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Abstract— Visibly transparent and electrically conductive
oxides are attractive for a wide array of applications. Indium
tin oxide (ITO) and fluorine tin oxide (FTO) are the subset
of the larger transparent conducting oxide family and possess
transmittance in the visible spectrum as well as high electrical
conductivity. Even though their unique optical and electrical
properties have been thoroughly examined, the thermal trans-
port properties, namely, thermal conductivity in the cross-plane
direction, have received much less attention. In this paper, using
a series of ITO and FTO thin films comprising a range of thick-
nesses and grain sizes, we characterize the cross-plane thermal
conductivity using time-domain thermoreflectance. We determine
the heat capacity of the FTO films from simultaneous measure-
ments of volumetric heat capacity and thermal conductivity on
an ∼396-nm-thick FTO film. We show that the size effects have
a considerable influence on the thermal conductivity from both
the perspective of grain boundary and thin film scattering.

Index Terms— Fluorine tin oxide (FTO), heat capacity, indium
tin oxide (ITO), thermal conductivity, thin film, time-domain
thermoreflectance (TDTR), transparent conducting oxide (TCO).

I. INTRODUCTION

DUE to their transparency in the visible spectrum and
electrically conductive nature, transparent conducting

oxides (TCOs) have been employed for use in a wide array
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of technologies, architectural glass applications, flat-panel dis-
plays, and organic photovoltaic devices [1]–[3]. The leading
TCO for photovoltaic and flat-panel display applications is a
solid solution of indium oxide and tin oxide, often referred
to as indium tin oxide (ITO). While the TCO fluorine tin
oxide (FTO) is not as widely used as ITO, its energy efficiency
lends itself to various architectural applications. This is due to
FTO’s low emissivity of 0.2 [4], making it less susceptible
to radiative heat loss. ITO-coated glass is commonly used as
the hole-injecting electrode in polymer light-emitting diodes
(LEDs) [5], [6]. However, the use of ITO has presented several
key problems for energy conversion. Reports in the literature
have exemplified diffusion of indium into polymer LEDs [7]
and high surface roughnesses of ITO [8], which contribute to
undermining carrier-injection characteristics of the electrode.
Current heating in polymer LEDs has been shown to elevate
temperatures up to 60 °C, limiting maximum attainable effi-
ciencies in devices [9]. Attempts have been made to examine
the influence of the electrode heat sink by employing a ther-
mally conductive substrate [10]; however, no robust examina-
tion has been performed on heat dissipation mechanisms in the
ITO or FTO electrodes. As thermal conductivities of devices
in their thin film form can be drastically reduced compared
to their bulk counterparts due to scattering of carriers at
the boundary between adjacent layers, their mechanisms of
heat dissipation can also be drastically altered. Thus, further
understanding of the influence of film thickness and grain size
on thermal conductivity in these TCOs is crucial for mitigating
the buildup of heat, ultimately improving device performance.

While the electrical and optical properties of ITO and FTO
in their thin film form have been thoroughly studied [11]–[16],
the associated thermal properties have received less attention.
To this point, [17] and [18] have examined the thermal
conductivity of ITO thin films, but due to the limited range
of film thicknesses examined in these studies, no significant
film thickness dependence was shown. Despite the analysis
of the thermal properties of ITO, values for the cross-plane
thermal conductivity of FTO do not exist in the literature
to the best of our knowledge. The advantage of FTO over
ITO in polymer LEDs [19] and solar cells [20] suggests the
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TABLE I

SHEET RESISTANCES, FILM THICKNESSES, AND GRAIN
SIZES OF ITO AND FTO THIN FILMS

need for a better understanding of the material’s mechanisms
of thermal conduction. Therefore, in this paper, we report
on the cross-plane thermal conductivity of a series of ITO
and FTO thin films with varying thicknesses and grain sizes,
demonstrating the role of size effects in these TCOs.

