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Abstract— Electron-beam evaporation is commonly used
to form metal contacts on two-dimensional (2D) materials.
Many evaporated metals contain high levels of stress, but
the effect of this stress on 2D device performance has
yet to be determined. Here, we investigate the impact of
tensile-stressed nickel evaporated onto gold contacts of
monolayer MoS2 transistors. Optical measurements reveal
a distribution of tensile strain along the MoS2 channel
between stressed contacts, up to ∼0.8% near the contact
edges. Further, we show that stressed contacts can sub-
stantially influence device performance, leading to negative
threshold voltage shifts and increased transconductance.
In the limit of short (50 nm) channels with large (2 µm)
contact stressors, we find that this can cause an on-state
current increase up to 2.5x. These results show that
contact-induced strain must be closely examined in emerg-
ing technologies, and this approach could be used to
improve future device performance.

Index Terms— MoS2, monolayer, tensile stress, strain,
e-beam evaporation, contacts.

I. INTRODUCTION

TRANSITION metal dichalcogenides (TMDs) such as
monolayer (1L) molybdenum disulfide (MoS2) are a

class of two-dimensional (2D) semiconductors which show
great promise for transistor applications owing to their ultra-
thin body, offering increased robustness to short-channel
effects [1], [2]. Recently, there have been several advances in
contact engineering for monolayer MoS2, including through
the use of doping [3] or novel contact metals [4], [5] and
alloys [6]. Electron-beam evaporation (EBE) remains the most
commonly used technique for metal contact formation due to
its ease of use, lift-off compatibility and the availability of a
wide range of materials.
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It is known that EBE of several common metals, such as
Ni and Pt, results in thin films which can contain high levels
of residual stress [7], [8]. This can often be deleterious for
conventional Si devices [9], but has been previously leveraged
to induce strain in graphene and MoTe2 through the evapora-
tion of Ni with controlled amounts of tensile stress [10], [11].
However, metal-induced strain and its effect on TMD transistor
behavior has not been studied before. Given that many recent
advances in contact engineering utilize metals with unknown
amounts of stress, it is crucial to understand the role that stress
in the contact region can play in device performance.

Here, we report the first study of contact-metal-induced
strain in monolayer MoS2 transistors, using Au contacts
capped by tensile-stressed EBE-Ni. By Raman spectroscopy,
we probe the distribution of strain along the channel before
and after Ni deposition, observing peak strains up to 0.8% near
the contacts. Electrical measurements reveal negative threshold
shifts and improved transconductance with increasing Ni stres-
sor thickness. We also find the strain effect can be influenced
by the contact size, resulting in large changes of transistor
performance especially for short (50 nm) channels.

II. FABRICATION AND MEASUREMENT

Fig. 1(a) shows the cross-sectional schematic of our devices
fabricated with strained contacts. We grow monolayer MoS2
by chemical vapor deposition at 750 ◦C onto 90 nm SiO2
on p++ Si substrates, which also serve as back-gates [12]. All
patterning steps are done by electron-beam lithography (EBL).
Channel regions are defined by XeF2 etching, transistors
receive probe pads (2 nm Ti/20 nm Pt), optical test structures
do not. All devices have Au (50 nm) contacts, deposited by
EBE at ∼10−8 Torr and 0.5 Å/s [13]. For transistors, the same
Au step is used to connect the contacts to the probe pads.
At this point, we take optical and electrical measurements to
obtain a reference value for devices before the Ni stressors are
added. Then, we use EBL to define overlaid regions above
each Au contact, filled with 2 nm Ti/50 nm Ni by EBE
at ∼10−6 Torr and 1.5 Å/s. A top-down scanning electron
microscope image of a device is in Fig. 1(b).

We evaluated the stress of EBE-Ni on reference 100 mm
Si wafers by radius of curvature measurements [14], find-
ing these deposition conditions yield films with ∼800 MPa
tensile stress. Lowering the deposition rate or pressure was
found to reduce this stress, in accordance with literature [7].
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Fig. 1. (a) Cross-sectional schematic of monolayer MoS2 device with
Au contacts, each capped by a tensile Ni stressor layer (∼800 MPa).
S, D, and G mark the source, drain, and gate. (b) Top-down, colorized
scanning electron microscope image of the device in (a). Red arrows
indicate the relaxation of tensile-stressed Ni. (c) Raman and (d) photo-
luminescence (PL) spectra of monolayer MoS2 near the contact edge,
as marked in (b), before and after Ni capping.

