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Rapid heating is highly sought-after for compositional control in the sintering-annealing process of
materials containing volatile elements. Although several innovative approaches have been reported,
suitable processes for the rapid annealing of thin films are still very rare. Herein, we develop a high-
temperature rapid heating method for thin-film preparation through employing an indium tin oxide
(ITO)/mica-based flexible transparent heater (FTH). The ITO/mica FTH shows an extremely fast thermal
response (2 s), high saturation temperature (>830 °C), and high heating-cooling rates (>104 °C min−1).
Thermodynamic analysis reveals that the excellent heating performance can be largely attributed to the
high heat-transfer coefficient and the low thickness of the mica substrates. The remarkable potential of
our ITO/mica FTH for practical use is unambiguously evident by the demonstration of water heating and
rapid thermal annealing of ferroelectric oxide thin films.
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I. INTRODUCTION

Ceramics and metals are generally sintered-annealed to
improve machinability, produce a desired microstructure,
or obtain optimal physical properties [1,2]. However, the
disadvantages of conventional sintering routes, including
relatively low heating rate, long processing time, bulky
apparatus, and high cost, greatly impede their wider appli-
cations in the preparation of advanced functional materials.
The long sintering time is especially problematic in the
development of functional ceramics and metal alloys con-
taining highly volatile elements, such as Li, Na, Pb, and
Bi. To address the aforementioned issues, some innova-
tive sintering technologies allowing rapid heating (RH)
were developed in recent years. Hu and co-workers [3]
proposed a carbothermal shock method for alloying mul-
tiple immiscible elements into single-phase nanoparticles.
Another process, named flash joule heating (FJH), reported
by Tour and co-workers [4–6], can turn bulk quantities of
carbon sources into graphene flakes in milliseconds. FJH
can also be generalized to produce other two-dimensional

*llshu@ncu.edu.cn
†ksm@ncu.edu.cn

(2D) nanoflakes efficiently. In addition to rapid thermal
processing of nanoparticles and nanoflakes, ultrafast high-
temperature sintering using two joule-heating carbon strips
has also been tailor-made for ceramic fabrication recently
[7]. In a nutshell, these RH technologies feature a uni-
form temperature distribution, high heating-cooling rates
(up to 104 °C min−1) and a high heating temperature (up
to 3000 °C). The whole sintering process of RH tech-
nologies can be completed in a few seconds, far out-
pacing those of conventional furnaces. However, these
RH techniques are not suitable for the preparation of
thin-film materials, especially for epitaxial growth. Here,
we develop a high-temperature rapid heating method for
the growth of epitaxial thin films through employing a
flexible transparent heater (FTH) with ultrafast thermal
response.

Flexible and transparent heaters find their applications in
broad areas, including defogging and deicing of glass that
is used typically in liquid-crystal display panels, vehicles,
avionics, etc. [8,9], ensuring the fast response of electronic
devices under extreme environmental conditions, heating
of sensors and microchannels [10–12], and so on. A FTH
generally consists of a transparent conducting electrode
(TCE) on a flexible transparent substrate. Meanwhile, the
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TCE is an essential component of many optoelectronic
devices, such as solar cells, light-emitting diodes, touch-
screens, and displays, in which there are different active
layers on the TCE [13]. Annealing is often needed to
crystallize the layers and enhance the coupling between
active layers and the TCE. Rapid heating is critical when
highly volatile elements are present in these active layers.
Because of the high conductivity of TCEs, joule heating,
instead of external heating, in these devices is possible.
Joule heating is advantageous in the sense that no external
heat source would be required. On the other hand, joule
heating would offer high performance or additional func-
tionality for devices with FTHs. For instance, a VO2-based
thermal camouflage or thermochromic device could render
a faster response when combined with a high-performance
transparent heater [14,15].