II. METHODS

ITO and FTO thin films were purchased from Delta Tech-
nologies Ltd. Sample IDs from the manufacturer are provided
in Table I. ITO thin films were deposited using a 90%
In2O3 and 10% SnO2 target via physical vapor deposition.
Information regarding the deposition method for the FTO
films was not available. The ITO films were deposited on
the Corning alkaline earth boro-aluminosilicate glass, whereas
the FTO thin films were deposited on float glass. Thickness
measurements were performed via cross-sectional scanning
electron microscopy, whereas grain size measurements were
performed on plan-view images using the Heyn’s lineal inter-
cept method [21]. Sheet resistance was determined using a
Keithely 2612A SourceMeter combined with a four-point
probe system. A summary of the sheet resistances, film thick-
nesses, and grain sizes is listed in Table I. Note that due to
the thinness of the film, the grain size was not recoverable
for the 90IN sample, and we therefore consider its thickness
as the grain size. Considering its thinness, we feel that this is a
plausible assumption. ITO and FTO film structures were deter-
mined via X-ray diffraction (XRD) using a Rigaku SmartLab
diffractometer. Example X-ray diffractograms of ITO and FTO
films are shown in Fig. 1. We deposit a nominally 80-nm-thick
aluminum film onto the surface of the ITO and FTO films
to act as a transducer layer for thermal measurements via
time-domain thermoreflectance (TDTR). The thickness of the
transducer film was verified with profilometry, which agrees
within 5% of the nominal thickness as registered by the
electron-beam evaporator and picosecond acoustics [22].

TDTR is an optical pump–probe technique that monitors
the temperature-induced change in reflectivity of a sam-
ple surface (i.e., thermoreflectivity [24]–[27]) as a function
of time to determine the thermal properties of thin film
systems [28]. TDTR utilizes a subpicosecond pulsed laser
(Ti:Sapphire oscillator) that outputs a train of laser pulses
centered at 800 nm with a repetition rate of 80 MHz and
bandwidth of 10.5 nm. The output is split into two paths: a

Fig. 1. Background subtracted X-ray diffractograms for (a) 40IN and
(b) 9FTO.

frequency-doubled (400 nm) and electro-optically modulated
pump and a time-delayed (via a mechanical delay stage) probe.
This modulated heating event, f , from the pump can be tuned
between 0.1 and 10 MHz, allowing for sensitivity to different
thermophysical parameters that will be discussed further in the
following. The pump and probe beams are focused through an
objective onto the surface of the sample, yielding pump and
probe 1/e2 radii of 17 and 7 μm, respectively, with a 5×
objective (Mitutoyo part no. 378-803-3). The reflected probe
beam is monitored via a Si photodiode and further processed
through lock-in amplification to monitor the in-phase and out-
of-phase voltages generated in the probe from the modulated
heating event. A radially symmetric, multilayer thermal model
is used to fit the probe thermoreflectivity decay as a function
of time, allowing us to extract thermophysical properties
of interest. It should be noted that we restrict pump- and
probe-incident laser powers to ∼5 and ∼4 mW, respectively,
in order to minimize steady-state heating induced by the
average absorbed power from the pump and probe [29], [30].
A more robust description of TDTR analyses is found
in [31]–[33]. We exploit the fact that a change in pump
modulation frequency, and its associated change in thermal
penetration depth characterized by

δthermal =
√

κsub

πCsub f
(1)
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offers varying sensitivity of the measurement to parameters
of interest [34], and is dependent on the thermal conductivity
and volumetric heat capacity of the substrate, κsub and Csub,
respectively. This change in sensitivity with varying modu-
lation frequency allows us to simultaneously determine both
thermal conductivity, κ , and volumetric heat capacity, C, of the
intermediate film in 14FTO sample. There are no reports in the
literature regarding the volumetric heat capacity of ITO, and
thus, we assumed the value of (In2O3 2.58 MJ·m−3·K−1 [35])
in the analysis of the thermal conductivity of ITO thin films.
The literature value of In2O3 was also assumed in the analy-
sis of [17] and [18]. While simultaneous measurements of
κ and C of ITO films would have been ideal, limitations in
film thickness ultimately undermined our sensitivity to these
two parameters in our measurements. To ensure our results
take uncertainty of the heat capacity of ITO into account,
we analyze our data with 10% error in heat capacity, which
presents as an additional term in our error analysis.

