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Abstract

Strain engineering is an effective tool for tailoring the properties of two-dimensional (2D)
materials, especially for tuning quantum phenomena. Among the limited methods
available for strain engineering under cryogenic conditions, thermal mismatch with
polymeric substrates provides a simple and affordable strategy to induce biaxial
compressive strain upon cooling. In this work, we demonstrate the transfer of
unprecedentedly large levels of uniform biaxial compressive strain to single-layer WS>
by employing a pre-straining approach prior to cryogenic cooling. Using a hot-dry-
transfer method, single-layer WS, samples were deposited onto thermally expanded
polymeric substrates at 100 °C. As the substrate cools to room temperature, it contracts,
inducing biaxial compressive strain (up to ~0.5%) in the WS; layer. This pre-strain results
in a measurable blueshift in excitonic energies compared to samples transferred at room
temperature, which serve as control (not pre-strained) samples. Subsequent cooling of
the pre-strained samples from room temperature down to 5 K leads to a remarkabile total
blueshift of ~200 meV in the exciton energies of single-layer WS,. This energy shift
surpasses previously reported values, indicating superior levels of biaxial compressive
strain induced by the accumulated substrate contraction of ~1.7%. Moreover, our
findings reveal a pronounced temperature dependence in strain transfer efficiency, with
gauge factors approaching theoretical limits for ideal strain transfer at 5 K. We attribute
this enhanced efficiency to the increased Young’'s modulus of the polymeric substrate at
cryogenic temperatures.
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INTRODUCTION

Strain engineering is a powerful approach for tuning the physical properties of
two-dimensional (2D) materials’2. While the effects of tensile strain have been widely
studied, compressive strain remains comparatively less explored, particularly under
cryogenic conditions. Yet, biaxial compressive strain has been predicted to significantly
impact the quantum properties of 2D materials, such as excitonic phenomena, and low-
temperature magnetic and superconducting phase transitions'*®. However,
experimental validations of this impact remain limited, largely due to the lack of suitable
methods capable of applying large, uniform compressive strain at low temperatures. One
promising approach leverages the large thermal deformation of polymeric substrates®°
and the mismatch in thermal expansion coefficients between the polymer substrate and
the 2D material deposited on top. In this approach, tensile or compressive strain is
induced by heating or cooling the entire 2D-material/polymer system, respectively®®.
Recent work has demonstrated that this strategy can efficiently transfer substantial
biaxial compressive strain to 2D materials by cooling down to cryogenic temperatures'®
2. Polymers with high thermal expansion coefficients are thus desirable for inducing
significant strain. Moreover, the efficiency of strain transfer from the polymer to the 2D
material is strongly influenced by the substrate’s mechanical properties, particularly its
Young’s modulus™. A higher Young’s modulus of the substrate — relative to that of the 2D
material — has been shown to result in more efficient strain transfer’'*. While Young's
modulus is known to change with temperature, the impact of this temperature
dependence on strain transfer remains largely unexplored.

A promising but still largely unexplored approach to induce compressive strain
involves transferring 2D materials onto flexible substrates that have been pre-expanded,
for example by heating to moderately elevated temperatures. Upon cooling to room
temperature, the thermal contraction of the substrate induces biaxial compressive strain
in the 2D sample. This method was introduced by Kim et al.™, who transferred few-layer
black phosphorus onto a polyethylene terephthalate glycol modified (PETG) substrate at
95°C, successfully achieving biaxial compressive strain upon cooling to room
temperature. This approach allowed them to subsequently apply uniaxial tensile strain
by bending the flexible substrate, effectively shifting the accessible strain range from
compression to tension in a single experimental run at room temperature. Beyond this
application, pre-straining samples by this method holds great potential for expanding the
range of accessible compressive strain, particularly through further cooling to cryogenic
temperatures, where additional strain can be induced by thermal contraction of the
substrate. Despite its promise, the use of pre-straining methodologies to increase
accumulated strain remains largely unexplored.