To date, neither the heating temperature nor thermal
response rate of the reported FTHs are impressive yet.
The polymer-based FTHs are not well suited for rapid
heating because of their low heating temperature and
slow thermal-response rate, which are related to their
low melting point and low thermal conductivity [16]. A
metal-nanofiber (MNF) network heater is proved to have
a maximum heating temperature higher than 800 °C. But
the best heating rate of the MNF is only 103 °C min−1,
which is not sufficient for rapid heating [17]. The short life-
time or poor thermal stability arising from the oxidation of
metal nanofibers at elevated temperatures is another down-
side of MNF-based heaters. In our previous work [18], a
FTH with ultrafast thermal response (<3 s) was achieved
by using an all-inorganic Al-doped ZnO (AZO) TCE
grown on layered mica substrate. However, the operat-
ing temperature of the AZO/mica heater could not exceed
400 °C, limiting its capacity in rapid heating. Here, we
report a highly transparent and flexible heater possessing
a simultaneous ultrahigh heating temperature and super-
fast response by using indium tin oxide (ITO)/mica het-
eroepitaxy, for which excellent transparency in the visible
and near-infrared regions and the low sheet resistance of
ITO/mica heterostructures have been documented before
[19]. Our ITO/mica heater can reach a heating temperature
of >830 °C with a response time of 2 s, outperforming all
the existing FTHs. To evaluate the effectiveness of such a
FTH for rapid heating, the in situ annealing of amorphous
Pb(Zr, Ti)O3 (PZT) thin film is conducted. To extend this
study, BaTiO3 (BTO), and Hf0.5Zr0.5O2 (HZO) amorphous
films without any volatile element are also annealed by
FTH. These ferroelectric oxide thin films can be swiftly
crystalized using our thin-film RH technique, as evidenced
by their decent ferroelectric properties. Our work will not
only enrich the family of flexible transparent heaters but
also potentially create a pathway to prepare high-quality
functional thin films through a facile and cost-effective
rapid-heating strategy.

II. EXPERIMENTAL DETAILS

The ITO film is deposited on freshly cleaved mica via
a pulsed laser deposition (PLD) system equipped with a
KrF excimer laser with a wavelength of 248 nm using a
commercial ITO (90% In2O3 and 10% SnO2) target. The
surface dimensions of the substrates are 15 × 15 mm2. The
thickness of the substrates should be lower than 100 μm
to enable flexibility and better heat transfer. No surface
treatment and precleaning of the mica substrate is required
prior to deposition. The deposition chamber is initially
evacuated to a base pressure of 10−6 Torr. In the deposi-
tion process, the energy density and repetition rate of the
pulsed laser are about 1.5 J cm−2 and 10 Hz, respectively.
A buffer layer of yttria-stabilized zirconia (YSZ) about
3 nm in thickness is first deposited on mica at a substrate
temperature of 400 °C under 0.1 mTorr oxygen pressure,
and then the ITO film is deposited at a substrate tempera-
ture of 300–500 °C under 0.1–200 mTorr oxygen pressure.
After the deposition process, the ITO films are annealed in
a growth chamber at 500 °C for 0–30 min under an oxy-
gen pressure of 10 mTorr followed by cooling to room
temperature at a rate of 20 °C min−1.

The crystal structure and epitaxial relationship are inves-
tigated by using a Rigaku Smart-lab x-ray diffractometer
with monochromatic Cu Kα1 radiation (λ = 1.54056 Å).
The cross-section TEM specimen is prepared by the
focused ion beam (FIB) technique. The TEM specimen
is then examined on a Tecnai G2 F20 S-Twin instrument
working at an acceleration voltage of 200 kV. Images
of the surface morphology of the ferroelectric films are
obtained using a scanning electron microscope (SEM,
SU-70, Hitachi).

The sheet resistances of the films are characterized by
the standard four-point-probe method. Five different areas
on the ITO film are measured to get the average sheet
resistance. The transmission spectra are recorded on a
spectrophotometer (Shimadzu, UV-2450). Electrical polar-
ization studies are carried out on a Cypher ES (Asylum
Research) atomic force microscope. Detailed polariza-
tion maps are generated in dual AC resonance tracking
piezoresponse force microscopy (PFM) mode by using
Ir/Pt-coated conductive tips (Oxford, ASYELEC.01-R2).

