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Abstract: Exploring flexible electronics is on the verge of innovative breakthroughs in terahertz
(THz) communication technology. Vanadium dioxide (VO2) with insulator-metal transition
(IMT) has excellent application potential in various THz smart devices, but the associated THz
modulation properties in the flexible state have rarely been reported. Herein, we deposited
an epitaxial VO2 film on a flexible mica substrate via pulsed-laser deposition and investigated
its THz modulation properties under different uniaxial strains across the phase transition. It
was observed that the THz modulation depth increases under compressive strain and decreases
under tensile strain. Moreover, the phase-transition threshold depends on the uniaxial strain.
Particularly, the rate of the phase transition temperature depends on the uniaxial strain and reaches
approximately 6 °C/% in the temperature-induced phase transition. The optical trigger threshold
in laser-induced phase transition decreased by 38.9% under compressive strain but increased by
36.7% under tensile strain, compared to the initial state without uniaxial strain. These findings
demonstrate the uniaxial strain-induced low-power triggered THz modulation and provide new
insights for applying phase transition oxide films in THz flexible electronics.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The THz frequency region of the electromagnetic spectrum has attracted considerable attention
because of its huge application potential in next-generation communication technology. For
this vision, THz smart devices, such as but not limited to modulators and switching, need to
be explored urgently, and many advanced materials for these purposes have emerged [1–4].
The rapid development of flexible electronics has been proposed to be fundamental for smart
communication technologies, wherein the most exciting vision is called the Internet of Thing
(IoT). Flexible electronics, such as wearable devices, implantable medical devices, electronic
skin, and intelligent electronic fabrics, have been proposed as part of the blueprint for future
human life [5–8]. In turn, there is a high demand for developing flexible and tunable THz devices
based on new materials and concepts.

Several materials have been proposed to develop flexible THz devices, such as conductive
polymers [9], two-dimensional materials [10], and liquid crystals [11]. However, the lack of
THz modulation depth, operation speed, and insertion loss is yet to be resolved. As a typical
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phase change material, vanadium dioxide (VO2) undergoes a reversible IMT near 341 K, with
the resistivity changing sharply by 4-5 orders of magnitude [12–16]. The IMT occurs at an
ultrafast time scale and can be triggered by multiple approaches, such as thermal [16–18],
electrical [19], optical [20–23], and strain stimuli [24]. These characteristics make VO2 an
intriguing material for use in tunable THz devices. In particular, the compatibility of VO2 with
metamaterials has been explored to realize various THz smart devices, including switching,
amplitude modulation, phase modulation, and sensing [25–31]. However, the growth of VO2
always requires a high-temperature condition (400–600 °C) for the nucleation and stoichiometric
evolution of VO2 (owing to the multiple valence characteristics of vanadium). Therefore, VO2
films for THz devices are generally deposited on rigid substrates such as TiO2 [17], sapphire
[32], or SiO2 [33]. Thus, developing flexible THz devices based on VO2 is a great challenge
because most flexible substrates, such as polymers, cannot withstand high temperatures.

Recently, a lift-off strategy has been proposed for realizing flexible VO2 films. The film can
be released from the substrate by etching a sacrificial layer between the film and substrate and
then transferring it onto a flexible substrate. For example, Li et al. recently lifted an epitaxial
VO2 film from the substrate using a ZnO sacrificial layer and realized a high-quality freestanding
VO2 membrane with a large size of 900 mm2 [34]. Han et al. reported that ultrathin VO2 films
were detached from the substrate by dissolving a Sr3Al2O6 sacrificial layer [35]. Nevertheless,
the lift-off method always requires a long reaction time in the etching solution, and the transfer
process should be controlled carefully to ensure the integrity of the films and avoid cracks or
breakages [34–36]. In response to these challenges, it has been proposed that the growth of
VO2 films directly on mica substrates would be more promising for preparing flexible VO2 films
[37,38]. Mica substrates are highly flexible, chemically stable, and tolerant to high temperatures.
Moreover, it has been demonstrated that VO2 can be grown directly on mica substrates via
van der Waals (vdW) epitaxy, which mitigates misfit strain and substrate clamping for flexible
electronics applications [39–42]. Thus, it has great potential for developing flexible and smart
electronic devices based on VO2 films. For example, Li et al. successfully fabricated a flexible
VO2 film on a high-tolerance mica substrate and used it for in-sensor computing applications
with ultraviolet light [26]. Wang et al. demonstrated an infrared meta-absorber with mechanical
flexibility and electrical tunability based on a VO2 film on a flexible mica sheet [18]. However,
the investigation of flexible VO2 films in the THz range has not yet been reported. In particular,
the THz modulation properties and excitation power for triggering the phase transition are the
most important parameters for applying flexible VO2 films in smart THz devices.