III. DISCUSSION

XRD was used to confirm the phase of our deposited
thin films. Fig. 1 shows the background subtracted diffrac-
tograms acquired for the thickest films of ITO and FTO,
as the thinner films proved to be too thin for reliable
measurement. ITO, shown in Fig. 1(a), exhibits a cubic
unit cell of space group Ia-3 (space group number: 206).
FTO, shown in Fig. 1(b), exhibits a tetragonal unit cell of
space group P42/mnm (space group number: 136). Using the
angular position of the peaks, it was determined that the
lattice parameters of ITO are a = 10.4 Å and FTO are
a = 4.8 Å and c = 3.4 Å, respectively. Both samples
are highly crystalline in nature, as evidenced by the sharp,
easily discernable peaks in their diffractograms. The crys-
tal structures and respective lattice parameters are found to
be consistent with the literature [12], [15], [36], [37]. Amor-
phous materials have been shown to have significantly reduced
thermal conductivities compared to their crystalline counter-
parts, and thus, the confirmation of the crystalline nature of
these samples is paramount for understanding the underlying
mechanisms of heat transfer. The thermal conductivity of
amorphous silicon thin films, for example, has been shown to
be two orders of magnitude smaller than their bulk, crystalline
counterparts [38], [39]. This is due to the fact that the length
scales that govern heat propagation are on the order of the
bond length in amorphous systems, hence the reduced thermal
conductivity. However, these films are still prone to influences
of extrinsic geometric features, such as the boundaries of
the thin film itself. Due to the longer intrinsic length scales
found in crystalline systems, these systems are more heavily
influenced by extrinsic features, such as film thickness or grain
size.

We compute the electrical conductivity of our thin films
using thickness and sheet resistance values for each film,
as shown in Table I. These values are shown in Fig. 2 alongside
other values found in the literature [17], [18]. Note that the
measurements in [17] and [18] were performed via the van
der Pauw and four-point probe methods, respectively, and thus,

Fig. 2. Electrical conductivity of ITO and FTO as a function of film thickness
and grain size with data from [17], [18], and [23] included. Filled symbols are
samples where grain size is the limiting length scale, whereas open symbols
are those where the film thickness is the limiting length scale. Note that the
data from Ashida et al. [18] are with an O2 flow rate of 0%, whereas that
of Brinzari et al. [23] are their assumed electrical conductivity for modeling
purposes.

they represent electronic conduction in the in-plane direction.
It is interesting to note that the electrical conductivity of
our ITO samples increases with grain size. Similar trends
were observed in the work of Ashida et al. [18] although the
values for electrical conductivity reported were much smaller
than ours. This is possibly due to the fact that the films
in [18] were deposited with varying oxygen flow rates and
then postannealed at 200 °C in an Ar atmosphere for 1 h.
In both cases, however, a 90% In2O3 and 10% SnO2 target
was used, suggesting the difference in electrical conductivity is
most likely due to fabrication conditions. As the XRD in [18]
is very similar to that of ours, we expect to have thin films
of similar polycrystalline morphology. We observe no grain
size dependence in FTO films; however, considering the large
grain sizes present in these systems, this is expected. Despite
having much larger grain sizes than the ITO films, these films
are clearly less conductive than their ITO counterparts.

As mentioned previously, changing the modulation fre-
quency, f, of the pump causes an alteration of the thermal
penetration depth [29]. In addition, changing the thermal pen-
etration depth alters the sensitivity to parameters, such as
volumetric heat capacity or thermal conductivity. Fig. 3(a)
shows a sensitivity analysis for the thermal conductivity and
volumetric heat capacity of 14FTO at modulation frequencies
of 0.5 and 10 MHz. At a given frequency, we are simultane-
ously sensitive to both the thermal conductivity of the thin film
as well as its volumetric heat capacity. Altering our sensitivity
to κ and C by changing the modulation frequencies allows us
to simultaneously determine both thermophysical properties of
the thin films [34].