Profiles of temperature are measured with a K-type ther-
mocouple thermometer and an infrared camera (E40, FLIR
system) simultaneously (see Fig. S1 within the Supple-
mental Material [20]). The temperature measurements are
performed in a dry room with controlled room temperature.
The Ag (50 nm) layer with a width of 2 mm is deposited
at two edges of the ITO to apply the voltage. Metal wires
are glued to the Ag electrodes by using high-temperature
conductive silver paint (SPI supplies, working temperature
up to 900 °C). Meanwhile, the ITO/mica heater is sup-
ported by metal wires, so there is only heat exchange with
the air. The dc voltage is applied by a dc power supply
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(KXN-3030D), which can also record the current of the
heaters.

III. RESULTS AND DISCUSSION

A. Structural, optical and electrical characterization

Mica is a well-known naturally occurring transparent
crystalline material and a promising substrate for the van
der Waals (vdW) epitaxial growth of transparent conduc-
tive oxide films [21–24], owing to its good flexibility, sur-
face flatness at the atomic level, high thermal stability, as
well as high-temperature tolerance of up to 1200 °C [25].
Here, both muscovite (operation temperature >600 °C)
and fluorphlogopite (operation temperature >1000 °C) are
used as flexible transparent substrates for the deposition
of ITO. A YSZ buffer layer is first deposited to ensure
epitaxial growth of ITO [26,27]. High-resolution x-ray
diffraction (XRD) is carried out to determine the crystal-
lographic orientation of the heteroepitaxial structure. As
shown in Fig. 1(a), the observation of only {222} peaks
of ITO on the mica (00l) plane suggests the c-axis ori-
entation of the ITO film without any secondary phase,
and the diffraction peaks denoted by asterisks correspond

to the mica (00l) planes that are parallel to its cleavage
plane. The off-axis ϕ scan is used to further identify the
in-plane structural relationship in the heterostructure. As
shown in Fig. 1(b), the mica substrate shows a threefold
symmetry with three {202} peaks at 120° intervals, while
the ITO film exhibits six {440} peaks with 60° intervals,
which indicate the multidomain structure existing in the
ITO films on mica. The epitaxial relationship between
ITO and mica can be determined as (222)ITO‖(001)mica
and [1̄10]ITO||[010]mica. The rocking curve around the ITO
(222) reflection exhibits a full width at half maximum
(FWHM) of 0.85°, indicating the good crystallinity of ITO
films [Fig. 1(c)]. Symmetric and asymmetric reciprocal
space mapping (RSM) are performed and taken around the
(222) [Fig. 1(d)] and (626) (Fig. S2 within the Supplemen-
tal Material [20]) reflections of the ITO film, respectively.
Derived from the RSM result, the in-plane reciprocal dis-
tance can be calculated as 1.167 Å, and the in-plane
lattice constant is 10.171 Å, indicating a bulklike lattice
parameter. In addition, the ITO (222) peak position of the
films grown on mica are very close to the hypothetical
bulk ITO value, also suggesting that this film is fully
relaxed.

(a)

(c) (d)

(e)
(f)

(g)

(h)

(i)

(b) FIG. 1. Structural characteriza-
tions of ITO/YSZ/mica (mus-
covite) heteroepitaxy. (a) Typical
2θ /ω scan of ITO/YSZ/mica.
(b) ϕ scans at ITO {440} and
mica {202} diffraction peaks.
(c) Rocking curve of the (222)
peak of ITO film. (d) Reciprocal
space mapping round the ITO
(222) reflection. (e) Schematic
of the ITO/YSZ/mica heteroepi-
taxy structure. (f) Cross-section
TEM image of ITO/YSZ/mica.
Selected-area electron diffraction
patterns of (g) mica, (h) YSZ, and
(i) ITO layer.
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To characterize the detailed microstructure of the
ITO/YSZ/mica heterostructure, transmission electron
microscopy (TEM) is employed. As shown in Fig. 1(f),
a cross-section TEM image shows the flat interfaces of
ITO/YSZ and YSZ/mica. The thickness of the YSZ buffer
layer is about 3 nm. The corresponding selected-area elec-
tron diffraction (SAED) patterns of the heterostructure are
shown in Figs. 1(g)–1(i). The reciprocal lattices of mica,
YSZ, and ITO are clearly indexed and in good agree-
ment with the epitaxial relationship confirmed by the XRD
results.