Two-dimensional semiconductors are highly sensitive to external perturbations
due to their large surface-to-volume ratio, which allows their electronic properties to be
readily tuned''®. Within 2D semiconductors, transition metal dichalcogenides (TMDCs)
exhibit exceptional mechanical strength'®2?, and enhanced Coulomb interactions lead
to the formation of highly bound excitons, endowing this family of materials with robust
optical properties?®28. These characteristics make single-layer TMDCs excellent
candidates for strain-tuning their optical response®-33. In fact, strain has been shown to
significantly modify the electronic band structure of TMDC semiconductors: compressive
strain increases the bandgap energy, while tensile strain reduces it'3. Various methods
have been developed to study biaxial strain effects in single-layer semiconductors,
including substrate bending®*?, nanoindentation techniques**~*°, pressurizing single-
layer membranes*®*’, and piezoelectric actuators®®**°. Among these, the use of



piezoelectric actuators is the only approach that can homogeneously and reversibly
apply compressive strain across a wide temperature range. However, this technique is
limited to small strain levels (~0.3%) *°. In contrast, thermal mismatch with polymeric
substrates has been shown to induce large amounts of uniform biaxial strain in single-
layer TMDCs, both tensile by heating and compressive by cooling”®'°. Among TMDCs,
single-layer WS, has demonstrated the highest tunability of optical absorption under
biaxial compressive strain, with excitonic shifts reaching ~130 meV per percent of
induced strain'. This makes 1L-WS, an ideal platform for exploring advanced strain
methodologies aimed at further enhancing its optical properties.

In this work, we achieved unprecedentedly high levels of uniform biaxial
compressive strain in single-layer WS, by combining a hot-dry transfer at 100 °C with
subsequent cooldown to cryogenic temperatures. First, 1L-WS; flakes were deposited
onto thermally expanded polycarbonate substrates at 100 °C. Upon cooling down to
room temperature, the substrate contracted by ~0.5%, inducing biaxial compressive
strain in the flakes, reflected in a ~30 meV blueshift in the excitonic peaks compared to
control samples transferred at room temperature. Further cooling of these pre-strained
samples from room temperature to 5K results in an additional blueshift of the excitonic
features—up to 200 meV—~50 meV larger than in the not pre-strained controls. This
finding indicates an exceptionally high level of biaxial compressive strain induced by the
accumulated substrate contraction (~1.7%), Interestingly, the gauge factor increased
with decreasing temperature, reaching values as high as 148 meV/%, close to theoretical
predictions (144-151 meV/%), suggesting enhanced strain transfer efficiency, which
correlates with the rise in the Young's modulus of polycarbonate at cryogenic
temperatures.

RESULTS AND DISCUSSION

Biaxial Compressive Strain at room temperature

Single-layer WS, (1L-WS;) samples were deposited on polycarbonate (PC)
substrates using two distinct dry transfer methodologies (see the Materials and
Methods section). On the one hand, a conventional dry transfer method®' was employed
to deposit the 1L-WS; flake onto a PC substrate at room temperature (RT, 23°C or 296
K). On the other hand, a hot-dry-transfer method was implemented to deposit the 1L-
WS; flake onto a previously heated PC substrate at 100 °C (373 K). This process was
conducted at a maximum temperature of 100 °C to remain safely below the glass
transition temperature of polycarbonate (139-147 °C)%%%3,

