0.1 μm 80 50 7.7 

15 1L Au No Not reported 10 600 - 

16 2L Ni/Pd Yes- 

250 °C 

Not reported 310 100 1.6 

17 2L Ni/Pd Yes- 

250 °C 

Not reported 210 100 2.38 

18 3-7L Ni 385 K 6 h 

vacuum 

Not reported 600 40 0.5 

19
  

1L Bi (20 nm) No Not reported 46 320 1.3 

20 
1L Sb/Au (20/20) No ~ 1 μm from 

SEM 

243 135 0.73 

20 
1L Bi/Au (20/20) No ~ 1 μm from 

SEM 

250 135 0.63 

21 
1L Bi/Au (20/15 nm) No Not reported 400 100 - 

22 
1L Ni/Au (20/40 nm) No ~ 1 μm from 

SEM 

325 50 1.1 (BeO) 

22 
1L  Ni/Au (20/40 nm) No ~1 μm from 

SEM 

170 50 2.6 (HfO2) 

23 
1L Ni (50 nm) No Not reported 150 290 1.2 

24  
2L Ni/Au (20/40nm) No Not reported 635 18 0.38 

24 
1L Ni/Au (20/40nm) No Not reported 267 80 0.72 

25 
2L (3R) Ni/Au (20/60nm) No 1 μm 480 50 0.67 

26 
1L Ni/Au (40/30nm) No ~ 1-1.3 μm 

from SEM 

26 100 2.1 

27  
1L Ni/Au (40/30nm) No Not reported 20 100 - 
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6. Transfer Length Determination for Ni Contacts on WS2 

The transfer length is given by LT = (ρC/Rsh′)
1/2, where Rsh′ is the sheet resistance of the 2D channel 

under the contacts in Ω/◻, and ρC is the specific contact resistivity given in Ω·μm2. Contact resistance 

is can be expressed as RC = (ρCRsh′)
1/2coth(LC/LT). 

In the case when LC > 1.5 LT like in our LC = 1 μm case, RC = (ρCRsh′)
1/2coth(LC/LT) ≈ (ρCRsh′)

1/2. If we 

assume that Rsh′ = Rsh (the sheet resistance of WS2 in the channel is the same as the resistance under-

neath the contacts), we can estimate the LT of our Ni–WS2 devices. For the LC = 1 μm devices, fitting 

the median TLM devices at an overdrive voltage of Vov = 1.95 V yields a RC = 2.49 kΩ·μm and Rsh = 

45 kΩ (Figure S7a). This would yield LT = 63.5 nm, which is comparable to other results in 2D liter-

ature, in the 7–45 nm range.28,29 When using the RC extracted from the best TLM (1.7 kΩ·μm), the 

extracted LT is 37 nm. Additionally, this extracted LT could be considered the upper bound of the 

transfer length, since the Rsh′ under the contacts would likely undergo contact deposition-induced dam-

age, which could thus increase Rsh′ and lower LT. With LT = 37 nm (63.5 nm), a LC = 100 nm contact 

would increase in RC due to current crowding at a maximum of 0.9% (8.9%). Thus, current crowding 

cannot solely explain the > 5× increase in contact resistance seen when LC = 100 nm.  

We also fabricate additional devices with LC = 200 nm to confirm that our measured 100 nm devices 

are greater than the transfer length. We see that the LC = 1 μm still shows significant improvement in 

on-state current than the LC = 200 nm devices (Figure S7b).  

  

 

Figure S7. (a) Total device resistance RTOT vs. channel length Lch, at a fixed overdrive voltage Vov = 1.1 

V for a LC = 1 μm device, showing linear fit of best devices (red) as well as median devices (blue). (b) 

On-state current (Ion) at a fixed overdrive Vov = 1.1 V versus Lch, comparing LC = 1 μm and LC = 0.2 μm, 

devices. 
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7. Additional Electrical Characterization and Analysis of Ni–WS2 Devices on HfO2 

 

Figure S10a compares the threshold voltage for long and short contacts, where most devices have a 

small, and positive VT. For every channel length, the median VT for long contact devices is more neg-

ative (Figure S10a). The boxplot in Figure S10b demonstrates that the long contact device has a 

median VT = 0.56 V, compared to the short contact devices at VT = 0.83 V. Figure S10c shows the 

hysteresis of the HfO2 devices with various contact lengths plotted versus channel length. This was 

extracted at ID = 10−2 μA/μm. 

