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This paper reports the cross-plane thermal conductivity of highly ordered amorphous and crystalline templated mesoporous titania
thin films measured by the 3w method from 30 to 320 K. Both sol—gel and nanocrystal-based films were synthesized by evaporation-
induced self-assembly, with average porosity of 30% and 35%, respectively. The pore diameter ranged from 14 to 25 nm. The size of
crystalline domains in polycrystalline mesoporous films were 12—13 nm, while the nanocrystals in the nanocrystal-based film were
9 nm in diameter. At high temperatures, the thermal conductivity of amorphous dense and mesoporous films showed similar trends
with respect to temperature. This was attributed to the fact that the presence of pores had a purely geometrical effect by reducing the
cross-sectional area through which heat can diffuse. By contrast, the thermal conductivity of polycrystalline dense and mesoporous
films behaves differently with temperature due to phonon scattering by pores and crystalline nanosize domains. In addition, at low
temperatures, the presence of pores caused the thermal conductivity of mesoporous films to be less temperature dependent than
their dense counterparts. Despite its crystallinity, the thermal conductivity of the nanocrystal-based film was about 40% less than that
of the polycrystalline mesoporous films. This was mainly attributed to its larger porosity, smaller crystal size, and strong phonon
scattering at the poorly interconnected nanocrystal boundaries. These results suggest various ways to control the thermal
conductivity of mesoporous materials for various applications.

1. INTRODUCTION

Mesoporous titania (TiO,) thin films have been considered
for energy storage apphcatlons such as accumulators and electro-
chemical capacitors." They are also used as electrodes in dye-
sensitized solar cells” and as high proton conduct1v1ty porous
exchange membranes in solid oxide fuel cells.> Moreover, Choi
et al® identified mesoporous TiO, thin films as promising thermal
insulating materials for infrared sensors. Finally, other apphcatlons
include (i) highly specific chemical sensors and membranes,” (ii)
photocatalyst for water and air purification,” and (iii) optical
coatings, emissive displays, and optoelectronics.

Knowledge of thermal properties of mesoporous titania thin
films is essential to their practical implementation into devices."' ~**

< ACS Publications © xxxx American Chemical Society

A few studies reported the thermal conductivity of dense
(nonporous) amorphous and crystalline TiO, films between 80
and 400 K" As for porous TiO, thin films, Choi et al®
measured the thermal conductivity of 250 nm thick amorphous
templated hexagonal mesoporous TiO, thin films at room tem-
perature. The authors concluded that the presence of nanoscale
pores reduced the thermal conductivity by a factor of 11 compared
with that of nonporous crystalline TiO,.° Unfortunately, the
authors did not report the film porosity and pore size. In addition,
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Feng et al."” reported the effective thermal diffusivity, cross-plane
thermal conductivity, and density at room temperature of porous
anatase TiO, thin films with thicknesses around 60 #m made of
randomly oriented nanofibers. Here also, porosity remained un-
known. The effective thermal conductivity of these porous TiO,
thin films was about 1 order of magnitude smaller than that of bulk
dense anatase TiO,."” The authors indicated that the length and
diameter of the nanofibers had no effect on the films effective
thermal conductivity." Recently, Coquil et al.*® reported the cross-
plane thermal conductivity at room temperature of highly ordered
sol—gel and nanocrystal-based mesoporous TiO, thin films synthe-
sized by evaporation-induced self-assembly, with average porosity
of 30% and 35%, various values of pore diameter (7—30 nm), and
film thickness (60—370 nm). The authors attributed the smaller
thermal conductivity of amorphous thin films to the fact that heat
was carried by very localized nonpropagating vibrational modes.
They also showed that the thermal conductivity can be tuned by
controlling the porosity as well as the connectivity and size of the
nanocrystals or of the crystalline domains. However, only room
temperature results were reported.

The present study aims to (i) measure the effective cross-plane
thermal conductivity of mesoporous TiO, thin films with various
nanoscale architectures and (ii) investigate the effects of tem-
perature, presence of pores, and crystallinity of the TiO, matrix
over the temperature range from 30 to 320 K.

2. METHOD AND EXPERIMENTS

2.1. Mesoporous Titania Thin Film Synthesis. Synthesis of
both nonporous and highly ordered amorphous and crystalline
cubic mesoporous TiO, thin films investigated in the present
study were described in detail in ref 20. The synthesis was based
on calcination of polymer/titania composites produced by
evaporation-induced self-assembly using the organic template
poly(ethylene-co-but?flene)gg-block-poly(ethylene oxide)o, also
referred to as KLE.>' ~** In addition, two types of mesoporous
titania thin films were synthesized, namely, sol—gel derived films
and nanocrystal-based (NC-based) films using methods reported
by Fattakhova-Rohlfing et al.*' and Brezesinski et al,” respec-
tively. Finally, nontemplated amorphous and crystalline TiO,
thin films were prepared by a procedure similar to that used to
synthesize the mesoporous sol—gel films but without any organic
template. The nontemplated films are also referred to as dense
samples in order to distinguish them from the copolymer-
templated mesoporous ones. However, note that the sol—gel
derived nontemplated films were not fully dense but slightly
porous.** Finally, the crystalline phase was anatase in all cases.