On account of the excellent structural quality, outstand-
ing optical and electrical properties of the ITO/YSZ/mica
heterostructure are expected. Figure 2 compares the sheet
resistance (Rs) and optical transmittance of ITO thin
films that are deposited under selected oxygen pres-
sures [Fig. 2(a)] and at various substrate temperatures
[Fig. 2(b)]. It is evident that low sheet resistance and high
transparency can be achieved when the ITO thin films
are grown under 10 mTorr oxygen pressure and at sub-
strate temperature of 300 °C. The annealing conditions

and film-thickness-dependent sheet resistance and opti-
cal transmittance of ITO films deposited on muscovite
are provided in Fig. S3 within the Supplemental Mate-
rial [20]. The electronic conduction properties of ITO thin
films demonstrate marked free-carrier-like characteristics.
The conductivity of ITO films is generally affected by
the electron concentration, which depends on Sn doping
and oxygen vacancies, and the mobility of free electrons,
which depends on the crystallinity, strain state, and defect
density of ITO. In a typical PLD process, the content
of oxygen vacancies can be tuned by varying the oxy-
gen pressure, annealing temperature, time, etc. Obviously,
high-quality transparent conductive ITO thin films can be
obtained when processed under optimal conditions. The
typical sheet resistance of a 500-nm-thick ITO film is as
low as 7 � sq−1 with an average transmittance of 90.8%
(visible wavelength), both of which are considerably better
than those of ITO grown on conventional flexible sub-
strates. To compare the electrical and optical properties of
different samples, a figure of merit (FOM) [28,29], which
is defined as ∅TC = Ttran

10/Rs (Ttran represents the average

(a)

(c) (d)

(b)

FIG. 2. Optical, electrical, and mechanical characterization of the ITO/mica (muscovite) FTH. (a),(b) Sheet resistances as a func-
tion of oxygen pressure and substrate temperature, respectively. Insets present the transmittance of the ITO films at wavelengths of
300–800 nm. (c) Transmittance and (d) sheet resistance of ITO/mica heteroepitaxy at selected thicknesses before and after the bending
test.
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TABLE I. FOM value as a function of ITO film thickness.
These films are deposited on muscovite at a base pressure of
10 mTorr with a substrate temperature of 300 °C.

Thickness
(nm)

Average
transmittance

(T, %)

Sheet
resistance
(� sq−1)

FOM
(10−3 �−1)

100 94.6 20 28.8
200 92.4 15 30.2
300 91.9 13 33.4
400 91.7 12 35.2
500 90.8 7 54.4

transmittance at visible wavelength), is considered. Table I
shows the ITO thickness dependence of the FOM. A high
FOM of 54.4 is obtained for a 500-nm-thick ITO film
grown on muscovite, representing a high value among the
ITO layers deposited on conventional flexible substrates
reported to date. By replacing muscovite substrate with
fluorphlogopite, the optical and electrical properties of the
ITO films will be further improved, as discussed in the next
section.

It is widely reported that the vdW heteroepitaxial thin
films prepared on mica possess superior thermal stabil-
ity and mechanical flexibility [18,19,21–24,30]. To verify
the stability against mechanical bending of our ITO films
on mica, a very rudimentary cyclic bending test is per-
formed (Fig. S4 within the Supplemental Material [20]).
Figures 2(c) and 2(d) show the optical transmittance and
sheet resistance of 100- and 500-nm-thick ITO thin films,
respectively, after cyclic bending for 1000 cycles with a
bending radius of 5 mm. The transmittance and sheet resis-
tance of ITO/mica remain almost constant during the bend-
ing test, confirming excellent bending fatigue endurance
and the robustness of these heterostructures.