In this work, we fabricated epitaxial VO2 films on a mica substrate by pulsed laser deposition
and investigated their THz transmission properties under uniaxial tensile strain and compressive
strain across temperature-induced and laser-induced phase transitions. It can be observed that
the uniaxial strain affected the THz modulation depth and the phase transition threshold of the
flexible VO2 films. In the temperature-induced phase transition process, the modulation depth
could be tuned from 80.1% under compressive strain (-0.48%) to 71.3% under tensile strain
(0.48%). In addition, the phase transition temperature decreased under compressive strain but
increased under tensile strain. More interestingly, compared to the initial state, the optical trigger
threshold is reduced by 38.9% under compressive strain, whereas it is increased by 36.7% under
tensile strain in the laser-induced phase transition. Using this method, we can design flexible
VO2 films with excellent THz modulation properties but a low-power triggered superiority in the
phase transition. Therefore, this would promote VO2-based flexible THz devices.

2. Experimental section

2.1. Sample preparation

We used a V2O5 target to deposit the VO2 film on the (001) native mica substrate by pulsed laser
deposition with a KrF excimer laser (λ= 248 nm, coherent) operated at a laser repetition rate of
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10 Hz for 20 min and a laser fluence of 1 J/cm2. The deposition was conducted at 5 mTorr oxygen,
and the substrates were heated to 650 °C. The thickness of the VO2 thin films was approximately
122 nm. The thickness of mica was approximately 40 µm. The dimensions of the samples were
6× 7 mm.

2.2. Characterization

The phase compositions of the deposited films were characterized by X-ray diffraction (XRD).
X-ray photoelectron spectroscopy (XPS) was used to get core-level spectra of the VO2 layer
(depth within 10 nm) with Thermo K-alpha XPS System from Thermo Fisher (ESCALAB 250 Xi,
USA) with a base pressure better than 8.0× 10−3 Pa employing a monochromatic Al Kα radiation
source (hν=1486.6 eV). Transmission electron microscopy (TEM) was used to confirm the crystal
structure and quality of the interfaces. A typical THz time-domain spectroscopy (THz-TDS) was
used to measure the THz modulation properties of the VO2 film under strain during temperature-
induced IMT. The samples were mounted on an mK2000 temperature controller, which offers
precision, accuracy, and stability for the temperature measurements. Time-resolved terahertz
spectroscopy (TRTS) (see Supplement 1 for details) is used for researching the laser-induced
phase transition of the VO2/mica film under strain. Briefly, a 1-mJ, 100 fs laser at 800 nm with a
500 Hz repetition rate was used in this system. The laser was separated into three beams, one
of which was frequency-doubled to 400 nm and mixed with the fundamental 800 nm pulse to
generate broadband THz light in nitrogen-purged air. The second 800 nm beam was chirped and
combined with THz light to produce a visible probe light by a third-order nonlinear process called
four-wave mixing (ω1+ω1−ωTHz=ω2). The up-conversion of visible probe light was recorded
using an optical spectrometer with an Andor EMCCD (Oxford Instruments). Then, nonlinear
spectral up-conversion was achieved, allowing direct detection across the entire source spectral
range in the frequency domain without Fourier transformation. The third 800 nm beam served as
the pump light to excite the IMT process of the VO2 film (see Supplement 1 for details). In the
strain-dependent optical-pump TRTS measurement, the terahertz beam spot was 0.2 mm, while
the optical beam spot was 0.5 mm. The optical pump and the terahertz beam were both impinged
at normal incidence. The entire THz beam path was purged with high-purity nitrogen to prevent
water vapor absorption.