A schematic of the hot transfer method is presented in Figure 1a. The single-
layer WS, sample was first identified by optical inspection and micro-reflectance
spectroscopy on a poly(dimethylsiloxane) (PDMS) substrate (see Methods). Then, the
flake-PDMS system was brought into contact with the pre-heated PC substrate at 100
°C (373 K). After allowing the system to thermalize for 15 minutes, the PDMS was slowly
peeled off, completing the transfer of the flake onto the PC substrate. The resulting flake—
PC system was subsequently allowed to cool down to room temperature at a controlled
rate of approximately 1 K/min to minimize the risk of slippage. We characterized the
thermal expansion of polycarbonate between RT and 100 °C (see Supporting
Information, Section S1), following the method reported in previous works’®'°. Notably,



the PC substrate expands by ~0.5% when heated up from RT to 100 °C and contracts
by the same amount when cooled back to room temperature. This value is consistent
with the thermal expansion coefficient of PC (~7 x 10° K') and the temperature interval.
Therefore, upon cooling from 100 °C to RT, we expect the 1L-WS, flake to experience
up to ~0.5% biaxial compressive strain (assuming perfect strain transfer), due to the
mismatch in thermal expansion coefficients between the PC substrate and the 2D
material (~5 x 10° K™ and ~ 7 x 107° K™, respectively)®**.
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Figure 1. (a) Schematic diagram illustrating the steps involved in the deterministic hot transfer of
a single-layer WS- flake onto a preheated polycarbonate (PC) substrate at 373 K (100°C). (b)
Optical images of the transferred flakes, with the single-layer region outlined by a green dashed
line and green dots marking the ~3 pm reflectance measurement spots. White scale bars
represent 10 um. (c) Differential reflectance (DDR) and (d) Raman spectra measured at 296 K for
a single-layer WS: flake on a PC substrate, transferred either via a deterministic dry transfer
method at 296 K (23°C, purple), or by the hot-transfer method at 373 K (100 °C, red) shown in
panel (a). Spectra are vertically offset for clarity.



To determine the effect of the induced strain, differential micro-reflectance (DDR)
spectra (see Methods) were measured at room temperature (23°C, 296 K) for both the
RT-transferred and the hot-transferred 1L-WS, samples (see Figure 1b,c). This
technique has been widely used to investigate excitonic phenomena and to quantify
strain effects in the optical properties of single-layer TMDCs 71035363935 |n the visible
range, DDR spectra of 1L-WS; present two prominent resonances corresponding to the
A and B excitons, labelled Xa and Xz, respectively. Comparison between the spectra of
RT- and hot-transferred samples (Figure 1c) reveals an energy blue shift of ~30 meV in
the excitonic resonances for the sample transferred at 100 °C relative to the control
transferred at room temperature. To further investigate the origin of this shift, Raman
spectroscopy was performed at room temperature on both samples, revealing a shift of
~2.6cm™ to higher wavenumbers in the E'>y mode for the hot-transferred sample
(Figure 1d), while the Aigy mode remained mainly unaffected (see Supporting
Information, Figure S2).

Since both DDR spectra—corresponding to the 1L-WS, samples transferred at
23 °C and 100 °C—were acquired at the same temperature (23 °C, 296 K), we attribute
the observed difference in exciton energies to biaxial compressive strain transferred from
the substrate to the monolayer during the cooling step following the hot-transfer process.
This interpretation is further supported by the Raman measurements, also performed at
room temperature, which revealed a shift to higher wavenumbers in the E'»y mode for
the RT-transferred sample, consistent with ~0.5% biaxial compressive strain, as the in-
plain E'» mode is expected to be more sensitive to biaxial lattice compression than the
out-of-plane A1y mode*®. Furthermore, similar strain-induced shifts in exciton energies
and Raman modes have been consistently observed in other 1L-WS, samples
transferred onto PC substrates using the hot-transfer technique (see Supporting
Information, Tables S1 and S2), supporting the reproducibility of these effects. For
simplicity, we henceforth refer to the sample transferred at 100 °C (373 K) as pre-strained
and the sample transferred at 23 °C (296K) as not pre-strained.

