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Strain tuning MoO3 vibrational and electronic properties
Sergio Puebla 1✉, Hao Li1, Onur Çakıroğlu1, Estrella Sánchez-Viso1, C. Munuera 1, Roberto D’Agosta 2,3✉ and
Andres Castellanos-Gomez 1✉

This work investigates the vibrational and electrical properties of molybdenum trioxide (α-MoO3) upon tensile strain applied along
different crystal directions. Using a three-point bending setup in combination with Raman spectroscopy, we report measurements
of a blueshift of the Raman modes when uniaxial tensile strain is applied along the a- and c-axis to this material. Furthermore, the
electrical measurements reveal an increase in resistance with strain applied along both in-plane directions. The findings from the
uniaxial strain and Raman spectroscopy measurements are further confirmed by ab-initio calculations. This study provides valuable
insights into the mechanical and vibrational properties of α-MoO3 and its potential use in several applications. This study
contributes to the growing body of knowledge on the properties of α-MoO3 and lays the foundation for further exploration of its
potential applications. Given MoO3 holding the natural hyperbolic phonon polaritons, attracting significant research interest, this
study has the potential to arouse the curiosity of the scientific community.
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INTRODUCTION
A variety of two-dimensional (2D) materials have been researched
since the discovery of graphene in 20041 and some of their
properties, like flexibility or charge carrier mobility, even surpasses
those of their bulk counterparts2,3. Inorganic semiconducting 3D
materials tend to break at moderate strain levels, which hampers
their application in flexible electronics. 2D materials have the
property of being durable when they encounter a mechanical
deformation due to the lack of dangling bonds on the surface4.
Along with it, these materials proved to have properties sensitive
to deformations, due to the change of the band structure5–9. In
recent years, strain engineering has become a useful technique to
control different properties of the materials. There are different
methods to apply strain such as lattice mismatch, pre-strained
flexible substrates or bending flexible substrates, among
others3,10–14. Amid the properties that change upon deformation,
the phonon structure of the material is one of the most evident.
This phonon shift with strain has been observed in a wide
selection of van der Waals (vdW) materials, with either blue- and
red-shift of the Raman modes3,8,10–17. Raman spectroscopy is a
powerful and valuable technique for studying the phonons of a
material, and it is widely used in scientific research7,18–21. By
providing detailed information about the vibrational modes of
atoms and molecules, it allows to explore the structural and
chemical properties of materials with precision, versatility, and
ease of use.
A broad spectrum of layered oxide materials has been

thoroughly studied, such as TiO2
22,23, ZnO24–26, MnO2

27–29, among
others30,31. MoO3 owns several crystal systems, being the alpha
phase (α-MoO3) the most thermodynamically stable with a wide
bandgap larger than 2.7 eV32. This phase is formed by layered
sheets in an orthorhombic system, belonging to the space group
Pbnm (#62)33–37, with lattice parameters are: a= 3.96 Å, c= 3.72 Å,
b= 13.86 Å, belonging to the D16

2h point group exhibiting in-plane
anisotropic properties38, providing a new degree of freedom in
space when compared to isotropic materials that can be exploited

in diverse ways32. The Fig. 1 shows a representation of the MoO3

crystal structure using the Pbnm space group notation, panels (a-c)
show the three axes views and, in the panel (d), a cavalier
projection of the crystal structure. In the panel (e) is shown one
octahedron from (d) naming the different oxygen atoms bonded
to the molybdenum atom. α-MoO3 is useful in emerging
applications such as energy storage39–41, nanoelectronics42–44,
gas sensors45, supercapacitors46,47, mechanical engineering48,49,
resistive memories50, among others. Recently, MoO3 has been
deeply investigated since it possesses natural phonon polaritons,
caused from its in-plane anisotropy51–57. Understanding and
controlling the anisotropic material’s properties, especially its
response to mechanical strain, are crucial for optimizing its
performance in these applications and make it broader, such as
straintronics or flexible technologies38.
In a previous work we studied the relation between the

