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Abstract
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In this work, an in-depth study of the strain originating from the metallic pads of field effect
transistors with WS, channels are reported. Presence of tensile strain caused by Ni/Pd pads
fabricated with a lift-off process is confirmed with high resolution tip-enhanced Raman and
photoluminescence. This strain field appears to extend in the 1-2 pm vicinity of the pads and
affect the optical bandgap of the layer. The severity and the profile of the mechanical stress
seems to depend on factors like device architecture, channel length, and the contact area of the
pads. Results indicate that the optical response of the channel can be correlated to the
field-effect mobility, both factors reflecting the quality of the crystal, and be utilized in robust

assessment of mechanical stress in these devices.

Supplementary material for this article is available online

Keywords: transition metal dichalcogenides (TMDCs), tungsten disulfide (WS,), strain,
tip-enhanced Raman spectroscopy (TERS), tip-enhanced Photoluminescence (TEPL),

field-effect mobility

1. Introduction

Transition metal dichalcogenides (TMDCs) are a class of
two-dimensional (2D) materials with features that are attract-
ive not only from material science point of view, but also
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further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

for potential applications in future photonics and opto-
and nano-electronics [1-7]. As few layer crystals, TMDCs
exhibit exceedingly different properties compared to the bulk
counterparts due to quantum confinement effects. For instance,
the materials have an indirect to direct bandgap transition
as the number of layers in the crystal decreases, which res-
ults in a high photoluminescence (PL) quantum yield and
opens the prospects of applications in photonics and opto-
electronics [1, 3, 8—11]. Moreover, the three following attrib-
utes of layered TMDCs are the main contributors to their
applicability in the field of nano-electronics. Firstly, these 2D
crystals have a semiconducting nature with theoretical car-
rier mobilities in the order of 100-1000 cm?>V~'s~! suit-
able for high-performing devices [2, 12—17]. Secondly, their

© 2025 The Author(s). Published by IOP Publishing Ltd
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sub-nanometer thickness is compatible with the aggress-
ive scaling demands [18-20]. Thirdly, the improvements in
controlled, high-quality, and large-area synthesis of TMDC:s as
well as the capability to realize p- and n-type channels ensures
further advancement of the field [6, 7, 18, 21-24].

Despite the high quality of epitaxially grown TMDCs,
the reports on the FET mobilities are far lower than the
aforementioned anticipated values [14, 25-28]. One pos-
sible reason for this noticeable gap can be the unforeseen
detrimental effects of device processing on the channel.
The defect density of the as grown layer can be estimated
through many metrology techniques, the most renowned being
transmission electron microscopy. However, most metrolo-
gies are not easily applicable to transistor devices to study
the effects of device processing. Therefore, extraction of
important material properties after fabrication of the tran-
sistors can help address some aspects of the question at
hand.

Optical spectroscopic techniques, in particular Raman- and
PL spectroscopy, are non-destructive metrology techniques
capable of sensing local variations in the physics and chem-
istry of the material, and do not require extensive sample
preparation [9, 29, 30]. The combination of these features
grants them two principal advantages crucial to study devices
based on 2D materials. Firstly, the results can represent the true
state of the material, such as doping, defectivity, and mech-
anical stress, unmodified by property-altering sample prepar-
ation or exposure to chemical substances. Secondly, these
techniques can be utilized to study the material in all differ-
ent stages from pristine crystals to the channel of the final
devices. These metrologies have a diffraction limited resol-
ution (~1 pm), which can be improved to tens of nanomet-
ers with tip-enhancement to enable thorough examination of
material properties [30-34]. In this work the capabilities of
micro- and tip-enhanced Raman and PL are utilized to thor-
oughly examine the mechanical stress present in WS, channel
of FET transistors.

