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ABSTRACT: Facile production and novel transparent heaters consisting of
fluorine-doped tin oxide (SnO2:F or FTO) thin films covered with three
different scattered metal nanodots (Cr-nd, NiCr-nd and Ni-nd) prepared by
plasma-enhanced sputtering system and electron cyclotron resonance−metal
organic chemical vapor deposition are investigated. The heaters exhibit
excellent optical transmittances of over 85% and superior saturated
temperatures of more than 80 °C when a relatively low 12 V DC is
supplied. The scattered metal nanodots FTO heaters successfully improve
the specific power of bare FTO heater by 21, 15, and 12% for NiCr-nd FTO,
Cr-nd FTO, and Ni-nd FTO, respectively. These results reveal that the FTO
transparent heaters with scattered metal nanodots are the suitable heating
materials that can be applied for various functional devices.
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Thin transparent conductive films have been used widely
for transparent heaters in various applications, such as

military ground-based vehicles, periscopes, off-shore oil plat-
forms, and electric vehicle windows. Heater materials that are
optically transparent and electrically conductive, like gra-
phene,1,2 single-walled and multiwalled carbon nanotubes
(SWCNT/MWCNT),3−5 silver nanowires,6 Ga-doped zinc
oxide,7 Cu wire networks,8 and indium tin oxide (ITO),9,10

have been studied recently. These materials are particularly
intended to replace the incumbent ones, typically made of ITO,
the price of which has doubled recently because of indium’s
scarcity and high demand. Moreover, ITO-based heaters have
other disadvantages, such as intolerance to acid or base and are
brittle under mechanical bending.2

As the substitution of ITO-based heating element, fluorine-
doped tin oxide (SnO2:F or “FTO”) is a desirable candidate
because of its excellent optical and electronic properties as an n-
type semiconductor, with a wide bandgap of 3.6 eV, high carrier
density, and low electrical resistivity. Moreover, it also has
benefits as a defogger because of its thermal and chemical
stabilities as well as being less expensive than indium-based
materials.11−15 FTO can be manufactured by various
techniques such as chemical vapor deposition,11 spray
pyrolysis,12 sol−gel methods,13 and pulsed laser deposition.14

In this work, the fabrication of FTO thin films was carried out
by electron cyclotron resonance-metal organic chemical vapor
deposition (ECR-MOCVD). Advantages of ECR-MOCVD

versus the other methods include that it is possible to conduct
the deposition at room temperature and no complex heating
steps are required, like those generally conducted in the wet-
based processing techniques, to remove water or other solvents.
Thus, it is also possible to fabricate the transparent heater in a
flexible polymer substrate, such as polyethylene terephthalate,
without damaging the substrate properties.15

Metal nanoparticles are of great interest because of their
important roles in different fields, including catalysis, optics,
microelectronics, and sensors.16 Facile production and excellent
optical and electronic properties of metal nanoparticles are
other advantages for possible future applications.17,18 Taking
these benefits into consideration, in this letter, we investigated
the interfacial effects of three metal heating elements in the
form of scattered metal nanodotsCr, NiCr, and Ni
deposited on glass substrates, and in particular, their influences
on the optical transmittance, electronic behavior, saturated
temperature, thermal stability, and energy efficiency of FTO-
based transparent heaters.
To fabricate high-performance FTO-based transparent

heaters with scattered metal nanodots, we performed the
experiments as illustrated in Scheme 1. This shows how the
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metal nanodots were grown on a pretreated glass surface,
prepared by a plasma-enhanced sputtering system, the
deposition of the FTO thin film carried out by ECR-
MOCVD, and the apparatus constructed for the heat-cycle
test. For the heat-cycle test, the copper tapes (5 mm × 25 mm)
were attached at the edges of the transparent heater as current
collectors and were connected to the DC power supply (see
Supporting Information for experimental details).
Figure 1a−c show SEM images of as-deposited Ni-nd, NiCr-

nd, and Cr-nd, respectively, on the pretreated glass substrate.
We can observe the dispersed metal nanodots with particle
sizes in the range of 10−30 nm. Once the FTO film is
deposited, the presence of metal nanodots does not change the
surface morphology of transparent heaters obviously, due to
small amounts. Here, we provide a SEM image of the NiCr-nd