direction of the applied strain and the mechanical response of α-
MoO3 exfoliated flakes using buckling metrology method38, while
the current findings are certainly intriguing, it is clear that further
investigations in this direction are necessary to fully understand
the complexities at play. We have observed a scarcity of
investigations into the anisotropic properties of molybdenum
trioxide, thus this work will increase the comprehension of this
material in terms of its vibrational and electrical properties related
to the mechanical tensile strain along different crystal directions.
We have carried out straining measurements with a homemade
three-point bending set up (see ref. 58 for more information about
this setup), applying uniaxial tensile strain while varying the
orientation of the strain. We have combined this technique with
Raman spectroscopy measurement observing, an unprecedent
blueshift of different Raman modes when the strain is applied
along the a- and c-axes of the α-MoO3, unlike the majority of vdW
materials studied so far, where Raman shifts are typically observed
in the redshift direction upon the application of a tensile strain.
Furthermore, we have performed, with the three-point bending
setup, electrical measurements, observing an increase in
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resistance when a tensile strain is applied along both in-plane
directions. Moreover, we have performed ab initio calculations,
supporting the findings of the energy shift of the Raman modes
and the change in the electrical resistance observed in the
experiments. These findings not only contribute to the funda-
mental understanding of the material but also have practical
implications for the development of innovative devices and
technologies.

RESULTS AND DISCUSSION
The growth of α-MoO3 is carried out through a modified version of
the physical vapor deposition technique, as described in the
ref. 59, developed by Molina-Mendoza et al. In short, this process
involves placing a molybdenum foil on a preheated hot plate at
540 °C and then positioning a SiO2/Si wafer or a muscovite mica
piece on top of the foil. The resulting α-MoO3 flakes grown on the
SiO2/Si wafer tend to present a randomly oriented structure and a
low surface-to-thickness ratio. On the other hand, the MoO3

grown on the mica substrate exhibit wider films with a higher
concentration of thinner and wider flakes. This difference is
attributed to the mica surface (001) providing a defect-free target
substrate, which allows for van der Waals (lattice matching
relaxed) epitaxial growth of the MoO3.
In order to study the Raman spectra taken in our measure-

ments, we focus on two specific modes: The Ag
c mode, which

corresponds to the translation vibration of the rigid MoO6

octahedra chains along the c-axis, and the Ag
a mode, correspond-

ing to the asymmetric stretching vibration of O-Mo-O atoms along
the a-axis35,37. These specific modes are represented, exaggerat-
ing its displacements for a clearer understanding, in the Fig. 2.
For the study of the Raman modes we have used samples

grown on both mica muscovite and a 300 nm SiO2/Si wafer and
then, by using a Gel-Film (Gel-Pak WF x4 6.0 mil) deterministic
transfer methods (see ref. 60 for a detailed information) is used for
transferring the flake on the polycarbonate (PC) substrate (Fig. 3a
depicts a picture of a α-MoO3 transferred, displaying its crystal
orientation), which is then placed into a custom-built three-point

Fig. 1 Crystal structure representation of α-MoO3 using Pbnm space group notation. Perpendicular to (a) b-axis, (b) a-axis and (c) c-axis.
d Cavalier projection of the structure. e Zoom of the panel (d), Mo atom bonded with every O, showing its labels. The dark yellow dashed lines
represent the layers gap.

Fig. 2 Ag Raman modes belonging to α-MoO3. a Ag
a Raman mode belonging to the Mo-O2 bond stretching along a-axis. b Ag

c Raman mode
belonging to translational vibration along c-axis. Labeling the oxygen atoms as in the Fig. 1. Note the translational and stretch movements are
exaggerated to make a clearer explanation.
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bending set up (see Supplementary Fig. 1) to apply strain along
different in-plane directions as described in the ref. 9 The samples
were subjected to a strain ranging from 0% to 0.52%, with a step
of 0.13%, while taking polarized Raman spectra in each strain
direction (For more detailed information on angle-resolved
polarized Raman spectroscopy technique, we refer the reader to
our previous work38). We decided to set that maximum value of
strain due to we observed slippage in our samples for higher
values, being 0.52% a safe maximum strain, Supplementary Fig. 2
shows the slippage behavior (observed in the work61) and
Supplementary Fig. 3 optical microscope pictures of a tested

sample before, and after the strain measurements are carried out,
not observing new cracks and proving that the range we set is
safe.
Panels (b) and (c) in Fig. 3 show the Raman spectra of MoO3