Optical measurements were performed with a 532 nm laser,
∼0.5 µm spot size, and 2.5% nominal laser power of the
Horiba LabRam instrument (corresponding to incident power
of 0.56 mW and a temperature rise < 10 K of the MoS2 [15]).
Electrical measurements were taken in ∼10−5 Torr vacuum
after a pre-measurement anneal at 250 ◦C for 2 hours.

III. RESULTS AND DISCUSSION
A. Optical Measurements

Raman spectra of the MoS2 channel near a contact before
and after Ni capping are shown in Fig. 1(c). We note a red-
shift of the E’ peak after Ni capping, and splitting into the E’+

and E’− peaks, known to appear at high tensile strain [16].
The E’− position of 381.9 cm−1 and E’+ of 384.8 cm−1

correspond to ∼0.8% uniaxial tensile strain in MoS2 near the
contact edge. The photoluminescence (PL) spectrum shown
in Fig. 1(d) displays an A exciton red-shift of ∼55 meV after
capping, consistent with the strain indicated by Raman. Tensile
strain lowers the K-point conduction band and raises the 0-
point valence band [16], [17] of MoS2, narrowing both the
direct gap (A exciton red-shift) and the indirect gap (lower
PL intensity), while increasing the Q-K valley separation in
the conduction band [18].

To probe the strain distribution along a 2 µm MoS2 chan-
nel, we take a sequence of Raman spectra as illustrated in
Fig. 2(a), in steps of 0.5 µm. Fig. 2(b) shows five spectra
acquired along the channel direction, before and after Ni
stressor deposition. Near the contact edges, E’ red-shift and
peak splitting is visible after Ni capping, whereas a smaller
red-shift is observed near the channel center. This indicates a
tensile strain profile that is highest near the contacts, decaying
toward the center of the channel. The Ni capping the Au
contacts contracts to relieve its own stress, thereby ‘pulling’
on the MoS2 beneath and transferring strain to the channel
between the contacts. Fig. 2(c) summarizes the evolution of

Fig. 2. (a) Top-down schematic of 2 µm MoS2 channel showing where
Raman spectra are acquired (circles). (b) Variation of Raman spectra
from near the top contact (magenta) to near the bottom contact (red).
(c) Estimated strain at each position along the MoS2 channel, before
and after Ni deposition, from near the top (magenta) to near the bottom
contact (red). Each box averages the four spectra (four symbols per
box) taken across the channel width, corresponding to the symbols on
horizontal lines in (a).

Fig. 3. Measured transfer characteristics of (a) back-gated monolayer
MoS2 transistor with increasing thickness of Ni stressor at the contacts,
and (b) control device on the same chip which experienced the same
thermal budget without any Ni deposition. Inset shows top-down col-
orized scanning electron microscope image of a device; scale bar is
2 µm. Small arrows mark forward and backward sweeps [22].

the estimated strain along the channel, relative to the E’
peak (385.1 cm−1) at the device center before Ni deposition.
Prior to Ni deposition we also note small relative compressive
strain near the Au contacts [19], but significant tensile strain
appears along the channel after Ni-capping the contacts. (We
do not expect charge transfer doping from the Ni stressor layer,
because the Au contacts are 50 nm thick.)

B. Electrical Measurements
We next investigate the effect of contact-induced strain on

transistor performance. Fig. 3(a) shows measured ID vs. VGS
of a back-gated transistor with channel length Lch = 2 µm
measured after different thicknesses of Ni capping. We observe
that, compared to the initial case of pure Au contacts, capping
the contacts with 50 nm Ni stressor causes a negative threshold
voltage shift (1VT ≈ −10 V), as well as a 10% increase in
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the device transconductance (= ∂ ID/∂VGS). This results in
an overall increase of the maximum device current, which
is consistent with recent measurements of tensile strain in
MoS2 [17], [20], [21]. By increasing the Ni stressor thickness
to 100 nm, the threshold voltage VT and transconductance
continue the same trend. In comparison, Fig. 3(b) shows
measured ID vs. VGS of a control device on the same chip,
which experienced the same thermal budget but without Ni
deposition onto the Au contacts. This control device indicates
very little change in behavior, confirming a Ni-strain-induced
origin of the changes observed in Fig. 3(a).

We note that the pre-measurement anneal which all devices
receive (250 ◦C for 2 hours, in vacuum), and any additional
thermal processing during fabrication, may affect the stress
in the contact metal stack and is a topic which warrants
further investigation. For example, Au thin films can expe-
rience increased tensile stress after annealing, due to changes
in the grain structure [23], [24]. This does not affect the
conclusions of the present work, although it may contribute
an additional source of tensile strain in the channel of both
control and experimental devices, which receive the same
anneal. Understanding other sources of process-induced strain,
including various annealing steps, is a topic for future work
and will be crucial to the eventual implementation of strain in
TMD transistors.