To test the reversibility of strain-induced exciton modulation, we investigated the
temperature evolution of the differential reflectance spectra in the range 23 -100 °C (296-
373 K) for both the pre-strained and not pre-strained samples, monitoring the energy
shifts of their excitonic resonances (Figure 2a-e, see Materials and Methods section).
To isolate strain effects from the thermal contributions to exciton energy shifts, we also
fabricated a control 1L-WS; sample on a SiO./Si substrate—which exhibits a negligible
thermal expansion coefficient compared to PC'*%®—and characterized it via differential
reflectance spectroscopy over the same temperature range (see Supporting
Information, Figure S3). As the temperature increases from 23 to 100 °C, the Xa and
Xg excitonic resonances in the DDR spectrum of 1L-WS; on SiO,/Si exhibit an almost
linear redshift of ~30 meV, with a slope of ~-0.4 meV/K. This redshift is consistent with
the expected bandgap reduction due to the thermal increase of lattice vibrations and
electron—phonon interactions®”*®, Given the moderate difference in thermal expansion
coefficients between the 1L-WS; flake and the SiO./Si substrate, we attribute this redshift
primarily to thermal effects.
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Figure 2. Differential reflectance as a function of temperature for single-layer WS2 deposited onto
a PC substrate via (a) the hot-dry-transfer method-pre-strained sample and (b) a deterministic dry
transfer method at 296K (23°C, not pre-strained sample). Spectra are vertically offset for clarity.
(c) Zoom-in of the Xa exciton resonance energy region from panels (a) and (b) at 373K (100°C).
(d) Energy positions for resonance Xa extracted from panels (a) for pre-strained 1L-WS: and (b)
for not pre-strained 1L-WS: as a function of temperature. The black solid lines represent linear
fits to the data points. (e) Zoom-in of the Xa resonance energy region from panels (a) and (b) at
296 K (23 °C) for both samples. Dashed lines in panels (c-e) mark the energy position of the Xa
resonance for both samples. (f,g) Schematic diagram illustrating the strain states of the (f) not
pre-strained 1L-WS:2 and (g) pre-strained 1L-WS2 samples at 296 K (23 °C) and 373 K (100 °C).

In the case of samples on PC, at 23 °C (296 K), the Xa exciton peak appears at
an energy ~30 meV higher in the pre-strained 1L-WS, sample compared to the not pre-
strained one (Figure 2e). As the temperature increases up to 100 °C, exciton peaks
redshift similarly in both samples, with total shifts of ~60-70 meV, and slopes of ~-0.8
and ~-1 meV/K for the pre-strained and not pretrained samples, respectively (Figure 2d).
This redshift in PC samples is roughly twice as large as that observed in the SiO/Si case
and can be attributed to the combined effects of thermal bandgap narrowing and induced
tensile strain in the PC-supported samples. First, the thermal bandgap narrowing is
approximately linear in this temperature range, and accounts for a shift of -0.4 meV/K,
as determined from the control 1L-WS: sample on SiO./Si (see Supporting
Information, Figure S4). Second, the thermal expansion of the PC substrate induces
tensile strain in both pre-strained and not pre-strained 1L-WS; samples. As illustrated in
Figure 2f, the not pre-strained 1L-WS;, sample evolves from an initially unstrained state
to a tensile strain of up to ~0.5% upon heating from room temperature to 100 °C. In



contrast, in the pre-strained sample (Figure 2g), the substrate expansion compensates
the ~-0.5% biaxial compressive pre-strain present at RT, leading to a nearly unstrained
configuration at 100 °C. While the initial and final strain configurations differ for the two
PC samples, the net effect of substrate expansion leads to comparable excitonic
redshifts in both cases. The slightly smaller energy-temperature slope observed in the
pre-strained sample may arise from imperfections at the substrate-sample interface
introduced during the pre-straining process, resulting in less efficient strain transfer, or
from sample to sample variations in gauge factor'®. Finally, upon cooling back to RT, both
samples return to their initial states, and the reflectance spectra resemble those shown
in Figure 2e.