flake upon a uniaxial tensile strain along the two perpendicular
directions of the material, with the polarization set parallel to the
strain, leads to a blueshift in the wavenumber of two significant
Raman modes, the Ag

c mode (~160 cm−1) and the Ag
a mode

(~820 cm−1), respectively. The shift in the wavenumber of these
modes is a direct result of the change in the lattice structure of the
MoO3 flakes under the applied strain. When the samples were
released from the strain, the wavenumbers of the Raman modes
shifted back to their original values, indicating that the change in
the lattice structure is reversible.
In order to test the reproducibility of these strain tuning Raman

spectra, Fig. 4 shows the wavenumber shift of the Ag
c, painted in

red colors, and Ag
a, shown in blue colors, modes along 5 cycles of

loading/unloading (Supplementary Figs. 4 and 5 show the full
Raman spectra of the cycles in Fig. 4). We have studied six samples
using SiO2 as the target substrate and three samples using mica.
We then obtain a Raman Gauge Factor (RGF), defined as the shift
of the wavenumber per % of tensile strain.
By applying strain along the c-axis we have encountered, for the

Ag
c mode, an average value of 4.2 ± 0.7 cm−1/% (3.7 ± 0.6 cm−1/%

for the samples belonging to the SiO2 target substrate and
5.3 ± 1 cm−1/% for the mica substrate ones), and for the Ag

a mode,
an average value of −1.0 ± 0.9 cm−1/% (−1.1 ± 0.6 cm−1/% for the
samples belonging to the SiO2 target substrate and
−0.4 ± 1.2 cm−1/% for the mica substrate one).
By applying strain along the a-axis we have found for the Ag

a

mode, an average value of 5.4 ± 1 cm−1/% (5.3 ± 1 cm−1/% for the
samples belonging to the SiO2 target substrate and
5.5 ± 0.9 cm−1/% for the mica substrate one), and for the Ag

c

mode, an average value of 1.8 ± 0.6 cm−1/% (2.3 ± 0.5 cm−1/% for
the samples belonging to the SiO2 target substrate and
1.6 ± 0.7 cm−1/% for the mica substrate one).

Fig. 3 Raman shift of Ag
c and Ag

a modes in MoO3 when applying strain along c and a-axes, respectively. a Optical pictures of a α-MoO3
sample placed on a polycarbonate substrate, showing with red dots the direction of the c-axis (top) and the orientation of the a-axis with blue
dots (bottom). The strain applied and the direction of the linearly polarized laser used are shown in white and green arrows, respectively. Scale
bar of 10 μm is shown in the bottom image. b The Raman shift of Ag

c mode when the strain and the polarization are set along the c-axis and
(c) The Raman shift of Ag

a Raman mode when the strain and the polarization are set along the a-axis. Both measurements are taken along a
full cycle of strain (from 0% to 0.52% to 0% again). The experimental data is plotted in dots, which is fitted with a pseudo-Voigt function,
depicting the function with a thin line, and adding the background with a thicker one. To stress the shift of the modes, dashed light red and
blue lines are added along the peaks as a guide for the eye in the (b) and (c) plots, respectively.

Fig. 4 Ag
c mode (in red) and Ag

a mode (in blue) of a α-MoO3
sample along 5 cycles of strain. Experimental data is plotted as
squares and dots, respectively. A linear fit of the data is used to
extract the gauge factor, and the shaded area around the fit
represents the uncertainty of the gauge factor extracted from the
linear fit.
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Supplementary Table 1 of the Supplementary Information
shows the average values of the RGF of each sample along with
its uncertainty, and thickness, ranging from 16 nm to 23 nm. (An
AFM image of one of the samples tested is displayed in
Supplementary Fig. 6). In this table, the RGF values are presented
with polarization parallel to the direction of the applied strain,
except in the cells where the direction of polarization is specified
as “polar. // c” or “polar. // a”. When applying strain along a-axis
and the polarization is set parallel to it, the intensity of the Ag

c

mode becomes weaker than the background, thus we cannot
know the RGF in that specific case (see Supplementary Fig. 4 and
Supplementary Fig. 5. Additionally, we do not observe a
dependence of the RGF with the thickness in the range we have
studied.
Our observations reveal a discrepancy in the direction of the