2. Results and discussion

Three batches of devices with contrasting growth and pro-
cessing conditions, referred to as Sample 1, Sample 2, and
Sample 3, each containing 14-20 transistors are studied.
Figure S1 shows the atomic force microscopy (AFM) topo-
graphies of typical flakes with and without the FET tran-
sistors from each batch, highlighting the noticeable differ-
ences in the dimensions of the devices. Figure 1(a) summar-
izes the measured FET mobilities of all transistors from the
three samples. Despite the undeniable differences in the fab-
rication conditions, the measured mobilities all fall within the
same range. Sample 2 shows the highest average mobility of
(8.2 £2.9) cm*V~!s~!, while Sample 3 and Sample 1 fol-
low with average mobilities of 7.3 + 3.3 cm*>V~!s~! and
5.94+2.3cm?>V~!s~! respectively. As the differences in aver-
age FET mobilities are comparable to the standard deviations,
the corresponding growth and processing approaches cannot
be compared only based on the electrical characterization.

Optical characterizations were performed following the
electrical measurements. As both intrinsic mobility and PL
quantum yield are expected to decrease due to increase in
defect density [14, 18, 35-39], a link can be expected between
FET mobility and the integrated area (area under the peak) of
the PL response. Hence, a PL spectrum is acquired in the cen-
ter of each channel and the integrated area is then correlated
with the FET mobility measured from the channel. Figure 1(b)
compares the mobilities and the integrated area of PL spec-
tra of all devices. A linear fit was utilized to mark the trends
which are the dotted lines in the figures 1(b) and (c). Despite
the large scatter in the data, an increase in the PL peak area
can be identified with increasing mobility, as suggested by the
linear fits to the datasets for all three samples. These fits do not
entail a linear relation between PL area and mobility but are
merely used to highlight the trends in the dataset. Devices from
Sample 1 seem to follow a different trend compared to devices
from Sample 2 and Sample 3 (lines with steeper slope), which
follow comparable trends as can also be seen in figure 1(c).
This comparison clearly marks a difference among the three
samples.

Interestingly, the PL responses of devices on Sample 1 have
adifferent line-shape compared to the devices on Sample 2 and
Sample 3 (figures S2 panels (a)—(c)). Figure 1(d) depicts the
PL responses of three selected devices with similar mobilit-
ies from each sample that reflect this difference more clearly.
Figures S2 panels (d)—(h) contain the fittings of these spec-
tra with Lorentzian functions. The PL response of a mono-
layer WS, in room temperature and under no mechanical
stress is expected to be fitted with two symmetric peaks for
exciton and trion [40—42], as is the case for devices of Sample
2 and Sample 3 (figures S2 panels (d)—(h)). In comparison,
the response of the device from Sample 1 cannot be fitted
with two symmetric peaks (figure S2(d)) and requires addi-
tion of an extra peak (figure S2(e)) or alternatively, use of
two asymmetric peaks for a good converging fitting (figure
S2(f)). This sample discrepancy is only detectable in the
shapes and fittings of PL spectra and not in the measured
mobilities.

Considering the laser spot size in micro-PL (~1 pm) and
the channel lengths in Sample 1 (0.1-1 pm), the illumin-
ated area in the PL measurements of these devices consists of
regions close to and in contact with the metal pads. In contrast,
the channel lengths in Sample 2 and Sample 3 are noticeably
larger (2.5-12 pm) and hence, the point spectra acquired in
the center of these devices correspond to regions away from
the pads. An exception is the device from Sample 2, marked
with a circle in figures 1(b) and (c), with the channel length
of 0.25 pm. This device has a channel length comparable to
devices from Sample 1 and follows similar trends. Hence,
channel lengths, and possibly the Ni/Pd pads might play a role
in the peculiar PL line-shapes detected in Sample 1.

In an ideal metal-TMDC interface, a van der Waals gap is
expected between the contact and the 2D layer [43]. However,
the fabrication of the metallic pads can potentially lead to
excess defectivity [43-47], creation of interface or metal-
induced states [43, 45, 48-53], contamination due to the lift-
off process, and strain [52, 54] and consequently, deviation
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Figure 1. Correlation of FET mobilities and optical responses of devices with monolayer channels and two-probe transistors from all three
samples. (a) Mobilities measured in devices with monolayer channels and two-probe transistors in the three samples. FET mobility versus
the integrated area of PL response for (b) all samples and (c) Sample 2 and Sample 3. (d) PL response of devices with similar mobilities
(u(S1) =8.5 cm? Vs, w(S2) =8.3 cm? Vs, w(S3) =183 cm? Vs~ ) from the three samples.

from the ideal interface for carrier tunneling. Each factor will
affect the electrical and optical responses of the material.
Hence, a combination of these four factors can be the reason
behind the different trend observed between FET mobility
and PL area, and the peculiar PL line-shapes of devices in
Sample 1.