Finally, we turn our attention to the effect of strained-contact
size on transistor behavior. Because the dimensions of the
stressor layer are known to influence the induced strain in the
TMD [25], we fabricate devices with fixed channel lengths
(Lch = 2 µm, 100 nm and 50 nm) and variable contact
lengths (Lc = 2 µm, 1 µm, 500 nm and 200 nm) as shown in
Fig. 4(a-d) for Lch = 50 nm. The channel width, W, is fixed
at 1 µm for all devices, allowing us to study the effect of strain
in devices with aspect ratios (AR = W /Lch) increasing from
0.5 to 20. The values of Lc are chosen to remain well above
typical contact transfer lengths (10-100 nm with Au contacts
on MoS2) to avoid size-dependent contact resistance (Rc) [13],
[26], [27]. We note that for these devices, Au/Ti/Ni deposition
is done in one combined step with 40 nm Ni stressor thickness.

Fig. 4(e) shows the measured ID vs. VGS for the
shortest-channel devices (Lch = 50 nm) with the four contact
lengths (Lc = 0.2 µm, 0.5 µm, 1 µm, 2 µm). With increasing
Lc, we observe negative VT shifting and substantial increases
in peak transconductance, causing up to 2.5× change of peak
current, depending on the size of the stressor.

To account for VT shifting, Fig. 4(f) shows box plots of
on-state current, Ion, extracted at a fixed carrier density n ≈

1013 cm−2 [22] to capture the effect of increasing Lc (with
Ni stressor) on transistor performance. For long channels (top
panel, Lch = 2 µm), changing the stressor size only has a
minor impact on device performance, increasing Ion by just
a few percent. However, for 100 nm channel length (middle
panel), we observe that stressor sizes of Lc > 0.5 µm begin
to increase Ion, up to 2× in the case of Lc = 2 µm. The
effect is most significant for Lch = 50 nm (bottom panel),
where we see Ion increasing by up to 3× as Lc increases from
0.2 to 2 µm. In other words, devices with larger W /Lch aspect
ratios experience greater improvements under strain. We note

Fig. 4. Colorized scanning electron microscope image of back-gated
monolayer MoS2 transistors with channel length Lch = 50 nm and
contact length (a) Lc = 2 µm, (b) Lc = 1 µm, (c) Lc = 0.5 µm,
and (d) Lc = 0.2 µm. Inset scale bar is 1 µm. All devices received
40 nm Ni stressor layer on top of their Au contacts. (e) Measured
transfer characteristics of devices shown in (a)-(d). Small arrows mark
forward and backward VGS sweeps [22]. (f) Box plots summarizing
on-state current (Ion) at fixed carrier density n ≈ 1013 cm−2 and VDS
= 0.1 V for devices with channel lengths Lch = 2 µm, 0.1 µm and
0.05 µm (corresponding to aspect ratios AR = W/Lch = 0.5, 10 and
20, respectively) and varying contact lengths, Lc. The Lc plays by far
the strongest role in the shortest-channel devices, due to the contact-
induced strain.

that the device yield decreases for short channels with long
contacts, as the MoS2 channel frequently begins to tear, which
is reflective of the high strains sustained in this regime.

These results indicate that short channel devices benefit the
most from contact-induced tensile strain in the MoS2 channel.
Given the strain profile observed in Fig. 2, we believe that one
potential source of this improvement is the presence of a larger
average tensile strain retained in shorter channels compared
to longer channels, where the strain can decay toward the
channel center. Additionally, the increasing contribution of
Rc to the overall resistance of short channel devices hints
that contact-induced strain may act to reduce Rc [21], [28].
As such, it is crucial for future contact metal investigations to
include strain analysis as a potential source of improvement.

IV. CONCLUSION

In conclusion, we report the first observation of
contact-metal induced tensile strain in monolayer MoS2
transistors using Ni stressor layers on the contact regions.
We observe a tensile strain gradient between the source and
drain contacts, up to 0.8% near the edges. Further, we show
that this strain can act to increase on-state current, espe-
cially for shorter-channel devices (here, ∼50 nm). This makes
contact-induced strain a viable technique to engineer contact
resistance, and therefore we recommend that future studies
related to contact improvements to TMDs incorporate strain
into the device analysis.
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