3. Results and discussion

To examine the phase compositions and structural information of VO2/mica heteroepitaxy, a
typical XRD, XPS, and TEM (see Supplement 1 for details) were used. These results indicate
the high crystalline quality of thin films without secondary phases. In addition, a defect-free and
non-coherent interface implies the presence of a weak interaction between the two materials,
validating vdW epitaxy in the VO2/mica heterostructure.

When the VO2/mica heterostructure is compressed or stretched out of equilibrium, strain is
generated. The stiffness tensor provides the constitutive relationship between the stress and the
final strain state. The external uniaxial strain of the VO2/mica film in the bent state was calculated
using the following formula [43]:

ε = ±
y/2 + t

R
× 100%, (1)

where R, y, and t represent the bending radius, substrate thickness, and thin film thickness,
respectively. Figure 1(a) shows a schematic of the VO2 film under tensile and compressive strains.
In particular, the film is subjected to tensile strains when the obverse of the VO2/mica film is
upward on the bending equipment, where ε is a positive value, while the reverse of the VO2/mica
film is upward on the bending equipment, where ε is a negative value representing compressive
strain. The VO2/mica film strain was measured while maintaining the bending state. The external
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uniaxial strain values of the VO2 film under various bending radii are shown in Fig. 1(b). The
theoretical value of the external strain applied to the plane of the VO2/mica heterostructures
was 0.24% with a bending radius of 8.3 mm and 0.48% with a bending radius of 4.16 mm. The
external bending equipment in the inset of Fig. 1(b) was made of aluminum for good thermal
conductivity and had dimensions of 40× 16× 15 mm3. A small square hole with a side length of
5 mm at the center was used for THz transmittance measurements. Figure 1(c) shows an optical
image of the flexible VO2 film on the mica substrate, reflecting the excellent flexibility of the film.

We observed a uniaxial strain-dependent THz modulation depth for the flexible VO2 film across
the temperature-induced phase transition using the THz-TDS system. The THz transmission
properties of the VO2 film were investigated in the temperature range of 25-95 °C. As shown
in Fig. 2(a)-(c), the THz time-domain transmission signals exhibited an obvious temperature
dependence. In particular, the decreased transmission amplitude with temperature indicates
an insulator-metal phase transition during heating, and the increased transmission amplitude
with temperature proves the metal-insulator phase recovery during the cooling process (see
Supplement 1 for details). In addition, we obtained the frequency-domain transmission amplitude
for the VO2 thin films during the heating process (from 25 °C to 95 °C) under different axial
strains (see Supplement 1 for details). Moreover, the phase transition characteristics can be
observed under different uniaxial strains, from compressive (-0.48%) to tensile (0.48%). Based on
multiple sets of experiments and the recording of transmittance signals across the phase transition,
we obtained the THz modulation depth of the film under different uniaxial strains, as shown
in Fig. 2(d). Here, the THz modulation depth (Md) was calculated as Md = EI(t)−EM(t)

EI(t) × 100%
, where EI(t) and EM(t) are the THz electric fields transmitted through the VO2 film at the
insulator phase and metallic phases, respectively. The THz modulation depth shows a downward
trend with the tensile strain and an upward trend with the compressive strain. In detail, Md is
80.1% for the film under a uniaxial strain of -0.48% (compressive) and 71.3% for the film under
a uniaxial strain of 0.48% (tensile).