B. Joule heating behavior

Given their exceptional flexibility and conductivity, our
ITO/mica heterostructures are ideal candidates for flexible
heaters. For a thin-film heater [Fig. 3(a)], heat is generated
through the joule heating effect of the TCE and transferred
to the substrate by conduction. On the other hand, some
of the generated heat will dissipate into the air through
convection and radiation from both surfaces. Eventually,
the temperature of the FTH is saturated when joule heating
and dissipation reaches an equilibrium state. Figures 3(b)
and 3(c) show the time-dependent surface temperatures of
the ITO/mica-based heater with different sheet resistances
of 20 and 6 � sq−1, respectively, at different driving volt-
ages (2–18 V). The steady saturation temperature (Ts) in
both cases increases with increasing driving voltage. At
any given driving voltage, a higher Ts is obtained for a
heater with a low resistance. For instance, a Ts of 540 °C
is achieved at 18 V for the ITO/mica heater with a sheet

resistance of 20 � sq−1, whereas a significantly higher Ts
of 840 °C is obtained at the same applied voltage for the
6 � sq−1 heater. Impressively, both ITO/mica heaters can
reach their respective Ts within 3 s, regardless of the driv-
ing voltage and sheet resistance (see also Videos S1 and S2
within the Supplemental Material [20]). This implies that
the thermal-response time, defined as the time required to
reach 90% of the saturation temperature, is nearly indepen-
dent of the power supply and conductivity of the TCE. The
extremely fast thermal response of our ITO/mica FTH is
further evidenced by the heating- and cooling-rate curves
[Fig. 3(d)], calculated from the first-order derivative of the
time-dependent temperature curve. It is observed that the
ITO/mica heater displays a high heating rate of 220 °C s−1

(1.32 × 104 °C min−1) and a slightly lower cooling rate of
180 °C s−1 at 18 V, both of which are satisfactory for the
application of rapid heating.

To comprehensively understand the mechanism behind
this remarkable heating behavior of our ITO/mica FTH,
thermodynamic analysis is conducted. In principle, the
input energy of joule heating (P) equals the sum of the
energy stored in the heater and the power losses through
convection (Qc) and radiation (Qr) [31–33]:

P = V2

R
= (C1 + C2)

dT
dt

+ (Qc + Qr), (1)

where C, T, and t are the heat capacity, temperature of the
heating system, and time, respectively; subscript 1 refers
to the conductive film and 2 to the substrate. V and R are
the applied voltage and the resistance of the conductive
film, respectively. Generally, the convective heat loss can
be expressed as [33]

Qc = Ahc(T − T0), (2)

where hc is the convective heat-transfer coefficient; T0 is
the initial surface temperature. The radiative heat loss is
expressed by the Stefan-Boltzmann law [34–36]:

Qr = εσA(T4 − T0
4) = Ahr(T − T0), (3)

where ε is the surface emissivity, σ is the Stefan-
Boltzmann constant, A is the surface area, and hr is the
temperature-related radiation heat-transfer coefficient. ITO
film has a low surface emissivity of 0.21 at room tem-
perature, while the value of mica is 0.75. It should be
noted that their surface emissivity will vary with tem-
perature, in particular, at high temperatures, leading to a
temperature-dependent hr.