Using this concept, we performed TDTR measurements
with pump modulation frequencies of 0.5, 2.4, 4.3, 6.2, 8.1,
and 10 MHz on three different locations of the FTO samples.
We then fit for thermal conductivity in the model while step-
ping through values of volumetric heat capacity for the 14FTO
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Fig. 3. (a) Sensitivity to thermal conductivity, κ , and volumetric heat
capacity, C, at 0.5 and 10 MHz modulation frequencies in 14FTO. For these
calculations, we use C14FTO = 2.32 MJ·m−3·K−1, d14FTO = 396.2 nm,
and κ14FTO = 9.7 W·m−1·K−1. (b) TDTR data and the best fit for 14FTO.
(c) κ–C diagram of 14FTO; only three of the six frequencies used in this
analysis are shown for clarity. The red squares, green triangles, and blue
circles represent data at modulation frequencies of 0.5, 4.3, and 10 MHz,
respectively, and the intersection between the lines is the volumetric heat
capacity and thermal conductivity of the sample.

sample; example TDTR data and best fit model at 10 MHz is
shown in Fig. 3(b). This κ–C analysis is shown in Fig. 3(c)
for 14FTO, which shows the results of this TDTR analysis
at three different frequencies (0.5, 4.5, and 10 MHz). In this
analysis, multiple pairs of κ and C are used to satisfy a best
fit in the experimental data for that particular frequency. The
crossover point between modulation frequencies represents the
values of thermal conductivity and volumetric heat capacity
that provide a similar best fit for the same values at all

three modulation frequencies in the 14FTO sample. From this,
we take the volumetric heat capacity of 2.32 MJ·m−3·K−1

for FTO from the crossover point, which we also used to
fit for thermal conductivity values in the 9FTO and 11FTO
samples. Note, we do not expect the size effects in the heat
capacity for FTO films of this thickness since the heat capacity
is governed by the phononic density of states, which does
not exhibit the size effects until extrinsic geometric features
approach the length scale of the phonon wavelength [40].
However, the thermal conductivity can be influenced by these
extrinsic size effects when the carrier mean free paths approach
the size of extrinsic geometric features. Thus, the thermal
conductivity must be measured on all samples regardless of
the thickness to determine this size effect influence.

The thermal conductivity of electrons and phonons can be
approximated as κ = Cv2τ/3, where v and τ are the thermal
carrier velocities and relaxation times, respectively [15]. The
latter is driven by the scattering events of the thermal carriers
that govern momentum and energy exchange. As discussed
earlier, for these film thicknesses and grain sizes, we can
assume that the heat capacities and velocities are relatively
constant. Thus, the most influential variable in the expression
for κ is the scattering time τ . Under Matthiessen’s rule,
the scattering rate is dependent on a variety of interactions,
both intrinsic and extrinsic to the material [40]. When the film
thicknesses of ITO and FTO approach the intrinsic mean free
paths, then the total mean free path in each film and, hence,
the total relaxation time will be reduced. Thus, we attribute
differences in observed thermal conductivities within ITO and
FTO sample sets to grain and thin film boundary scattering.

The total thermal conductivity measured from TDTR in
ITO and FTO is plotted as a function of thin film thick-
ness in Fig. 4(a) and grain size in Fig. 4(b). Specifically,
we measure the thermal conductivities to be 1.38 ± 0.53,
3.50 ± 0.91, and 6.52 ± 1.04 W·m−1·K−1 for 90IN, 60IN,
and 40IN, respectively, and 9.70 ± 0.47, 10.74 ± 1.05, and
15.18 ± 0.84 W·m−1·K−1 for 14FTO, 11FTO, and 9FTO,
respectively. The uncertainties for our results account for
variation from spot to spot in our measurements as well
as uncertainties in the heat capacities and Al transducer
thicknesses in each sample. Included in Fig. 4(a) and (b) are
the results from [17], [18], and [23] for ITO thin films.
In general, one sees that as either the grain size or thin
film thickness decreases, there is an associated decrease in
the thermal conductivity. Regarding Fig. 4(a), our measured
thermal conductivity for 40IN is in good agreement with
that of Ashida et al. [18] who measured a film of similar
thickness. There is, however, a discrepancy between our mea-
sured values and those of Yagi et al. [17]. Even though the
ITO film thicknesses in [17] were similar to ours (27, 46,
and 62 nm), they show no dependence of κ on film thickness,
measuring a value of 3.2 W·m−1·K−1 by simultaneously
solving the heat equation for the heat diffusion time of their
Mo/ITO/Mo films for two sets of data. We represent their data
on the plot by averaging the three film thicknesses, where the
uncertainty is the standard deviation of the three samples. The
constant thermal conductivity as a function of film thickness
is also due to the fact that the films in [17] are amorphous,
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Fig. 4. Total thermal conductivity in the cross-plane direction as a
function of (a) film thickness and (b) grain size in ITO and FTO thin
films. Data from [17], [18], and [23] are included. Note that the data from
Brinzari et al. [23] are for a film doped with 5% Sn, whereas the data
from Ashida et al. [18] are with an O2 flow rate of 0%. The error bars in
Yagi et al.’s [17] measurement comprise three thin films with thicknesses
of 27, 46, and 62 nm. Because a single value of thermal conductivity was
measured for these three films, the error bar is the standard deviation of the
three film thicknesses.