The effect of uniaxial strain on the THz modulation properties of the flexible film was further
investigated by evaluating the THz transmittance under different uniaxial strains before and after
the phase transition. The frequency-domain spectra and normalized THz transmission spectra as
a function of frequency for the VO2 film under different uniaxial strains across the phase transition
were obtained (see Supplement 1 for details). Figure 3(a) shows the normalized THz transmission
amplitude for the film before (25 °C) and after (95 °C) the phase transition under different
uniaxial strains from -0.48 to 0.48%. The result indicates nearly the same THz transmission
of approximately 90% under different uniaxial strains before phase transition. However, the
transmission amplitude decreased with compressive strain but increased continuously with tensile
strain after phase transition. This result is consistent with the THz modulation depth shown in
Fig. 2(d).

To obtain deeper insights into the impact of strain on the phase-transition characteristics of the
flexible VO2 epitaxial film, we extracted the transient THz conductivity of the VO2 film under
different uniaxial strains during the IMT dynamic process. Specifically, the frequency-dependent
real and imaginary parts of the THz conductivity spectrum of VO2 films under different axial
strains during the temperature-induced phase transition (see Supplement 1 for details) is directly
proportional to the strain-induced THz electric field transmission using the following equation
[44]:

Esub(w)
Esam(w)

=
nAir + nsub

nAir + nsub + Z0σ(w) l
, (2)

where Esub(w) and Esam(w) represent the THz transmission amplitudes of the bare substrate
and the sample, respectively. nAir is the refractive index of air, equal to 1, and the refractive
index of the substrate in the THz range determined by our THz-TDS is approximately 1.58. The
thickness of the film is approximately 122 nm, and the impedance of the free space is Z0 = 377
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Fig. 1. (a) Schematic of the sample under tensile and compressive strains, where R is the
bending radius, y is the thickness of the mica substrate, and t is the thickness of the VO2 film
(the blue arrows represent tensile strain and the red arrows represent compressive strain). (b)
External uniaxial strain in the VO2 films under various bending radii. The inset shows the
schematic of the bending equipment. (c) Optical image of the flexible VO2 film on the mica
substrate.

Ω. Figure 3(b) shows the magnitude of the real part of the THz conductivity [σreal(w) ] as a
function of the external uniaxial strain across the phase transition (from 25 °C to 95 °C), which is
calculated at 0.42 THz. It can be clearly seen that the THz conductivity has very little discrepancy
under uniaxial strain before the phase transition but increases with compressive strain, while
it decreases with tensile strain after the phase transition. Thus, it can account for lower THz
transmission under compressive strain, but higher THz transmission under tensile strain. This
phenomenon has been reported in VO2 nanobeams under different external strains: the resistance
increased with tensile stress, while it decreased with compressive strain [27]. Lattice compression
usually increases orbital overlap and electronic bandwidth [45]. In the insulator state, the π∗
orbitals lie above the Fermi level (EF), and electron transfer is not expected owing to the relatively
small changes in the lattice parameters. In contrast, strain-dependent orbital occupation changes
are significant in the metallic state. Remarkably, this implies that the orbital occupation of the
metallic state is directly related to the applied uniaxial strain [13].

The temperature-induced phase transition of the flexible epitaxial VO2 film was observed by
recording the hysteresis loop of the normalized THz transmission vs. temperature. As shown
in Fig. 4(a)-(c), the film under different uniaxial strain states exhibits a drastic decrease in THz
transmission during heating but recovery of THz transmission during cooling, corresponding to
the IMT and metal-insulator phase recovery, respectively. The phase transition temperature could
be obtained according to the derivatives of the temperature dependence of THz transmission that



Research Article Vol. 31, No. 8 / 10 Apr 2023 / Optics Express 13248

Fig. 2. THz transmission properties of the VO2 film on mica under strain and temperature.
(a–c) Strain and temperature dependences of the THz time-domain transmission signals of
the VO2/mica heterostructures during heating processes. (d) THz modulation depth of the
VO2 film under different uniaxial strains.