FTO and its cross-section (inset) in Figure 1d. The grain size of
the FTO film is about 30−60 nm, with a thickness of 1 μm. To
reveal the elemental composition of the transparent heater, and
especially to demonstrate the existence of the scattered metal
nanodots, we cut a cross-section of NiCr-nd FTO using a
focused ion beam (FIB) method and observed it using energy-
dispersive X-ray spectroscopy (EDX) in a TEM analysis, as
shown in Figure 1e. Cr and Ni were confirmed to be present
significantly, at energies of 0.5 and 1.5 keV, respectively. We
also found considerable peaks for Sn at the energy range of 3−
4.5 keV. The Si and Cu contributions to the spectrum are
assumed to be due to the glass substrate and copper grid
support during the measurement, respectively. Unfortunately
we could not confirm the present of fluorine content as this
element is easily decomposed by electron beam during the

Scheme 1. Schematic Diagram of Fabrication of FTO-Based Transparent Heaters with Scattered Metal Nanodots Deposited on
Pretreated Glass Substrate and the Heat-Cycle Experiment

Figure 1. SEM images of as-deposited scattered metal nanodots on pretreated glass substrates (a) Ni-nd, (b) NiCr-nd, (c) Cr-nd, (d) NiCr-nd FTO
and its cross-section in inset, (e) EDX analysis of NiCr-nd FTO from TEM and its cross-section image in inset, and (f) visible optical transmittance
spectra of bare FTO, Cr-nd FTO, NiCr-nd, and Ni-nd FTO transparent heater and as-developed FTO transparent heaters with scattered metal
nanodots in inset.
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measurement. Furthermore, from the inset of Figure 1e we can
see the particle size of NiCr-nd was ∼30 nm, consistent with
the SEM images. Figure 1f shows the optical transmission
spectra of bare and metal nanodot FTO transparent heaters in
the visible wavelength range (400−800 nm). At a wavelength of
550 nm, all samples exhibited optical transparency of more than
85%, which is favorable for a transparent conducting material.
The corresponding values at this wavelength were 86, 85.1,
85.7, and 85.1% for bare, Cr-nd, NiCr-nd, and Ni-nd FTO
heater, respectively (substrate subtracted). The slightly lower
transmittance of the FTO heaters with scattered metal
nanodots versus the bare one can be attributed to the
absorption and scattering of visible light by the scattered
nanodots inside the FTO films. Moreover, impurity phase
compounds from the metal targets during sputtering may also
cause such degradation, as observed previously.19

Because of safety and energy efficiency concerns, we
investigated the heat-cycle of the transparent heaters with a
relatively low applied voltage of 12 V DC. The relationship
between the temperature changes over the time series powered
by a constant voltage of 12 V measured at ambient conditions is
shown in Figure 2a. The graph shows the surface temperature
of the transparent heaters increased markedly over time until
reaching the saturated point. Compared with other heater
types, the Cr-nd FTO heater achieved the highest saturated
temperature (116 °C) and the shortest response time (160 s)
to obtain the steady-state point. The inclusion of Cr-nd in the
FTO heater contributed to the outstanding thermal perform-
ance of the heaters, due to its excellent electrical properties,

such as lower sheet resistance (26.85 Ω/□), higher electrical
(383 S cm−1) and thermal (83 W m−1 K−1) conductivity (see
the Supporting Information, Table S1). As the result, a faster
transduction of electrical energy into Joule heating occurred,
according to the relationship P = V2/R (where P is power [W],
V is applied voltage [V], and R is resistance [Ω]).2
Despite the relatively low concentration of Cr particles in the

NiCr-nd FTO (60% Ni, 40% Cr), the significant role of this
heating element was further confirmed in boosting the thermal
capabilities. In fact, the NiCr-nd FTO heater was the second
highest saturated temperature (111 °C) followed by bare FTO
(93 °C) and Ni-nd FTO (85 °C). The scattered metal
nanodots also enhanced the thermal uniformity of FTO-based
heaters, as captured by thermal imaging camera in Figure 2b.
To distinguish the level of temperature uniformity, we applied
the equation

= −T T T T[( )/2 ]100%UNI MAX MIN AVE

where TUNI (%) is the temperature uniformity and TMAX, TMIN,
and TAVE are the highest, lowest, and average temperature (°C),
respectively, measured at 12 points at the surface of the
transparent heaters.15 The maps suggest the Cr-nd FTO heater
shows the most uniform value (14.65%), followed by NiCr-nd
FTO (19.2%), bare FTO (19.7%), and Ni-nd FTO (30%). The
thermal uniformity of our FTO-based heaters seemed much
better than that developed with a patterned wire,20 a heater
type commonly used to remove mist in conventional car
windows today. This indicates that using our FTO-based
transparent heaters in car windows could be the key to a faster