hence the constant thermal conductivity observed between
the three films and the discrepancy from our crystalline
systems.

In a similar manner, Brinzari et al. [23] examined the ther-
mal conductivity of ITO thin films using the laser flash
technique, a transient technique that directly measures the
thermal diffusivity of samples [41]. This value is presented
in Fig. 4(b). When the grain sizes become significantly smaller
than the film thickness, heat carriers scatter at these boundaries
moreso than boundaries of the thin film. Indeed, materials
with nanoscale grains are known to possess reduced thermal
conductivities [42], [43]. In this manner, the limiting length
scale in [23] is not the thickness of the film but rather the
average grain size, and thus, it is understandable that the values
reported in [23] are lower than that of this paper. The values
reported in [23] are also lower than those of [17] and [18],
the reasons for which could be numerous. The measured ther-
mal conductivity in Brinzari et al.’s [23] work is influenced by
the thermal resistances of the crystalline solid and interfacial

resistance at the grain boundaries that have average spacing
on the order of tens of nanometers, which implies that the
low thermal conductivity is due to grain boundary scattering.
In addition, differences in the electronic contribution to ther-
mal conductivity can drastically alter the efficiency of heat
conduction in these materials, as the total thermal conductivity
is the sum of both phononic and electronic contributions.
Considering their assumed electrical conductivity was lower
than all of those reported in [17], this is not unreasonable.
Thus, a reduction in electronic conductivity combined with a
phonon thermal conductivity reduction due to grain boundary
scattering has the potential to reduce the thermal conductivity
of ITO thin films below the amorphous limit [44].

Despite the size effects on thermal conductivity exhibited in
both ITO and FTO thin films, only ITO thin films exhibited
size effects on the in-plane electrical conductivity. A direct
and quantitative comparison of electronic size effects from
our in-plane electrical conductivity results in Fig. 2 to the
cross-plane thermal conductivity is not possible. In the ITO
films, however, we cannot rule out that the size effects on
the electronic contribution to thermal conductivity could be
influencing our measurements. The electrical conductivities of
the FTO films are size independent, suggesting that the size
effects on the cross-plane thermal conductivity are primarily
driven by grain boundary scattering and not electronic size
effects. Given that all of the measured grain sizes in FTO are
larger than those of the ITO films studied in this paper, this
seems like a plausible speculation. We are not aware of any
prior works reporting on the thermal conductivity of FTO thin
films, let alone size effects impacting phonon transport in these
systems and, thus, these results should provide critical insight
into the design of electronic and energy conversion devices
reliant on FTO as the TCO.

IV. CONCLUSION

We have shown that the TCO thin films, namely, ITO
and FTO, exhibit size effects on thermal conductivity in
the cross-plane direction. Thermal conductivities, determined
using TDTR, were found to be proportional to the thin film
thickness and grain size in FTO and ITO films. With device
heating in polymer LEDs contributing to a reduction in device
efficiency, our results should provide crucial insight into device
design to mitigate heating. With thicker ITO and FTO thin
films having corresponding larger thermal conductivities, their
use in polymer LEDs is an obvious substitution for their thin-
ner counterparts. While the cross-plane thermal conductivity of
both structures have been investigated in this paper, additional
analysis of the thermal conductivities, namely, the contribu-
tions from phononic carriers in the in-plane direction and
electronic carriers in the cross-plane direction, are necessary.
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