As suggested by Ye and co-workers [36], we can take a
temperature independent hr, i.e., a constant h (h = hr + hc),
to solve the differential equation for an approximate anal-
ysis. The temperature of the heater is described by the
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(a)

(c) (d)

(b)

FIG. 3. (a) Schematic of heat transfer in an ITO/mica FTH. Heat dissipates into the air mainly through convection and radiation
from both surfaces. Temperature profiles of an ITO/mica FTH with different sheet resistances of (b) 20 � sq−1 and (c) 6 � sq−1, where
the substrate thickness is fixed at 100 μm. (d) Heating and cooling rates of the 20 � sq−1 ITO/mica heater at selected input voltages.
Heating- and cooling-rate curves are smoothed for clarity.

solution of Eq. (1),

T = T0 + V2

RhA
[1 − exp(−t/τ)], (4)

τ = C1 + C2

hA
= m1c1 + m2c2

hA
≈ m2c2

hA
= ρ2c2d2

h
, (5)

Ts = T0 + V2

RhA
= T0 + P

hA
, (6)

where m, c, ρ, and d are the mass, specific heat capac-
ity, density, and thickness of the substrate, respectively. τ

depicts the time constant of the transient thermal response
and determines the response time. Due to the small thick-
ness of ITO (100 nm) compared to that of the substrate
(25–100 μm), the heat capacity of ITO film can be
neglected, and the heat capacity of the substrate dominates
the transient process of the heating system, as revealed by
Eq. (5). This explains why the response time does not vary

with the applied voltage and resistance of ITO, as shown
in Figs. 3(b) and 3(c).

Figure 4 illustrates the substrate-thickness dependence
of the heating temperature, which can be well fitted to
Eq. (4). The fitted time constants (inset of Fig. 4) linearly
increase with the thickness of the substrate. The very low
time constant (e.g., 1.18 s for 25-μm mica and 2.86 s for
100-μm mica) quantitatively explains the ultrafast thermal
response of our ITO/mica heater. In marked contrast, the
time constant is 73 s for a graphene/glass heater [31], 42 s
for a commercial ITO/glass heater (see Fig. S5 within the
Supplemental Material [20]), and 25 s for an Ag nanowire
heater with a 150-μm polyethylene terephthalate (PET)
substrate [36]. By using values of the material parameters
in Table II, the heat-transfer coefficient, h, of mica is found
to be 51 W m−2 K−1, which is much larger than those
of PET (12 W m−2 K−1) [37] and glass (11 W m−2 K−1)
[31]. Therefore, according to Eq. (5), the small time con-
stant observed for the mica-based FTH should be mainly

044049-6



HIGH-TEMPERATURE FLEXIBLE. . . PHYS. REV. APPLIED 17, 044049 (2022)

FIG. 4. Substrate-thickness-dependent time-temperature
curves for an ITO/mica (muscovite) FTH with selected substrate
thicknesses. Solid lines are the best-fitting curves according to
Eq. (4). Inset shows the corresponding time constant t, which
linearly increases with the thickness of substrate.

attributed to the high heat-transfer coefficient (h) and low
thickness (d2) of the mica substrate. Most importantly,
the thickness of a thin mica plate can be more readily
lowered to several microns, and even several nanometers,
through mechanical exfoliation [38], thus further reducing
the thermal-response time and benefiting the applications
of rapid heating and cooling.

As seen from Eq. (6), the saturation temperature of a
heater is linearly dependent on the input power, regardless
of the heater resistance. In this case, all the data points on
the plot of the saturation temperature versus input power
for the ITO/mica heater with different resistances should be
collapsed into a single master curve, i.e., a straight line. As
shown in Fig. 5(a), however, the Ts-P plot starts to deviate
from a linear relationship when Ts is higher than 300 °C,
suggesting that the radiative heat-transfer coefficient, hr,
can no longer be considered as a constant at elevated tem-
peratures but manifests a strong temperature dependence.
Previous reports [39–42] on different types of heaters have

demonstrated that the radiative heat loss is negligible when
Ts < 200 °C. Considering the temperature-dependent sur-
face emissivity of ITO [43,44] and mica [45] (see Fig. S6
within the Supplemental Material [20]), the radiative heat
loss is evaluated according to the Stefan-Boltzmann law
and plotted in Fig. 5(b). In the low-temperature region up
to 300 °C, radiative heat loss is in the order of 10−3 to
10−2 W cm−2, which is much lower than the input power
density. Therefore, radiative heat loss is negligible in this
temperature range and the assumption of a temperature-
independent hr is viable. When T > 300 °C, radiative heat
loss rises rapidly and nonlinearly. The calculated radiative
heat loss at 800 °C is 3.13 W cm−2, which is comparable
to the input power density. The substantial radiative heat
loss at high temperatures is responsible for the observed
nonlinear Ts-P behavior in Fig. 5(a).