Raman mode shift compared to what is typically observed in other
vdW materials6,8,10–12,62,63. Furthermore, a study conducted by Lv
et al.64 showed that the Ag

a Raman mode of MoO3 redshifted with
an increase of temperature. To shed light on this, we conducted
theoretical calculations of Raman modes of MoO3 under a uniaxial
strain ranging from −1% (compression) to +1% (tension). Figure 5
illustrates the Raman modes of a MoO3 sample subjected to strain
from −1% to +1%, with a zoomed-in view (between two dashed
vertical gray lines) of the shift of the Ag

c and Ag
a modes in the

inset. Our calculations show, not only a consistent sign of
wavenumber shift, but also the shift value for the Ag

a mode is
larger than the one of the Ag

c mode with a RGF of 2 ± 1 cm−1/%
for the Ag

c mode and 13 ± 1 cm−1/% for the Ag
a mode. For our

theoretical calculations applying strain along one direction and
measuring the Raman mode belonging to the perpendicular
direction we observe a RGF of 1 cm−1/% for the Ag

c mode, and
−4 cm−1/% for the Ag

a mode. Thus, we can observe that the
experimental results and the theoretical calculations agree not
only in trend, but they also possess the same order of magnitude
in the RGF.
To elucidate the distinctive blueshift observed in this material,

when compared to most of the other vdW materials reported in
the bibliography, we conducted a comprehensive review of the
relevant literature. In a study focusing on the vibrational modes of
multi-walled tungsten sulfide nanotubes, it was noted that the
inter-layer vibration mode, denoted as A1

g, exhibits sensitivity to
variations in diameter and curvature-induced strain. The authors
of this study postulated that an increase in the number of layers
would intensify the van der Waals forces, thereby enhancing the
stiffness of atomic vibrations and leading to a blueshift in the A1

g

mode65. This phenomenon mirrors observations in two-
dimensional transition metal dichalcogenide films66,67.

Furthermore, Li et al.12 study Raman modes of black phosphorus
with uniaxial strain, obtaining positive and negative shifts of the
A1

g and B2g Raman modes depending on the direction of strain.
The authors claim that this behavior corresponds to structural
parameters. The applied strain, denoted as ε, comprises two
components: longitudinal strain (εlong) aligned with the direction
of strain, and transverse strain (εtrans), oriented perpendicular to it.
These components are defined as εlong= ε and εtrans= -v·εlong
where v represents the Poisson’s ratio. Notably, theoretical results
from Huang et al.68, emphasized that a compressive strain along
the b-axis results in a slight expansion of the a-axis constant and a
marginal contraction of the c-axis constant. Figure 2 in their study
further illustrates that distortions along the b and c axes follow a
similar trend, and opposite to the trend observed along the a-axis.
From these findings, we can conclude that the interplay

between three orthogonal directions, the direction spanning the
different layers in the b-axis, as well as the a and c axes, plays a
pivotal role in accounting for the observed redshift (blueshift) of
the Ag

a mode when strain is applied along the c-axis (a-axis).
Moreover, this interplay elucidates the blueshift observed in the
Ag

c mode when tensile strain is applied along both in-plane
directions. Thus, these findings provide a strong framework for
comprehending our own experimental results, although deeper
research can be made in this direction in order to inspect carefully
the specific modes and their behavior.
Moreover, we have carried out a cycling test to estimate the

maximum number of stretching cycles. We have prepared a new
MoO3 sample of 28 nm thick on PC and we have performed
100 strains from 0% to 0.52% along the a-axis while we inspected
the Ag

a mode, obtaining the RGF in some cycles. Supplementary
Fig. 7 shows the RGF vs the number of cycles, where it is observed
that the trend of the behavior is the same after that amount of
cycles, although an increase of RGF absolute value is observed
after a certain number of cycles, suggesting the preservation of
the material properties.