Firstly, high defect densities can lead to non-radiative
recombations [36] that decrease the room temperature PL
intensities or defect-induced trion [38]. This decrease in PL
intensity or increase in trion to exciton recombination does
not align with our observations as can be concluded from
figure 1(d). However, higher defect densities can also result
in room temperature stable defect-mediated recombinations
at energies lower than the bandgap [55-57], leading to the
presence of a third peak in the PL spectra as might be the
case in Sample 1 (figure S2(e)). Defects can also decrease the
FET mobility through acting as carrier traps [58] or result in
a higher contact resistance due to Fermi level pinning (FLP)
[44, 45].

Secondly, the metal-induced states [43, 46] are also a main
contributor to FLP and impact the FET mobility. These gap

states can potentially have radiative recombination leading to
the extra peak observed in the PL spectrum (figure S2(e)).
Thirdly, the poly-methyl methacrylate (PMMA) residue of
the lift-off process can contribute to a modification of the elec-
trical and optical performance of the channel. Due to the high
area to volume ratio in TMDCs, the presence of surface con-
tamination can impact their optical and electrical response.
This can be trough strain, defect-induced doping, or interface
effects. This impact, although benign, is also one of the hypo-
theses to understand the observed sample discrepancy.
Finally, the metal pads could introduce strain into the
monolayer crystal which could in turn change the electronic
and hence, the optical bandgap of the material [4, 11, 40, 54,
59-63]. In the case of tensile strain, a downshift is expected in
the exciton energy [4, 11, 40, 62, 63]. Therefore, the PL spectra
of Sample 1 can be a weighted sum of responses with different
peak energies. This can result in the asymmetric broadening
of the PL spectrum (figure S2(f)) due to the low resolution of
micro-PL and convolution of nano-PL responses with differ-
ent strain-induced shifts. The PL spectra of devices on Sample
2 and Sample 3 appear differently from devices on Sample
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Figure 2. Investigation of the unusual PL line-shape of devices from Sample 1 with TEPL. (a) Topography of the selected device from
Sample 1 marked with the location of the TEPL map and the two points of interest. The PMMA frame around the device indicates the
region cleaned before TEPL. (b) Hyperspectral map of exciton energy inside the channel. Tip-in, tip-out, and near-field spectra acquired in
(c) Point 1 inside and (d) Point 2 outside the channel. (¢) Comparison of the near-field responses of the two points indicating the shift in
exciton energy due to high strain levels. (f) Energy of exciton across line-scans inside the channel and (g) the corresponding strain

calculated based on the shifts in exciton energy.

1 merely due to the difference in channel sizes. For devices
in these samples, the strain will gradually relax in the crystal
away from the metal pads where the spectra are acquired.
These four hypotheses are examined with high resolu-
tion tip-enhanced PL (TEPL) and TE Raman spectroscopy
(TERS). First, TEPL is utilized to characterize the channel of
the specific device from Sample 1, discussed in figure 1(d).
The device is cleaned with an AFM probe in soft contact
regime which allows us to examine the impact of PMMA
residues of the lift-off process. Figure 2(a) depicts the topo-
graphy after cleaning and the PMMA cleaned from the sur-
face can be seen as a frame around the device. Figure 2(b)

shows the hyperspectral map of exciton energy in the region
of interest marked on the topography. The detected peak ener-
gies are 30 meV-50 meV lower than expected for a monolayer
WS, [11] with low fluctuation of full width at half maximum
(FWHM) values (42 4+ 7 meV) which emphasizes the fitting
accuracy.

To confirm that the low exciton energies detected in this
device are not related to the intrinsic inhomogeneities of the
epitaxially grown layer, a monolayer without pads from this
sample is characterized with TEPL. Figure S3(a) depicts the
topography of the monolayer marked with the location of the
TEPL map. Figures S3(b)—(d) shows the hyperspectral TEPL
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maps of integrated area, FWHM, and energy. Comparison of
the PL peak energies of the monolayer without Ni/Pd pads
(1.995 £ 0.005) with the device in figure 2(b) (1.966 =+ 0.008)
clearly shows the impacts of the metal pads on the PL
peak energies and rules out the effect of growth-related
inhomogeneities.