 

Figure S9. (a) Peak transconductance (gm) vs. channel length for LC = 1 μm. (b) Peak gm vs. channel 

length for LC = 0.1 μm. 
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Figure S8. (a) Measured ID vs. VGS curves in log scale for all Lch = 200 nm devices with LC = 1 μm (8 

devices) and LC = 0.1 μm (4 devices). Forward and backward sweeps are plotted with clockwise hyste-

resis. (b) Measured ID vs. VDS curve for a representative Lch = 70 nm device. Note the proper current 

saturation at relatively low voltage, due to the small, positive VT. 
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Figure S10. (a) Threshold voltage (VT) extracted at ID = 10−2 μA/μm vs. channel length, for both long 

and short contact devices. (b) Boxplot of VT for short and long contact devices, showing a more negative 

VT for long contact devices. (c) Hysteresis at ID = 10−2 μA/μm with respect to channel length, for both 

long and short contacts, showing a much larger spread, and larger hysteresis for long contact devices.  
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8. Schottky Barrier Height Extraction 

Additional devices were fabricated to confirm reproducibility of the strain effect of Ni contacts and to 

determine the Schottky barrier height (Figure S11a). Monolayer WS2 was grown by CVD and then 

wet transferred onto 100 nm SiO2 with pre-patterned alignment marks. The transfer process is de-

scribed in the Methods Section. Coarse pads and channel definition were patterned and etched with 

XeF2 into TLM structures with LC = 1 μm and LC = 0.1 μm. The fine contact step was patterned, then 

15/20 nm Ni/Au were electron-beam deposited at ~ 10−8 Torr. The LC = 1 μm devices showed roughly 

an order of magnitude increase in ID at VGS = 50 V, compared to the LC = 0.1 μm devices (Figure 

S11b), as well as a negative threshold voltage shift for the long contact devices. This confirms the 

repeatability and generalization of our findings. 

 

For Schottky barrier height extraction, temperature-dependent measurements were conducted on 3 de-

vices with LC = 1 μm and 3 devices with LC = 0.1 μm, all with Lch = 1 μm. We estimate the Schottky 

barrier height (SBH, ϕB) from a procedure previously documented.30 The thermionic emission current 

is given by ID = 𝐴2𝐷
∗  𝑇

3

2exp (−
𝑞𝜙B

𝑘B𝑇
) [1 − exp (−

𝑞𝑉

𝑘B𝑇
)], where 𝐴2𝐷

∗ is the 2D-equivalent Richardson 

constant, T is the temperature, 𝑘B is Boltzmann’s constant, q is the elementary charge, and V is the 

applied voltage. Figure S12a,d displays the transfer curves (ID-VGS) at each temperature, ranging from 

193 K–313 K in steps of 20 K, for a LC = 0.1 μm and LC = 1 μm device. From the ID-VGS curves, an 

Arrhenius plot of ln(ID/𝑇
3

2) vs 1000/T can be plotted for each voltage (VGS) (Figure S12b,e), where the 

slope is the barrier height ϕB at that particular VGS. The extracted barrier height is then plotted in Figure 

S12c,f for short and long contacts, respectively. The effective barrier height at the flat band voltage is 

estimated by the point at which the barrier height deviates from the linear fit (as seen in Figure S12c,f). 

For devices with LC = 0.1 μm, barrier heights of 0.34 eV, 0.40 eV and 0.40 eV were extracted. For 

devices with LC = 1 μm, barrier heights of 0.17 eV, 0.20 eV and 0.25 eV were extracted. On average, 

this corresponds to a barrier height lowering of 0.17 eV when switching to long contacts. 