Electrical characterization with strain
In addition to the phonon characterization of MoO3, we have also
studied the electrical piezoresponse of the material using the
same steps in the growing method but using only mica muscovite
as substrate. The reason of this decision is to yield wider and more
uniform samples, which in turn enable us to interconnect the
MoO3 samples with the electrodes along both in-plane directions.
The samples are transferred onto pre-patterned Au electrodes
(50 nm thick and a separation distance of 20 μm), evaporated on a
PC substrate using a deterministic transfer method, as shown in

Fig. 5 Theoretical Raman shift of MoO3 under strain. Theoretical Calculations of α-MoO3 strained along (a) c-axis and (b) a-axis. It is shown a
compression strain of −1% (in black color in both plots), to a tensile strain of +1% in red for the c-axis and blue for the a-axis. An inset of the
plot is used to focus the attention of the Ag

c (with a range of 100–180 cm−1) and Ag
a (with a range of 740–820 cm−1), respectively.
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the optical image of Fig. 6a. To accurately measure the electrical
response, the PC substrate was placed in an automated three-
point setup, which was described in detail in the ref. 69. To ensure
low-noise electrical measurements, the setup was placed inside a
Faraday cage made of die-cast aluminum, as detailed in the
Methods section (Supplementary Fig. 8). It protected the
measurements from any electromagnetic perturbations that could
have disrupted the results, leading to cleaner measurements. We
conducted electrical measurements, at room temperature and
ambient atmosphere, on the samples by connecting the gold
electrodes to a sourcemeter (Keithley® 2450). A voltage of ±10 V
was applied between the electrodes, resulting in a linear current in
the order of nA. When a tensile strain was applied to the sample,
the current decreased, as shown in Fig. 6b. This process is
depicted through a cycle of strain from 0% to 0.7% with a step of
0.1%. The decrease in current when a tensile strain was applied
highlights the responsiveness of the samples to different strains.
We have carried out electrical measurements applying strain

along the a- and c-axes and we have obtained the resistance of
the sample along five cycles of strain, showing reproducibility in

the measurements, depicted in Fig. 7a. With the aid of the data in
the panel (a) we can calculate the Piezoresistive Gauge Factor
(PGF) using the following equation70:

PGF ¼ ΔR
εR0

(1)

Where ΔR is the change in resistance due to uniaxial strain, R0 is
the unstrained resistance and ε is the uniaxial strain applied.
Figure 7b shows the difference of resistance when a strain is
applied and when the sample is relaxed, obtaining the slope and
the PGF belonging to each axis. We have used a linear fit in the
region 0–0.5% of strain due to the sublinear behavior of the
experimental data in the region 0.5–0.7% of strain. We have
repeated these measurements with up to six samples, connecting
three of them along c-axis and the rest along the a-axis.
Surprisingly, we do not observe a substantial difference in the
PGF between the two in-plane directions. Supplementary Table 2
shows in detailed the electrical values and physical dimensions of
the samples we have used. We obtain an average PGF values of
38 ± 1 along the c-axis and 38 ± 3 along the a-axis.

Fig. 7 Resistance shift of MoO3 when applying strain along a and c-axes. a Change of resistance along five cycles of strain along the c-axis,
in red, and a-axis, in blue; applying a tensile strain from 0% to 0.7% in each cycle. A linear fit in each cycle is applied and the uncertainty is
calculated and shown as a shade of the linear fit. b Difference of resistance with the resistance at 0% of strain (R0) versus the strain applied, a
linear fit (from 0 to 0.5% of strain, due to the sublinear behavior of the experimental data for more strain) is used and plotted as a straight line,
the uncertainty of the fit is then calculated and shown as a shade. The slope of the fit and the PGF are calculated and written in the plot.

Fig. 6 Electrical measurements of MoO3. a Optical microscope picture of a α-MoO3 sample transferred onto Au electrodes evaporated on PC,
aligning the c-axis parallel to the edge of the Au contacts, specified with arrows in the panel. Scale bar shown of 25 μm. b Current vs voltage
measurements of the sample in (a) applying different values of strain, from 0% to 0.7% with a step of 0.1%.
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In comparison with the work of W. Xiaonan, et al.71, we have
obtained an opposite trend in the change of resistance when a
strain is applied. In that work the authors synthesize α-MoO3 of
µm size by physical vapor deposition and perform the electrical
measurements at a temperature of 200 °C under vacuum
conditions. They claim that there is a piezoresistive effect
occurring in their samples, which results from the strain-induced
modulation of the band gap.
We have carried out theoretical calculations to obtain a change

of conductance that agrees with our experimental results. In these
calculations, the origin of the characteristic in the PGF is ruled by
the following equation70:

PGF ¼ GFρ þ 1þ 2ν; (2)

where GFρ is the Gauge Factor of the resistivity, being this
parameter intrinsic of the material, while the second part of the
Eq. (2) refers to the Poisson’s ratio, ν. Usually the Poisson’s ratio is
relatively small when compared to the GFρ. Our numerical results,
based on the solution of the Boltzmann transport equation for the
electrons, in the linear response regime, shows that the electrical
conductance shows little selectivity on the direction of the strain.
Meaning that the piezoresistive gauge factor is essentially the
same in both directions of the applied strain. This observation
suggests that the dominant effect to determine the change in the
conductance is the strain-induced variation of the band gap, while
other factors (effective masses, relaxation times) are only weakly
affected by the strain. Using these calculations, Fig. 8 displays the
difference of the electrical resistance with the resistance at 0% of
strain (R0) of a MoO3 device with similar dimensions to the
samples that we experimentally tested. To perform these
calculations, we employed a relaxation time of 100 fs. Further-
more, we estimated the theoretical PGF for this device, which
turned out to be 3.94 along the a-axis and 3.73 along the c-axis.
These values suggest that the electrical resistance exhibits
behavior similar to our experimental results.
To further investigate in this topic, we have studied the

dependence of the electrical resistance with the doping level (N),
shown in the Supplementary Fig. 10, using the same the
geometrical factors in Fig. 8. Thus, it can be observed that, by
using the theoretical calculations, the electrical resistance
increases when a tensile strain is applied and decreases with a
compressive strain. Although there is a difference of three order of
magnitude of the absolute values of the resistance with the
experimental results, we observe the same trend of PGF along
both axes, which agrees with our experimental results. The

discrepancy between theory and experiment in the measured
value of the resistance has indeed many origins and is difficult to
assess.
On the one hand, our system is ideal -- we have not introduced

any defects, impurities, or extra charges in our numerical
description of the system. The introduction of a defect or impurity
requires the use of large supercells. However, with these
techniques, one is usually limited to high doping levels. An
analysis based only on the results of these calculations would
probably be inconclusive. The evaluation of the transport
coefficient with the BTE relies on the Relaxation Time Approxima-
tion. We have tried a more refined estimate based on the Electron-
Phonon averaged approximation (EPA)72,73, which provides a
strong renormalization of the relaxation time in other systems74

and accurately reproduces a more refined approximation. Our EPA
and RTA results agree (See Supplementary Fig. 11 in the
Supplementary Information), suggesting that our estimate for
the relaxation time at 100 fs is accurate for this material. On the
other hand, it is well known that DFT might overestimate electrical
conductivity. The reason for this behavior lies in the standard DFT
approximations, which tend to delocalize the electronic wave
function. This delocalization facilitates diffusion and electron
transfer, thus reducing electrical resistance. However, our theore-
tical modeling reasonably reproduces the experimental gauge
factors, thus suggesting that the effect leading to a larger
electrical resistance does not strongly depend on strain. Further
investigations can be realized in order to deeply investigate these
phenomena.
In conclusion, we have investigated, the direction-dependent

vibrational and electrical properties of α-MoO3 when subjected to
uniaxial strain. The findings of this study were supported by ab-
initio calculations, and it was shown that the application of tensile
strain along the same axis led to a blueshift in the wavenumber of
two significant Raman modes, the Ag

c mode and the Ag
a mode,

showing the opposite trend when compare with most of the other
van der Waals materials studied. Moreover, we have observed an
increase of the electrical resistance when a tensile strain is applied
to the material, showing no difference of piezoresistive gauge
factor along the two in-plane directions of α-MoO3. This study
increases our understanding of the mechanical, optical, and
electrical anisotropic properties of this material.