Figure 2. (a) Temperature profiles FTO-based transparent heaters with scattered metal nanodots energized by 12 V DC; (b) contour maps of
temperature profiles of bare and FTO heaters with scattered metal nanodots (25 mm × 35 mm), powered by 12 V DC, which were captured during
10 min heat-cycle test. The 12 points were measured with coordinates at (5.5,7), (12.5,7), (19.5,7), (19.5,14), (12.5,14), (5.5,14), (5.5,21),
(12.5,21), (19.5,21), (19.5,28), (12.5,28), and (5.5,28); (c) specific power of transparent heaters.
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defogger. We also investigated the thermal stability of the FTO-
based transparent heater by supplying a higher voltage, 16 V
(see the Supporting Information, Figure S2a). A temperature
overshoot was observed for the Cr-nd FTO heater until it
reached the saturated point at 132 °C. We suggest an electrical
breakdown mechanism was likely the reason for this case
because the Cr-nd FTO heater with a relatively low electrical
resistivity received a large amount of electrical energy in a
certain period. As a consequence, some parts of the FTO thin
film heater might have been broken, eventually increasing the
electrical resistivity of the heater. The same phenomenon can
be seen in the case of silver nanowire heaters.6 The NiCr-nd
FTO heater showed a stable temperature profile during the
heat-cycle test. We presume the Ni nanoparticles, in the form of
the NiCr composite, balanced the Cr behavior at the higher
voltage (see the Supporting Information, Figure S2b). The
specific power of the FTO-based heater materials is presented
in Figure 2c. The NiCr-nd FTO heater performed with the
highest specific power of 26.2 °C m2 kW−1. This means that
under a constant voltage, powering 1 kW m−2 into this heater
material will generate an additional increment of temperature of
as much as 26.2 °C until achieving its saturation point at about
10 min. The specific power correlates closely with energy
efficiency because it compares the output heat energy−
represented by the temperature difference (ΔT) from the
heater−and the input electric energy given by the DC power
supply. Thus, in our study the most efficient transparent heater
in terms of energy saving was NiCr-nd FTO, followed by Cr-nd
FTO, Ni-nd FTO, and bare FTO.
It is also interesting to compare our FTO-based heaters with

previously studied transparent heaters, such as those made with
graphene,1 AuCl3-doped graphene,1 MWCNT,4 SWCNT,3 and
ITO.9 As displayed in Figure 3a, the Cr-nd FTO transparent
heater showed superior saturated temperature, power density,
and optical transmittance versus the other heaters with the
same applied voltage of 12 V (see the Supporting Information,
Table S2). To explain these phenomena, we provide an
illustration in Figure 3b. Once a DC voltage is supplied through
the copper electrodes at the edge of transparent heater, the
electrons flow into the bulk of the FTO heater and pass
through the scattered metal nanodots. Because the Ni, NiCr,
and Cr nanodots are heating materials with relatively lower
electrical resistivity, they are able to generate heat with higher
temperature spots compared with the bulk films. The short
distance among the metal nanodots, which is less than ∼100
nm, helps create a uniform distribution of heat generated by the
FTO heaters with the scattered metal nanodots. Like the other
types of heaters, the heat-transfer mechanisms of the FTO-
based transparent heater include three parameters: conduction,
convection, and radiation. The conduction of heat dissipation
takes place in the solid−solid interfaces, which are between
scattered metal nanodots and the FTO layer, the scattered
metal nanodots and the glass substrate, and the FTO film and
the glass substrate. Convection and radiation heat transfers
involve the surrounding air and FTO film surface.1,2 When a
steady-state temperature is achieved, the heat loss is solely
attributed to convection and radiation.
In conclusion, we investigated FTO-based transparent

heaters with scattered Cr, NiCr, and Ni nanodots, prepared
by a plasma-enhanced sputtering system and ECR-MOCVD.
The heat-cycle tests demonstrated that with a low applied
voltage, the Cr-nd FTO transparent heater showed the most
efficient and stable performance, compared with bare FTO,

NiCr-nd FTO, and Ni-nd FTO heaters. However, when a
higher voltage was supplied, the Ni and Cr composite (NiCr-
nd) FTO heater showed an excellent thermal response. This
superior thermal performance was correlated with the low sheet
resistance and high electronic performance of FTO-based
heaters. Compared with bare graphene, MWCNT, SWCNT,
and ITO-based heating systems, our FTO-based heaters
indicate much better heat performances, especially in terms
of optical transmittance, saturated temperature, and specific
power density. These findings suggest that FTO transparent
heaters with scattered metal nanodots may be useful for many
functional devices including home appliances, military equip-
ment, and other industrial applications.
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