 

Figure S11. (a) Cross-section schematic of monolayer WS2 transferred from sapphire onto 100 nm SiO2 

with electron-beam evaporated Ni/Au contacts. (b) Measured ID vs. VGS curves for Lch = 1 μm devices 

with LC = 1 μm (blue) and LC = 0.1 μm (black), showing clear ID improvement with long contacts. Both 

forward and backward sweeps are plotted, showing clockwise hysteresis.  
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Figure S12. Schottky barrier height extraction of a typical Lch = 1 μm Ni-WS2 FETs on 100 nm SiO2. 

(a-c) LC = 0.1 μm and (d-f) LC = 1 μm. (a), (d) Temperature-dependent ID–VGS measured at VDS = 1 V. 

(b), (e) Arrhenius plots of Ni–WS2 FETs for VGS from 5 V to 50 V. (c), (f) Extracted electron Schottky 

barrier height. 
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9. Utilizing Capping Layers for Thermal Processing 

Capping layers can be used to pin the WS2 channel during thermal annealing, in order to maintain the 

strain profile in a device. Here, 1.5 nm Al was electron-beam evaporated on the HfO2 local back-gate 

devices. Then, 10 nm AlOx was deposited by thermal atomic layer deposition at 130°C (Figure S13a).  

The devices were measured before capping, after capping, and after a 150°C 2 hour vacuum anneal. 

The long contacts devices did not show any degradation in performance, even showing an increase in 

ID (Figure S13b). In capped devices, the WS2 is less likely to slip from the substrate. The top oxide 

layer can “pin down” the WS2 in place. This contrasts the uncapped devices, which showed lower ID 

after annealing (Figure 4a,c). The short contact devices did not show a significant change in perfor-

mance after annealing (Figure S13c). Future work is needed to determine how the strain profile is 

influenced by encapsulation, thermal processing, and different device geometries (e.g. gate-all-around, 

dual-gate structures), for industry relevant processing.  

 

  

 
Figure S13. (a) Device schematic of a local back-gated monolayer WS2 transistor after AlOx capping 

(top) and device fabrication process with device measurement steps after device fabrication (bottom). 

Stages (1) - (3) are denoted for panels (b,c) (b) Measured ID vs. VGS for a  LC = 1 μm device with Lch = 

200 nm. The 3 stages of the single device are plotted (as given by panel (a), bottom).  (c) Measured ID 

vs. VGS for a LC = 0.2 μm device with Lch = 200 nm. All measurements are taken at room temperature at 

~10-4 Torr vacuum probe station. 
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10. Strain Evaluation of Contact Metal Thin Films via X-ray Diffraction 

We quantified changes in the structure and stress state of the Ni/Au films using in-plane X-ray diffrac-

tion. Continuous monolayer WS2 was transferred from sapphire onto SiO2/Si. To mimic the make-up 

of our WS2 contacts, 15/20 nm Ni/Au was then blanket-deposited on top. X-ray diffraction measure-

ments were conducted using a PANalytic Empyrean system with a Cu-Kα target. All in-plane meas-

urements were conducted with χ (as defined previously31) at 88.5°– 89.25° to measure the in-plane 

diffraction peaks at various diffraction angles (2θ). To measure the changes in the Ni in-plane strain, 

only 15 nm of Ni was deposited: due to the shallow angle of the X-ray beam, the X-rays were all 

absorbed in the top Au layer. Symmetric θ/2θ scans were used to verify the planes present in the films. 

We separately measured the changes in Ni strain on fused silica (amorphous SiO2) to confirm that the 

nearby crystalline Si diffraction peaks were not convolved in our measurement. 

 

Ni was found to evaporate with a high degree of in-plane tensile strain (0.137%), while Au is evapo-

rated with some compressive strain (Figure S14a,b). The high degree of tensile in-plane strain in the 

Ni combined with its high Young’s modulus (~200 GPa) is responsible for the substantial strain in-

duced in the WS2 contact region, which is much more mechanically compliant than the Au film. 