Despite the large radiative heat loss, an extremely
high heating temperature of 830 °C with a short thermal-
response time of 2 s is realized using our ITO/mica flexible
transparent heater. Retention [Fig. 6(a)] and repeated heat-
ing tests [Fig. 6(b)] result in a nearly unchanged saturation
temperature, Ts, versus time or cycling number, indicat-
ing excellent stability and the reproducibility of this heater.
Figure 6(c) summarizes the key performance parameters of
some transparent heaters based on various materials, such
as crackle mesh [46], metal nanowires (NWs) [40,47–51],
graphene [31,37,52–54], carbon nanotubes [55–59], and
metal-oxide thin films [18,60,61]. Compared to these
heaters, our ITO/mica shows an extremely fast thermal
response (3 s), high saturation temperature (840 °C), and
high heating-cooling rates (>104 °C min−1).

C. Applications of ITO/mica FTH for rapid heating

Applications of the high-performance ITO/mica heater
in water heating and rapid thermal annealing of functional
oxide thin films are demonstrated in this work. The excel-
lent heating capability of the ITO/mica heater in a bent
state is illustrated in Figs. 7(a)–7(d). An ITO/mica FTH
with very good flexibility and transparency [Fig. 7(a)] can
be attached tightly to the side wall of a glass beaker with
a radius of 12.5 mm [Fig. 7(b)]. Optical transparency is

TABLE II. Key properties of the substrates for transparent heaters.

Substrate materials

Thermal
conductivity
(W m−2 K−1)

Specific heat
capacity

(c, J g−1 K−1)
Density

(ρ, g cm−3)
H

(W m−2 K−1) τ (s)

PET 0.15 1.28 1.38 12a 50
Glass 1.39 0.89 2.21 11b 73
Muscovite 3.3 0.871 2.77 51 1.18c

Fluorphlogopite 3.75 0.836 2.78 55 1.05c

aReference [37].
bReference [31].
cThe thickness of the substrate is 25 μm.
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(a) (b)

FIG. 5. (a) Saturation temperature versus electrical power density of the ITO/mica (fluorphlogopite) FTHs with different sheet
resistances. Data for commercial ITO/glass are also provided for comparison. (b) Theoretical radiative heat power loss of ITO film and
mica substrate surfaces as a function of temperature. (Values of surface emissivity used can be found in Fig. S6 within the Supplemental
Material [20].)

still preserved for the glass beaker after the attachment
of the thin-film heater. Heat generated by the FTH can
be efficiently transferred to water in the beaker. The tem-
perature of water (10 ml) rises from room temperature to
100 °C in about 75 s, as shown in Figs. 7(c) and 7(d). A
defogging test is also carried out to signify the ultrafast
response of our ITO/mica FTH in a more straightfor-
ward manner. Recovery of the transparency of the fogged
glass is completed within 2 s through applying a volt-
age of 6 V, as shown in Fig. S7 within the Supplemental
Material [20]. This highly efficient defogging and defrost-
ing capability is needed for automotive windscreens and
windows.

The ultrafast heating-cooling rates enabled by our FTH
[see Figs. 3(b) and 3(c)] are highly attractive for crystal-
izing thin films compared with those of other sintering
methods, such as rapid thermal annealing (RTA) [62]. RTA
often relies on costly equipment and offers a mediocre
heating rate of about 103 to 104 °C min−1. Furthermore,
the ITO/mica itself can serve as a substrate with a bottom
electrode and both sides of the FTH are available for depo-
sition [Fig. 7(e)]. Commonly studied ferroelectric oxide
thin films, including PZT, BTO, and HZO, are selected as
the model systems to verify the feasibility and effective-
ness of our ITO/mica FTH in the rapid thermal processing
of thin films.