Nano-PL spectra can better clarify the effect of Ni/Pd pads.
figures 2(c)—(e) contain the tip-in, tip-out, and the resulting
nearfield responses of the points marked on the topography
of figure 2(a). Point 1 is located inside the channel, where
the micro-PL spectrum of figure 1(d) was acquired and Point
2 is outside the channel and away from the pads. The tip-
in and particularly tip-out spectra have a peak shape similar
to the PL response of S1 in figure 1(d). Therefore, removal
of PMMA did not impact this PL line-shape. However, the
near-field responses of Point 1 and Point 2 can be fitted with
two Lorentzian peaks (figures S3(f)—(g)) just like the nearfield
response of the monolayer without the pads (figure S3(e)).

This implies that the peculiar line-shape in figure 1(d)
appears due to the low spatial resolution of micro-PL as the
addition of a third peak is no longer required to fit the nano-PL
spectra. Therefore, the hypotheses about radiative recombin-
ation of defect-mediated or metal-induced states can be dis-
regarded. This observation does not convey low defect dens-
ities or absence of metal-induced gap states close to the con-
tacts but confirms that the effect observed on PL line-shape
is not related to these two effects. Furthermore, the compar-
ison of the near-field responses in figure 2(e) clearly shows
redshift which can be related to presence of high degrees of
strain in the channel (Point 1) compared to outside the channel
(Point 2).

To better visualize this potential strain, three lines of the
TEPL map of figure 2(b) are used to quantify the tensile strain.
To do so, the nano-PL spectra are fitted with two Lorentzian
profiles and the exciton energy is used to calculate strain with
the gauge factor of —44 meV/% [62, 63]. The gauge factors
of TMDC monolayers reported in the literature show high
discrepancies (1.3-61.2 meV/%) [62] due to different meth-
ods used to apply the strain and the consequent efficiency of
strain transfer. The selected value is the median value of the
gauge factors reported. More importantly, it is the value stated
in two separate studies using polymer encapsulation [63] to
increase strain transfer efficiency and a three-point bending
straining setup with experimentally validated values of strain
[62]. The gauge factor used for quantification of strain using
Raman spectroscopy is selected from a study using polymer
encapsulation [64].

Figures 2(f) and (g) show the variations of peak energy and
the calculated strain inside the channel respectively. The error
bars mark the uncertainty of the fitted peak energies which are
propagated to estimate the errors in the calculated strain. These
results imply presence of non-uniform strain in the channel,
with regions in the center and close to the larger pad impacted
more, the reasons for which will be discussed further. The ref-
erence peak energy value used for strain calculation is extrac-
ted from the nano-PL spectrum of the monolayer without the

pads from the same sample (figure S3(e)). As Gaussian pro-
files are used to fit the spectra in the [11], the calculated strain
values with Gaussian fitting are shown in figure S4 which
show the same trends as figure 2 with the maximum strain
located in the center of the channel. If a Gaussian profile is
used to fit the data, the tensile strain detected in the channel
is 0.832 £+ 0.21%. If Lorentzian profile is used, the strain is
0.840 £ 0.19%.

To confirm the presence of strain, Raman spectroscopy is
used to characterize devices in Sample 1. The degenerate in-
plane E’ (I') mode of WS, is particularly sensitive to the pres-
ence of strain and will split into E’T and E’- modes, both
red shifting due to tensile strain [5, 11, 60, 61, 64]. Thus,
the position of E’'* is used as a metric to quantify the tensile
strain (figure S5). The position of this peak is not affected by
changes in defect density or presence of metal-induced states
and surface contamination and can help isolate the impact of
strain.