 

After annealing, we observe that the in-plane strain of both contact metals becomes more tensile, from 

0.137% to 0.174% for Ni and from -0.241% to -0.127% for Au (Figure S14a,b). Annealing is seen to 

more dramatically affect the Au layer, which becomes much more tensile in-plane. This is expected as 

Au has a higher thermal expansion coefficient than Ni. There may also be additional transient strains 

due to differences in thermal expansion coefficients that impact the strain in Ni, Au, and WS2. One 

could manipulate the thermal response by carefully considering a metal’s oxidation potential and its 

thermal response, as well as the impacts of a bilayer metal stack. One way to overcome the effect of 

annealing is to potentially use a low expansion contact such as iron-nickel alloys.32 

 

 

 

Figure S14. X-ray diffraction for in-plane strain in metal films. (a) In-plane XRD spectra of the Au 

(220) and Ni (220) peaks collected before and after annealing at 150 °C. (b) Calculated in-plane strain 

in the Ni and Au layers before and after annealing. 
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From initial in-plane measurements on the SiO2/Si substrate, the Ni (220) peak was determined to be 

in-plane oriented. However, the Ni (220) closely aligns to the Si (331) peak. To reaffirm that the peaks 

measured were from Ni, continuous monolayer WS2 was also transferred onto fused silica. Again, 15 

nm Ni was blanket deposited onto the continuous monolayer WS2 by electron beam evaporation. Fig-

ure S15 validates that 1) the in-plane peak is once again Ni (220), and that 2) the peak positions and 

thus strain of the Ni film deposited on both fused silica and SiO2/Si are the same. 

We note that decoupling grain size from stress effects is difficult. For polycrystalline metal films that 

grow in the Volmer-Weber mode (like Ni), it is understood that stresses developed during deposition 

are related to the morphologies and microstructures of the growing films. The development of a tensile 

coalescence stress is understood to be from grain boundary formation and thus grain size and stress are 

linked.33 

Evaporated Ni metal grains are typically on the order of a few nanometers (<5 nm) initially, which 

increases to 20 nm in a 70 nm-thick Ni film.34 Using the Scherrer equation for the XRD spectra in 

Figure S15, the average grain size is 13.53 nm, 9.70 nm, 10.10 nm, for the spectra obtained for the Ni 

(111), (220), and (222) on fused silica, respectively. This is an order of magnitude lower than the 

shortest contact length (100 nm) used. Thus, we don’t expect the grain size to vary significantly be-

tween the two contact lengths.  

 

  

 

Figure S15. X-ray diffraction on Ni film blanket deposited on SiO2/Si (green) and fused silica (grey).  

(a) Ni (111) peak. (b) Ni (220) peak. (c) Ni (222) peak. D is the average grain size, calculated from the 

Scherrer equation. 
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11. Effect of Annealing on Ni–WS2 Devices on SiO2 

Ni-contacted monolayer WS2 devices were fabricated on 100 nm SiO2 as described in Supporting 

Information Section 1 and Figure S1, on top of WS2 directly grown on the SiO2. 20/35 nm Ni/Au 

was used as the contacts, with device width W = 2 μm and LC = 1.5 μm.  Figure S16 displays the 

transfer curves of the devices for Lch = 100 nm–1 μm. Initially, there was low yield of the Lch = 100 nm 

devices, probably due to the stress imparted by the contact stack for short channel dimensions, causing 

cracking. After a 250°C 2 hour vacuum anneal, the same trend was seen as the 150°C anneal for long 

contact devices, where the Ion and RC worsened with annealing. 