Accumulated compressive strain upon cooling down pre-strained samples to 5K

Next, we further cooled a pair of 1L-WS;, samples on PC, one pre-strained and
one not pre-strained, from room temperature (296 K) down to cryogenic temperatures
(56 K), monitoring the evolution of their excitonic resonances via micro-reflectance
spectroscopy (Figure 3a-c). Additionally, and to isolate thermal effects, we also tracked
the temperature evolution of the Xa and Xz resonance energies for a control 1L-WS>
sample deposited on SiO./Si (see Supporting Information, Figures S5 and S$6). To
quantify both thermal and strain contributions, the energy positions of the excitonic
resonances were extracted from differential reflectance spectra for all three samples (see
the Materials and Methods section and Supporting Information, Section S6 for
details). The temperature evolution of the energy peak positions for resonances (bottom)
Xa and (top) Xg in the 5-300 K range is compared in Figure 3d for the pre-strained and
not pre-strained 1L-WS, samples on PC, along with the control sample deposited on
SiO2/Si.

On SiO/Si substrates, the exciton energies of 1L-WS, exhibit a blueshift upon
cooling, consistent with the expected bandgap widening driven by reduced electron—
phonon interactions and changes in atomic bond lengths at low temperatures®”8. In
comparison, the not pre-strained 1L-WS, sample on PC shows a significantly larger
blueshift of the excitonic peaks, reflecting the combined effects of intrinsic thermal
bandgap evolution and compressive strain induced by PC substrate contraction upon
cooling™. The impact of changes in the substrate dielectric screening can be disregarded
since the dielectric constant of PC changes by only ~2% over the full range of
temperatures studied'®%°.

In the pre-strained sample, an initial blueshift of ~30 meV in both the Xa and Xz
excitons is already present at room temperature relative to the not pre-strained samples
(Figure 3d). This energy difference is maintained throughout the cooling process, with a
slightly larger blue-shift observed at low temperatures in the pre-strained 1L-WS;
compared to the not pre-strained case (see Figure 3c,d). At the base temperature (5K),
the total shift in exciton energy for the pre-strained sample reaches ~200 meV with
respect to the SiO./Si control sample, due to the accumulated induced strain from the
total substrate contraction. This enhanced strain arises from the combined contributions
of the initial pre-strain induced during the hot-transfer process and the subsequent
additional strain induced by the thermal contraction of the PC substrate during cooling
from room to cryogenic temperatures. While the not pre-strained sample is solely
subjected to the compression of the PC substrate from 296 K to 5 K, estimated at ~1.2%,



the pre-strained sample is subjected to an effective total substrate compression of
~1.7%, over the full temperature range, from the hot transfer (373 K) down to the base
temperature (5 K).
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Figure 3. Differential reflectance as a function of temperature for (a) not pre-strained and
(b) pre-strained single-layer WS, deposited on a polycarbonate (PC) substrate. Data for
each sample are labelled in the top row of the figure. Spectra are vertically offset for
clarity. (¢) Comparison of differential reflectance spectra acquired at base temperature
(5 K) for both samples. (d) Extracted energy peak positions for resonances Xa (bottom)
and Xg (top), for 1L-WS. deposited on SiO./Si substrate (control sample) from
Supporting Information, Figure S$6, and from panel (a) for the not pre-strained 1L-WS,,
and panel (b) for the pre-strained 1L-WS; deposited on PC. In the case of data from 1L-
WS on SiO,/Si substrate black solid lines represent fits to the temperature-dependent
bandgap model from in Ref. .