METHODS
Growth and deposition
We have based our present grown procedure on a modification of
the hot plate growth method developed by Molina-Mendoza
et al.59. A Mo foil is placed on a hot-plate, preheated at 540 °C, and
on top the substrate where the MoO3 is going to be evaporated.
We have used, as target substrates, a Si/SiO2 wafer and a mica
muscovite film for the Raman measurements and only the mica
muscovite film for the electrical measurements. The Mo oxidizes
and evaporates onto the substrate for 10–20min. Once the
growth of the crystals is finished, the MoO3 is firstly exfoliated
onto a polydimethylsiloxane (PDMS) (Gel-Film WF x4 6.0 mil, by
Gelpak®) and then transferred onto a PC substrate using a
deterministic transfer method60,75.

Optical microscopy images
Optical microscopy images were acquired using a Motic BA310
MET-T microscope equipped with a 50 × 0.55 NA objective and an
AMScope MU1803 CMOS Camera. More information about the set
up can be found in the work of the ref. 76

Fig. 8 Difference of resistance with the resistance at 0% of strain
(R0) versus the strain applied using theoretical calculations over a
range from −1% to +1%. A linear fit of the data, in dark blue and
red colors for a- and c-axes, respectively. Uncertainty region in
shaded-area is shown. The slope and the PGF is obtained.
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Strain dependent Raman linear polarized spectroscopy
Strain dependent Raman linear polarized spectroscopy: the disc-
shape flexible substrate containing the desired flake on its center
is loaded into the three-points bending system, depicted in
Supplementary Fig. 1, in the Supp. Info., and the whole system is
mounted under the objective of an confocal Raman microscopy
system (MonoVista CRS+ from Spectroscopy & Imaging GmbH)
using a 532 nm excitation laser with an incident power of
1.139mW and a 50× objective with the integration time of 60 s.
The assigned flake is centered with respect to the central pivot
using microscope inspection with the camera of the Raman
system.

Electrical measurements with strain
Electrical measurements were carried out with a Keithley®

2450 source measure unit. The MoO3 devices were fixed on an
automated home-made three-points bending setup, well-
explained in this work69, to conduct the well-defined tension
deformations. The setup is placed inside a Faraday cage made of
die-cast aluminum, in which has been included the BNC
connections (see Supplementary Fig. 8). The electrical resistance
of the device was determined by measuring current vs. voltage
characteristics at various uniaxial strains. The Gauge Factor has
been obtained using the Eq. (1), in which the uncertainty region
has been derived using Propagation of error theory.

Numerical methods
We have performed ab-initio calculations to obtain the Raman
spectra and the transport coefficients. For the Raman spectra we
have used GPAW77,78 in combination with ASE79–81. Starting with
the available atomic configuration of bulk MoO3, we have
performed an energy minimization to obtain the equilibrium
atomic positions. We have therefore modified the lattice constant
in either the a or c direction to mimic the effect of external tensile
strain. For each of the applied strain direction and magnitude, we
have performed a new energy minimization to reduce the atomic
residual forces. We then proceed to calculate the Raman spectra
following the guidelines in the GPAW website. The code calculates
the phonon structures and then the Raman tensor. For the
electronic transport calculation, we have used Quantum Espresso
in combination with Boltztrap282–84. The former is an ab-initio
plane wave code that calculates the electronic structure of the
materials. BoltzTrap2 calculates the response coefficients through
the numerical solution of the Boltzmann transport equation, in the
constant relaxation time approximation. It uses for this calculation
the electron bands obtained via Quantum Espresso.
For GPAW we used in plane-wave and LCAO mode. For the

energy minimization steps, we used a uniform k-point mesh of
8 × 8 × 8 in the first Brillouin zone. This is reduced to 5 × 5 × 5 for
the calculation of the Raman spectra for a supercell 2 × 2 × 2. The
convergence criterion is set on the density as a variation between
loops of 10−7.
For the Quantum Espresso calculations, we use ultra soft

pseudopotentials in the generalized gradient approximation
developed in the PBE scheme85,86 with an energy cut-off of
40 Ry for the wave function and 400 Ry on the density. An 8 × 8 × 8
uniform mesh is used for the energy minimization, while a uniform
mesh of 10 × 10 × 10 is used for the non-self-consistent calcula-
tion. The convergence is achieved when the energy changes are
below 10−9 Ry.
In both GPAW and Quantum Espresso, we have included van

der Walls corrections through the Grimme D2 approximation87.

DATA AVAILABILITY
The data of this study are available from the corresponding author upon reasonable
request.
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