 

After the 250 °C anneal, very few of the Lch = 200 nm devices worked, and the majority of the devices 

were open circuit when measured. In comparison, all the long channel devices (Lch = 0.7-1 μm) that 

worked pre-anneal, worked after annealing (Figure S17a). The devices were examined using scanning 

electron microscopy (SEM) to find the root cause of failure. For the 200 nm and 300 nm devices that 

worked before annealing but not after annealing, a crack across the channel was seen in the WS2 (Fig-

ure S17b). The evidence of cracking as well as the likelihood to affect shorter channels, illustrates the 

high stress in the WS2 especially for the short channel devices. Additionally, the cracking arising spe-

cifically from annealing demonstrates the high stress WS2 experiences during annealing with Ni/Au 

contacts. This is supported by the XRD results in Supporting Information Section 10 that indicates 

increased tensile strain in both the Ni and Au with annealing.  

  

 
Figure S16. Transfer curves of working devices for Ni contacts on monolayer WS2 with a 100 nm SiO2 

gate dielectric (Lch = 100 nm–1 μm, W = 2 μm and LC = 1.5 um), for before and after vacuum annealing 

at 250°C. Only forward sweep has been plotted for clarity.  
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Figure S17. (a) The number of working devices at each channel length, before and after annealing, 

for devices shown in Figure S16. (b) Scanning electron microscopy (SEM) image of a Ni/Au 20/35 

nm device, showing cracking in both the Lch = 200 nm (left) and Lch = 300 nm (right) after undergoing 

a 250 °C vacuum anneal. 

Crack in 

WS2

WS2

500 nm

Ni/Au

SiO2ba

D
e

v
ic

e
 y

ie
ld

 (
%

)

Channel Length (μm)

Initial

Post 250 C 

anneal



 

 
19 

 

 

 

12. Density Functional Theory Simulations 

Density functional theory (DFT) simulations were performed using Quantum ESPRESSO version 

7.1.35 We use spin-orbit coupling and fully relativistic norm-conserving Vanderbilt pseudopoten-

tials.36,37 The energy band diagrams were extracted as functions of biaxial and uniaxial strain, similar 

to our previous work,38 and corresponding band gaps were determined (Figure S18a). Biaxial and 

uniaxial tensile strain both lead to a band gap reduction, mainly through the lowering of the conduction 

band edge at the K point. Here, we extract both the movement of the conduction band edge and valence 

band edge with respect to strain, showing that tensile strain highly impacts the movement of the con-

duction band edge at a much faster rate than the valence band edge (Figure S18b). DFT calculations 

suggest that an average reduction of 170 meV in conduction band minimum (i.e., barrier height, Figure 

3f), corresponds to ~1.5% uniaxial strain induced in the WS2 near the contacts. This is in reasonable 

agreement with the values obtained from finite-element analysis simulations (~0.2–0.6%) and photo-

luminescence (~0.7%) (Figure 2f). 

 

 

 

 

 

 

Figure S18. (a) Calculated energy band gap reduction (ΔEg) for uniaxial and biaxial tensile strain. 

Hollow circles denote data from Yang et al.33 (b) Change in energy of conduction band minimum 

(CBM) and valence band maximum (VBM) under uniaxial tensile strain (dark red) and biaxial tensile 

strain (pink). 
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13. Finite Element Analysis Simulations with Varying Ni Thickness 

The strain profile of WS2 was also simulated with different Ni contact thicknesses (Figure S19) of 5 

nm and 50 nm (in addition to the 15 nm in all other simulations), with a fixed film stress of 400 MPa. 

The strain in the TMD has been shown to be proportional to the thin film force.7,39,40 Figure S20 shows 

that as the Ni thickness (and thus film force) increases, the tensile strain in the WS2 channel increases.  

  

 

Figure S19. Simulated horizontal strain profile along a device with LC = 1 μm and Lch = 1 μm, 300 nm, 

100 nm, and 30 nm with Ni contact thickness of (a) 5 nm (b) 15 nm (c) 50 nm. The position x is nor-

malized by Lch, for easier visualization of different channel lengths. 
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Figure S20: Simulated horizontal strain of WS2 as a function of Ni contact thickness for LC = 1 μm and 

Lch = 1 μm, 300 nm, 100 nm, and 30 nm. Filled circles denote the mean strain, open circles denote the 

maximum strain value in the channel. 
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