Fig. 3. THz transmission spectra and photoconductivity spectra of VO2 film under strain.
(a) THz transmission spectra under different uniaxial strains from -0.48 to 0.48% across the
phase transition at the temperature range from 25 to 95 °C. (b) Real part of photoconductivity
spectra under different uniaxial strains before (25 °C) and after phase transition (95 °C),
which is calculated at 0.42 THz.
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were extracted from each of the hysteresis loops (Insets in Fig. 4(a)-(c)). Figure 4(d) shows the
IMT temperature as a function of the external uniaxial strain in the THz region. In particular,
the IMT temperature increased linearly from compressive strain to tensile strain with slopes
of approximately 6.0 °C per % during both heating and cooling processes. Here, the strain
imposed on the flexible VO2 film followed the process: original state → compressive → release
→ tension → release). The results indicate the repeatable and stable performance of the film
when subjected to cyclic stretching and compression. Our experimental results are consistent
with theoretical predictions based on first-principles calculations [46]. In the compressive state,
the rutile c-axis (cR ) decreases with the increase in compressive strain, which promotes the phase
change of the VO2 film and leads to a decreased IMT threshold. In contrast, there is an increase
in cR with an increase in the tensile strain. Therefore, the IMT dynamic process of the VO2 film
was obstructed, resulting in an increased IMT threshold [13,27,43].

Fig. 4. Thermal effect on the transmission under the strain of the VO2/mica heterostructures.
(a-c) Thermal hysteresis loop of the normalized transmission against temperature under
different uniaxial strains and the corresponding derivative of transmission for the heating
(red) and cooling transition curves (black). The VO2 film undergoes strain processes (original
state → compressive → release → tension → release). (d) Analysis of the IMT temperatures
as a function of external uniaxial strain.

The phase transition process of the flexible VO2 film was investigated using optical-pump
TRTS system. Figure 5(a) shows a schematic representation of the optically controlled flexible
epitaxial VO2 film. The dynamic processes of the THz electric field changes (|∆E/E0 | ) in the
flexible VO2 film under different uniaxial strains at a pump fluence of 6.4 mJ/cm2 are shown in
Fig. 5(b). |∆E/E0 | as a function of delay time was well fitted with the bi-exponential function
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|︁|︁|︁∆E/E0 | = |A1 exp
(︂
−t
τ1

)︂
+ A2 exp

(︂
−t
τ2

)︂
+ B

|︁|︁|︁ , where A1 and A2 correspond to the amplitudes of
the fast non-thermal IMT process and the slow process of metallic phase propagation into
the interior of the VO2 film, respectively. τ1 and τ2 correspond to the fast non-thermal IMT
process and the slow process of metallic phase propagation into the interior of the VO2 film,
respectively [47,48,49,50]. Here, E0 is the amplitude of the electric field of the THz signal
transmitted through the VO2 film without the laser pump, and ∆E is the THz electric field
change before and after the phase transition owing to the laser pump. In the strain-dependent
optical-pump terahertz-probe measurement, the THz electric field changes (|∆E/E0 | ) largely in
a time scale of a few picoseconds triggered by the laser with a pump fluence of 6.4 mJ/cm2. This
corresponds to the excellent IMT of the film. Moreover, Fig. 5(b) clearly indicates that the THz
electric field change |∆E/E0 | for the film is dependent on the uniaxial strain. In addition, using
Md = |∆E/E0 | × 100% , we obtained Md= 35.1% for the VO2/mica film under a compressive
strain of -0.48%, Md =32.9% for the VO2/mica film without uniaxial strain, and Md =29.8%
for the VO2/mica film under a tensile strain of 0.48% at 400 ps. Particularly, the film under a
compressive strain of -0.48% shows a larger THz modulation depth than that of the film without
uniaxial strain. In contrast, the film under a tensile strain of 0.48% showed decreased THz
modulation depth. This phenomenon has not yet been reported but is significant for smart THz
devices based on flexible VO2 films.

Fig. 5. (a) Schematic representation of optically controlled flexible epitaxial VO2 film. (b)
THz electric field changes (|∆E/E0 | ) of the flexible VO2 thin film under different uniaxial
strains (ε=-0.48%, 0%, and 0.48%) with pump fluence of 6.4 mJ/cm2 at 6.5 THz (0 ps is the
pumping point). The solid lines represent the fitting values using the bi-exponential function
from the experiment data (dots).