The thermal evolution of the exciton peaks for the 1L-WS, deposited on SiO,/Si
was fitted to the O’Donell’s model, which phenomenologically describes the temperature
dependence of the bandgap energy for semiconductors®® (see Figure 3d and
Supporting Information, Section S7). We assume that data for 1L-WS, on SiO./Si
comprises all purely temperature-related effects and can serve as a reference to isolate
the effects arising from the induced biaxial compressive strain from purely thermal
effects. To this end, we subtracted the fitted exciton energies in 1L-WS; on SiO./Si
(ExS©?%) from the exciton energies extracted for the pre-strained and not pre-strained
1L-WS; samples on PC (Ex™®), yielding the strain-induced energy shifts AE = Ex™° -
Ex>©9%S|. These values are presented as a function of substrate deformation for the Xa
exciton in the not pre-strained sample in Figure S7 and for the pre-strained 1L-WS; in
Figure 4a (in Figure S8 for Xzg). Although a small offset could arise due to the slightly
different dielectric environments of SiO./Si and PC substrates at room temperature, this
is expected to remain constant with temperature, as the dielectric constants of both
materials do not vary significantly over the temperature range. We subtracted this
constant offset to focus exclusively on the strain-induced component of AE.

The pre-strained sample exhibits a significantly larger AE than the control,
resulting from the cumulative effect of up to ~0.5% compressive strain introduced during
cooling from 373 to 296 K after hot-transfer, and up to ~1.2% additional compressive
strain accumulated upon cooling from 296 K to 5 K. A total strain-induced AE ~ 200 meV
was observed for the Xa exciton, surpassing by ~50 meV the energy shift measured for
not pre-strained 1L-WS, samples. This value represents the largest exciton energy shift
reported to date for biaxial compressive strain in 1L-WS,.

It is important to note that the deformation of the substrate provides an upper
bound for the total strain transferred to the sample. Previous works estimate strain
transfer efficiencies of ~ 80% from polycarbonate substrates to single-layer TMDCs”"°.
The efficiency of the strain transfer can be quantified by a gauge factor, defined as the
exciton energy shift per unit of substrate deformation. The AE-deformation relationship
is typically assumed to be approximately linear according to theoretical expectations®®¢’,
and thus the gauge factor is usually defined as the slope of this linear dependence.
However, the evolution of AE for Xa exciton with substrate deformation in Figure 4a
reveals a non-linear behaviour. This non-linearity may arise from a slightly non-linear
dependence of exciton energy shift with strain, but also from strain transfer from
substrate to flake being temperature dependent.

To quantify the temperature dependence of strain transfer efficiency, we
calculated gauge factors by fitting the AE—deformation data with a polynomial function
and evaluating its derivative. The resulting gauge factor values are shown as a function
of temperature for Xa and Xs excitons in Figure 4b. Since gauge factors provide an
experimental proxy for strain transfer efficiency, our results therefore indicate that strain
transfer is less effective at high temperatures, resulting in moderate gauge factors. In
contrast, at low temperatures, strain transfer improves significantly, with the gauge factor
saturating near —150 meV/%. Table 1 shows a comparison of the gauge factors obtained
at 5 K with values predicted by theory, which can be considered the upper limit for ideal
strain transfer. The fact that the gauge factor for pre-strained monolayer WS, on
polycarbonate approaches the theoretical values at cryogenic temperatures can be
interpret as evidence of near-perfect strain transfer.
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Figure 4. (a) Energy difference AE(X) = Ex"C — ExS°?Si petween the Xa exciton peak positions in
1L-WS: transferred onto polycarbonate (PC) using a hot transfer method designed to induce pre-
strain, and onto SiO2/Si using a conventional dry transfer. AE(X) is plotted as a function of PC
compression (AL/L, as estimated in Figure S1) and the corresponding maximum strain
transferred to the flake. The black solid line corresponds to polynomial fit of the data. (b) Gauge
factor for Xa exciton, calculated as the derivative of the fit in panel (a). The Young’s modulus of

polycarbonate as a function of temperature is plotted for comparison (data is extracted from ref.
62)_

Two main parameters govern strain transfer from thermal mismatch with
substrates: the thermal expansion coefficient and the Young’s modulus. Although thermal
expansion coefficients vary with temperature, this effect is already accounted for in the
substrate deformation characterization as a function of temperature. Therefore, the
observed temperature dependence of gauge factors is likely related to temperature
variations in the Youngs modulus of polycarbonate. Indeed, while the reported values of
Young’s modulus for polycarbonate differ across studies®>®*, they consistently report a
significant increase of this magnitude with decreasing temperature. Figure 4b overlays
the Young’s modulus of PC, compiled from Refs. 5% with the temperature-dependent
gauge factors, revealing a striking correlation. At higher temperatures the Young's
modulus is lower, leading to reduced strain transfer efficiency. As the substrate stiffens
with cooling, strain transfer improves, and gauge factors accordingly rise.