(a)

(b)

(c)

FIG. 6. (a) Time-dependent temperature profile of ITO/mica (fluorphlogopite) FTH with a sheet resistance of 6 � sq−1 at 16 V. (b)
Heating and cooling cycles of a ITO/mica (fluorphlogopite) FTH with a sheet resistance of 8 � sq−1 at 28 V. (c) Comparison plot of
saturation temperature achieved versus response time for various flexible heaters.
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(a) (b) (c) (d) (e)

(f) (g)

(h)

(i)

(j)

FIG. 7. Applications of ITO/mica (fluorphlogopite) FTH for rapid heating. (a)–(d) Demonstration of the performance of ITO/mica
FTH by heating a beaker filled with 10 ml of water. (e) Schematic of the reusable in situ annealing furnace, where both sides of the
FTH can be used for thin-film deposition and annealing. (f),(g) SEM images of the surfaces of the amorphous and in situ annealed
BTO films, respectively. Inset of (f) shows the corresponding cross-section image. (h) XRD patterns of the in situ annealed BTO and
PZT thin films, where BTO is deposited on the ITO surface and PZT is deposited on the mica surface. (i) PFM amplitude and phase
images of the annealed BTO film. (j) Local PFM hysteresis loops of the annealed BTO film.

The amorphous oxide thin films are first deposited on
either the ITO side or the mica side at room temperature
by PLD. The SEM image of an amorphous BTO film in
Fig. 7(f) displays clearly an uncompacted structure with
many submicron-scale cracks. After rapid annealing by the
FTH, the BTO film becomes dense [Fig. 7(g)] and well
crystallized with a preferred (111) orientation [Fig. 7(h)],
while the PZT film exhibits a polycrystalline perovskite
structure, since it is deposited on the back surface of mica.
Excellent ferroelectric properties of the FTH-processed
BTO, PZT, and HZO films are confirmed by PFM results,
as shown in Fig. 7 and Fig. S8 within the Supplemental
Material [20]. Most importantly, the films grown on the
back side of mica can be exfoliated and transferred to other
substrates by a simple mechanical exfoliation technique

[63–66], due to the 2D layered structure of mica. Herein,
the ITO/mica heater could be a reusable “in situ annealing
furnace” for thin-film crystallization.

Here, the ITO/mica vdW heteroepitaxy is fabricated by
PLD, which is a successful method for obtaining high-
quality epitaxial films of oxides. PLD has the advantage
of variable process parameters, such as substrate tempera-
ture and rate of deposition (as determined by the energy
per pulse), and the repetition rate makes the deposition
process more flexible and effective. PLD also provides
the stoichiometric transfer of material from the target to
the substrate, and thereby, ensures better stoichiometric
control. However, despite great progress in recent years
[67–70], large-scale fabrication is still a big challenge for
PLD. Fortunately, vdW epitaxy (e.g., ITO) on mica can
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also be achieved by magnetron sputtering, which is com-
mercialized in large quantities for large-size productions
(up to 12 in.).

IV. CONCLUSION

The vdW epitaxial growth of high-quality transpar-
ent conducting ITO thin films is successfully achieved
on YSZ-buffered flexible transparent mica substrates. The
ITO/mica heterostructure not only retains the superior
transparency and flexibility of mica, but also exhibits top-
quality heating performance for rapid-heating applications.
The saturation temperature of ITO/mica FTH can reach
over 830 °C with an ultrafast thermal response shorter than
3 s. This high-speed response is primarily attributed to
the high heat-transfer coefficient and low thickness of the
mica substrate. As a thin-film rapid-annealing technique,
the ITO/mica FTH can provide a robust platform for the
integration of functional devices, which allows avenues
toward realizing more efficient and cost-effective materials
and device-manufacturing routes.
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