First, Raman responses of the channel of the devices were
compared to ten different WS, islands without Ni/Pd pads
at randomly selected locations in Sample 1. This approach
takes the intrinsic strain of the crystals into account as argu-
ably, factors like growth temperature, the choice of substrate,
and aging can also contribute to the intrinsic strain in the
grains [65—-67]. This can also be concluded from the differ-
ent peak positions reported in the literature [5, 9, 10, 60,
68, 69]. Figure 3(a) shows how the response of a selec-
ted grain compares to the Raman spectrum of a monolayer
device from Sample 1. Figure 3(b) shows the E'T peak pos-
itions extracted for devices and the grains. The results insinu-
ate the presence of strain as the E'T peak position of the
devices (~356.48 + 0.44 cm~') deviates from the grains
(~356.67 £0.07 cm™") and the expected values (~357 cm ™)
[9, 60] for monolayers.

Finally, TERS is utilized in the channel of a device with a
four-monolayer crystal from Sample 1 for nano-scale assess-
ment of strain. Though the mechanical stress in a four-
monolayer channel will be slightly different from devices
based on monolayers, TERS line-scans inside this channel can
provide complementary insights into the nano-scale variation
of strain caused by the metal pads.

Figure 3(c) shows the topography of the device in question
marked with the location of the TERS line-scans. The com-
parison of E'T peak position with the expected values for a
four-layer crystal (~356 cm™ 1) [10, 68, 69] as there is a notice-
able redshift in the peak position indicating presence of strain.
This deviation is maximum in the center of the channel as can
be seen in figure 3(d), indicating maximum strain as was also
observed with TEPL (figure 2(g)). Therefore, the TERS results
align with the hypothesis of nonuniform strain in the channel
of devices in Sample 1, with the maximum located in the cen-
ter of the channel. Due to the small channel lengths in Sample
1, the strain induced by both metal pads will overlap, resulting
in higher strain fields in the center [70]. Indeed, the combined
effect of the two metal pads can lead to higher strain in the cen-
ter compared to the vicinity of the metal pads. This hypothesis
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Figure 3. Investigation of strain caused by the metal pads using Raman spectroscopy. (a) Comparison of Raman response of a device and a
monolayer grain without pads on Sample 1. (b) Comparison of E’* peak position in the devices with monolayer channels on Sample 1 and
grains without the pads on the same batch. (c¢) Topography of a device with a four-monolayer channel and (d) tip-enhanced Raman
spectroscopy line-scans in the channel of this device. The direction of the line-scans is marked on the topography.

is further investigated by optical characterization of devices
with larger channel dimensions.

Figure 4(a) depicts the topography of a device from Sample
3 with channel length of 10 ym. The hyperspectral map of
the exciton energy is overlayed on the topography. Evidently,
the exciton energy redshifts drastically (~1.93 eV) next to the
larger pad. This redshift is less prominent close to the smaller
pad (~1.98 eV) and not present in the center of the channel
(~2.00 eV). This redshift of peak energies is reflected across
the line-scan marked on the topography. The exciton energies
show high variations (1.989 + 0.021 eV) while the FWHM
remains within 49 £ 2 meV. Raman spectra across this line-
scan show similar trends.

Figures 4(b) and (c) contains the fitted position of E'+ and
energy of exciton versus the intensity of these peaks across the
line-scans. In each panel, the fitting error is annotated. As the
devices in Sample 2 and Sample 3 are fabricated on transferred
monolayers the intrinsic strain of the layers hence, the refer-
ence exciton and E'" positions can be different from Sample 1.

These references are extracted from monolayer without pads
from the same sample (figures S5(c) and (d)). The expected
peak positions for a crystal with no strain are marked with
black dotted lines in figures 4(b) and (c).

Figures 4(d) and (e) shows the calculated tensile strain
based on Raman [64] and PL [62] responses. In this chan-
nel, the strain is higher close to the metal pads, the vicinity of
the larger pad affected more noticeably, and gradually relaxes
1-2 pm away from the pads. This confirms the hypothesis
about the different distributions of strain in the channel of the
devices from Sample 1 compared to Sample 2 and Sample 3
due to difference in channel dimensions. Moreover, compared
to the smaller pad, the strain around the larger pad is higher
and extends to a much larger area in the crystal.

Interestingly, the Intensity of the PL response is also higher
close to the larger pad which is under higher levels of strain
(figures 4(c) and (e)). Under non-uniform strain, PL spectrum
of a monolayer TMDC can be projected to two main changes.
First, excitons can funnel to the point with the highest strain
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Figure 4. (a) Overlay of topography and PL peak energy hyperspectral map of a device with a monolayer channel and two-probe transistors
from Sample 3 marked with the location of Raman and PL line-scans. (b) E'* position and (c) energy of exciton across the line-scan.