Table 1. Strain Gauge Factors Obtained from derivative of the polynomial fit of Exciton Energy
shift (AE) versus Substrate Deformation in Figure 4a and Figure S8. Error is estimated from 95%
confidence bounds.

Gauge factor (meV/%) Xa XB
This work -148 £ 3 -144 + 3
-144° -123.8°"
Theory 1517 1307
Henriquez-Guerra et al.,
ACS Appl. Mater. -129+ 3 -112+10
Interfaces, 2023'°
Frisenda et al., npj 2D -947 N
Mater. Appl., 20177 -60*

*Gauge factor value after subtraction of temperature effects on the bandgap energy estimated in
this work.

In summary, our results demonstrate that the efficiency of strain transfer from the
substrate to 1L-WS; is predominantly governed by temperature-dependent variations in
the polymer’s Young’s modulus. To further investigate this, we conducted a comparative
study using polyamide 12 (PA-12)—a polymer with a higher thermal expansion
coefficient but lower Young’s modulus than polycarbonate (see Supporting
Information, Sections $10 and S11). Despite undergoing greater thermal contraction
(~1.9% vs. ~1.2%), 1L-WS; on PA-12 exhibited significantly smaller excitonic blue shifts
during cooldown (AE ~90 meV), indicating less efficient strain transfer (see Figures S$11
and S12). These findings reveal that a high thermal expansion coefficient alone is
insufficient to achieve strong strain transfer; a sufficiently high Young’s modulus is also
essential. This dual requirement is consistent with previous studies”?° and highlights the
critical role of mechanical properties—particularly the temperature dependence of
Young’s modulus—in strain transfer from thermal deformation of polymeric substrates.

CONCLUSIONS

In conclusion, we implemented a hot-dry transfer method onto thermally
expanded polymer substrates, providing a simple and reversible strategy to fabricate
samples with built-in compressive strain at room temperature. More importantly, this
approach enables the induction of larger levels of uniform biaxial compressive strain in
monolayer TMDCs upon cooling to cryogenic temperatures, expanding the
experimentally accessible regime of compressive strain to up to ~1.7%. As a result of the
accumulated strain from both the pre-straining step and further thermal contraction of the
substrate, we observe excitonic blueshifts of up to 200 meV in 1L-WS,—surpassing
previous resports on compressive strain modulation in semiconductors. These findings
establish hot-transfer pre-strainging as a powerful strategy for inducing exceptionally
large biaxial compressive strain in 2D materials at low temperatures. This opens new
opportunities for strain-tuning low-temperature quantum phenomena such as excitonic
behavior, superconductivity, and magnetism.

Our results also reveal a strong temperature dependence in strain transfer
efficiency, with gauge factors increasing from moderate values at room temperature to
150 meV/% at 5 K, approaching the theoretical limit for ideal strain transfer. We attribute
this enhancement to the increase in the Young’s modulus of polycarbonate at low



temperatures. By comparing results using different polymers, we confirmed that a high
Young’s modulus plays a more critical role than thermal expansion coefficient in enabling
efficient strain transfer to 2D materials via thermal mismatch with the substrate,
especially in the low temperature regime