The varied THz modulation behavior of the flexible VO2 film under different uniaxial strains
was further investigated by triggering the film with pump fluences from 4 to 16 mJ/cm2.
Figure 6(a)–(c) shows that the ultrafast THz response can be distinguished from a fast process in
10-15 ps and a slow process in several tens of ps. This is consistent with the reported two-process
phase transition of the VO2 film revealed by the TRTS system. [30] Furthermore, the THz electric
field change |∆E/E0 | increases gradually with the pump fluence, which refers to the enhanced
phase transition amplitude under higher-energy laser excitation. To illustrate the free carrier
excitation dynamics of the flexible VO2 film under different uniaxial strains, we compared the
THz electric field changes |∆E/E0 | of the film at the initial state (ε=0%) under a compressive
strain of -0.48% and tensile strain of 0.48%, triggered by laser pump fluences. Figure 6(d) clearly
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indicates that the THz electric field change increases under compressive strain and decreases
under tensile strain, the same as observed in Fig. 2(b).

Fig. 6. (a-c) THz electric field changes (|∆E/E0 | ) of the flexible VO2 thin film under
different uniaxial strains (ε=-0.48%, 0%, and 0.48%) at different pump fluences (0 ps is
the pumping point). d) Transient THz response of the film under different uniaxial strains
(ε=-0.48%, 0%, and 0.48%) triggered with different pump fluences at pump delay times of
400 ps.

Furthermore, the epitaxial strain has been reported to be an efficient way to tune the phase-
transition temperature of VO2 deposited on a rigid substrate [13,51,52]. Here, we investigated the
effect of compressive and tensile strains on the threshold for both temperature-induced and laser
phase transitions of flexible epitaxial VO2 films. Figure 7 shows the pump fluence dependence of
the THz electric field changes |∆E/E0 | of VO2/mica under different uniaxial strains at a delay
time of 400 ps at 6.5 THz. The optical trigger threshold for laser-induced phase transition (Fth)
is obtained via linearly fitting the rising segments of the THz electric field changes |∆E/E0 |
versus pump fluence curves: Fth= 1.13, Fth= 1.85, and Fth= 2.53 mJ/cm2 for the compression
state, original state and tension state of the VO2/mica, respectively. Fth for the VO2/mica film
under compressive strain was substantially lower, approximately 38.9% of that for the initial
VO2/mica film. In contrast, Fth for the VO2/mica film under tensile strain was substantially
higher, approximately 36.7% of that for the original VO2/mica film. We also calculated the
real transient THz photoconductivity of the flexible VO2 film under different uniaxial strains at
different pump fluences (see Supplement 1 for details) [53,54,55]. It can be seen that the real
THz photoconductivity increases with compression while decreasing with tension for the same
pump fluence.

https://doi.org/10.6084/m9.figshare.22321507
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Fig. 7. Pump fluence dependence of the THz electric field changes (|∆E/E0 | ) of VO2/mica
under different uniaxial strains at 400 ps delay times at 6.5 THz. Fth indicates the optical
trigger threshold for laser-induced IMT. The inset shows the optical trigger threshold (Fth)
of the VO2 film as a function of strains.

4. Conclusion

In conclusion, we investigated the effect of uniaxial mechanical strain on the THz modulation
properties of flexible VO2 films grown epitaxially on mica substrates. The flexible film exhibits
tunable THz modulation depth from 80.1 to 71.3% under different tension or compression states.
Moreover, there was a pronounced strain-induced change in the phase-transition threshold of
the flexible VO2 film. Using this strategy, the phase transition temperature can decrease under
compressive strain, and the pump fluence for laser-induced phase transition can be reduced by
38.9%. These findings demonstrate the THz modulation of flexible VO2/mica films through
strain engineering and would provide fundamental insights into their applications in flexible THz
smart devices.
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