Calculated tensile strain based on (d) Raman and (e) PL results.

leading to an increase in PL intensity [40, 71-74] as observed
in figure 4. Moreover, the strain can lead to the redistribution
and funneling of free carriers and results in exciton to trion
conversion [40, 71]. The combination of these two effects can
be the reason behind the drastic difference in the PL response
of S1 in figure 1(d) compared to S2 and S3, as the center of the
channel of S2 and S3 is relaxed while the center of the channel
of S1 is under maximum strain.

The same study was conducted in a device with a four-probe
transistor shown in figure 5(a). Here, the contact area of the
two pads is relatively smaller than the device with two-probes.
The hyperspectral map of the exciton energy is overlayed on
the topography. Compared to the device with two-probe tran-
sistors, the channel shows smaller redshifts in the energy of
exciton (1.994 + 0.005) while the FWHM remains consist-
ent (0.43 4+ 0.001). To calculate the strain, Raman and PL
line-scans are conducted across the line marked on the topo-
graphy. The position of E'*(figure 5(b)) and energy of exciton
(figure 5(c)) across this line-scan and the calculated tensile
strain based on these values (figures 5(d) and (e) respectively)
indicate that the monolayer crystal is less impacted by the pads
compared to the channel of the two-probe transistor (figure 4).
Therefore, it can be inferred that the larger the contact area of
the metal pad with the crystal is, the higher the tensile strain
will be.

Thus, it becomes clear that the strain caused by the metal
pads can vary for different devices based on the device archi-
tecture and specially, channel length. The extremity of the
strain can also depend on factors like defectivity, whether
intrinsic defects after growth or extrinsic defects created dur-
ing transistor fabrication, as it can arguably be one of the main
reasons leading to the detected strain. The presence of defects
such as vacancies [35, 75] or line defects [76] can create strain
in the lattice. More importantly, the van der Waals interac-
tion between the layer and the pads can be highly affected by
defects as the layer will no longer be dangling bonds free and
the hybridization between the TMDC layer and the metal pad
can drastically change which can affect the bonding properties
[43]. As this tensile strain changes the bandgap of the layer, it
can affect the optical and the electrical responses of the device.
Therefore, this nonuniform bandgap modulation can be among
the reasons for the data scatter in figures 1(a)—(c).

To exclude the impact of strain and shed light on the true
connection between mobility and PL response of the layer,
only the devices with similar channel dimensions and architec-
ture should be compared. Figure S6 shows the PL hyperspec-
tral maps of two-probe devices with monolayer channels of
the same dimensions and different mobilities. Figure S7 shows
similar results for two devices with four-probe transistors and
the same channel dimensions. In both cases, comparison of the
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Figure 5. (a) Topography of the selected device with a four-probe transistor overlayed with hyperspectral map of exciton energy. The
extracted peak positions from (b) Raman and (c) PL spectroscopy across the line-scan marked in panel (a) The calculated tensile strain

based on the shift in (d) E’™ position and (e) energy of exciton.

optical responses with mobilities indicates that the device with
higher mobility shows a higher area of PL peak with a higher
exciton to trion ratio as expected for a higher quality crystal.

3. Conclusions

Micro- and tip-enhanced PL and Raman spectroscopies are
used to study the effect of strain caused by the metal pads on
the channel of transistors based on WS, and the impact on
FET mobility. Results indicate that a link exists between the
FET mobility and the integrated area of the PL response of the
channels, which seems to be highly affected by presence of
mechanical stress. The Ni/Pd pads are found to be the cause
of the tensile strain in the TMDC layer. The strain is detec-
ted to be higher in the two-probe structures compared to the
four-probe transistors as the contact area of the metal pads are
larger in the two-probe transistors studied. This stress has a dif-
ferent distribution in the devices with channel lengths smaller
than 1 pm as the strain from the two metal pads overlap and
exceeds the values in the vicinity of the pads. These observa-
tions can be utilized in band-gap nano-engineering of TMDCs
for different applications to incorporate the desired bandgap
in the transistor fabrication.
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