MATERIALS AND METHODS
Fabrication of single-layer WS, samples

2H-WS; crystal (HQ Graphene) was mechanically exfoliated with Nitto 224 SPV tape
onto transparent polydimethylsiloxane (Gel Film WF 4 x 6.0 mil from Gel-Pak®) substrate
for inspection under an optical Motic BA310 metallurgical microscope. The exfoliation
and inspection were carried out under ambient conditions. Differential reflectance
measurements were performed at room temperature to identify single-layer samples.
The selected samples were transferred using either a dry-transfer method®' or a hot
transfer method (at 373 K) onto a 250 um thick polycarbonate (PC, by Modulor Gmbh,
product number 0262951) film with dimensions of 6 mm x 6 mm. The PC substrate was
selected for this hot transfer method due to its high glass transition temperature (423 K)
and high melting point (568-588 K) compared to other polymers, such as polypropylene,
polyethylene, or polyamide®°*%°_ A control sample was simultaneously deposited onto a
6 mm x 6 mm SiO,/Si substrate with a 50 nm oxide layer.

Polyamide 12 (PA-12) filaments from 3D printers were melted between two glass slides
on a hot plate at 250-300 °C for 10 minutes. During the melting process, pressure was
applied to the top of the glass slides using a 100 g mass to achieve a uniform surface.
Once melted, the polymer was naturally cooled to room temperature while pressure was
still applied. To separate the PA-12 films from the glass slides, they were cooled to 5 °C
and then separated with the help of a blade. Films of approximately 1 mm thickness and
dimensions of 6 mm x 6 mm were obtained.

Room Temperature Raman Spectroscopy

Raman spectra were obtained from single-layer WS, samples deposited on
polycarbonate (PC) substrate. Measurements were performed under ambient conditions
using a commercial Renishaw Raman spectrometer equipped with a 532 nm excitation
laser. The laser beam was focused to a spot size of less than 1 ym in diameter, with an
incident power of 25 pW. Each spectrum was acquired with an exposure time of
60 seconds and averaged over two accumulations.

High Temperature Sample Stage

A homemade stage was developed to apply biaxial tensile strain at high temperatures
(>300 K). It consists of a brass plate with a heater (HT24S from Thorlabs) at the bottom,
connected to a 20V power source, to ensure uniform heating over the entire surface of
the plate. A thermistor (10K3A1I Series Il from RS) embedded in the plate measures the
temperature, and an Arduino-controlled solid-state relay and PID controller regulate the
temperature to maintain a rate of approximately 1 K/min during the optical
measurements. The brass plate is mounted on a stage with micromanipulators for
precise movement during measurements.

Thermal expansion/contraction of polymeric substrates



The thermal expansion and contraction levels of PC and PA-12 substrates were
extracted from the optical images of a lithographically micrometer scale pillar pattern at
variable temperatures, following Refs.”'? (see also Supporting Information, Section S1).

Variable Temperature Differential Reflectance Measurements

Differential reflectance measurements were performed using a homemade microscope
setup, based on ref.®®, and illuminated by a SOLIS-3C lamp (400-900 nm) from Thorlabs.
A diaphragm focused the light to a spot size of approximately 3 um on the sample, and
the reflected light was collected by a tube lens and directed to a CCS200/M compact
spectrometer (Thorlabs). Differential reflectance was calculated as DR = (Rsample —
Rsubstrate)/Rsubstrate. FOr the low temperature measurements, this setup was positioned at
room temperature above a tabletop closed-cycle cryostat (AttoDry 800, Attocube GmbH),
which controlled the sample temperature from 5 to 300 K. The cryostat, equipped with a
piezoelectric controller, allowed for precise positioning of the sample. Reflectance
spectroscopy measurements were recorded during both cooling and heating from 300 to
5 K (at approximately 1 K/min) under cryogenic vacuum (< 1 x 10~ mbar) at the same
sample and substrate locations.

Determination of Energy Positions of Exciton Resonances

The positions of the excitonic resonances are determined using the first and second
derivative criteria as described by ref.'°. Local maxima are identified where the first
derivative of the reflectance spectrum equals zero, and the second derivative is negative.
This method can be further validated by fitting the data to the Aspnes’s equation®’. The
positions obtained from both methods show consistent agreement within a 5 meV margin
of error.
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