2.2. Characterization. Characterization of the films investi-
gated in the present study has been reported in detail by Coquil
et al.*® It included one- and two-dimensional small-angle X-ray
scattering (1D-SAXS and 2D-SAXS), scanning and transmission
electron microscopy (SEM and TEM), and wide-angle X-ray
diffraction (WAXD) measurements.”® In brief, parts a and b of
Figure 1 show SEM micrographs of KLE-templated sol—gel
amorphous and of crystalline (anatase) mesoporous TiO, thin
films, respectively.”® These micrographs confirmed the highly
ordered mesoporous structure of the films. The KLE templated
sol—gel mesoporous TiO, thin films consisted of ellipsoidal
pores of in-plane diameter 14—19 nm organized in bcc lattice
with a porosity of 30%. Moverover, the KLE-templated sol—gel
films showed similar pore dimensions in crystalline and amor-
phous states as also observed by Fattakhova-Rohlfing et al.*'

Figure 1. SEM micrographs of KLE-templated sol—gel derived
(a) amorphous and (b) crystalline mesoporous TiO, and (c) SEM
and (d) TEM micrographs of nanocrystal-based mesoporous TiO, thin
films also templated using KLE-based diblock copolymers.>’.

Parts c and d of Figure 1 respectively show SEM and bright field
TEM micrographs of the disordered but macroscopically homo-
geneous architecture of NC-based mesoporous TiO, films made
of anatase nanocrystals about 9 nm in size and featuring pores
17—25 nm in diameter. Note that the dense crystalline sol—gel
type TiO, thin films featured crystalline domains about 30 nm in
diameter. Table 1 summarizes the crystallinity, porosity, film
thickness, pore diameter, wall thickness, and crystal size of the
TiO, thin films investigated.

2.3. Experimental Setup. The cross-plane thermal conduc-
tivity of highly ordered mesoporous TiO, thin films was mea-
sured using the 3@ method.”® The principles, microfabrication of
the test section metallic pattern, and validation of the 3 method
at room temperature have already been described in detail
elsewhere®® and need not be repeated. Briefly, a thin silicon
nitride (Si,N,) layer was first deposited on the sample films by
plasma-enhanced chemical vapor deposition (PECVD) in order
to (i) protect the mesoporous structure of the samples and (ii)
act as an electrically insulating layer. Meanwhile, a nitride layer
with identical thickness was also deposited on a bare silicon
substrate in the same batch as the samples and served as a
reference. Note that this PECVD passivation process has also
been used as an effective method to seal various porous thin
films.”” 3 In fact, Figure 2 shows a cross-section SEM micro-
graph of our mesoporous TiO, films. It establishes that only the
open pores located at the surface of the film were filled with
Si,N,. Their diameter represents a very small fraction of the film
thickness. Then, the metallic wire made of 10 nm thick Cr and
100—150 nm thick Al was deposited on both the sample and the
reference by a standard lift-off process. It was 30 um wide and
1 mm long and served both as heater and sensor. The metallic
pattern was then connected to the measuring circuit using wire
bonding technique. To do so, one end of an aluminum wire was
first connected to the sample carrier by ultrasonic wire bonding.
Then, the other end of the wire was carefully attached to the
metallic pattern using silver epoxy. Finally, the sample and its
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Table 1. Characteristics of the Mesoporous Titania Thin Films Investigated

sample no. crystallinity process porosity, f, (£2%)  thickness, t; (nm)  pore diameter, d (nm)  wall thickness, £,y (nm)  crystal size (nm)
1 amorphous sol—gel 0% 120 - - —
2 polycrystallineb sol—gel 0% 150 - - 30
3 amorphous sol—gel 30% 250 14—-19 8—12 —
4 amorphous sol—gel 30% 300 14—-19 8—12 —
S polycrystalline”  sol—gel 30% 260 14—-19 8—12 12—13
6 polycrystallineb sol—gel 30% 370 14—-19 8—-12 12—13
7 polycrystalline” ~ NC-based” 35% 160 17-25 15-25 9
“ Nanocrystal-based. b Crystalline phase is anatase.
Cross-section SEM Cryogen
PECVD .
Si.N venting Cryostat Transfer line
Xy port evacuation evacuation valve
valve d
i = 2y 1 1)
Mesoporous a Flow Pressure
TiO, | Electric circuit | regulator gaufe
| Silicon T~ Cold @
substrate finger —
SR830 — | I

Figure 2. Cross-section SEM micrograph of a typical mesoporous
TiO, sample film protected with a PECVD Si,N, layer.

carrier together were baked at 65 °C for 4 h to ensure good
electrical conductivity.

Figure 3 shows the schematic of the experimental setup. It
consisted of a thermal subsystem and an electrical subsystem.
The thermal subsystem consisted of a coldfinger cryostat (model
ST100 from Janis Research Company, Inc.), a helium dewar, and
a temperature controller (model 331s from Lake Shore Cryo-
tronics, Inc.) used to control the temperature with +0.1 K
accuracy. The cryostat space was evacuated to a pressure less
than 1 mtorr in order to minimize heat losses by conduction and
convection. In order to minimize sample temperature rise due to
Joule heating in the metallic wire, cryogenic thermal grease was
applied to the interface between the sample’s substrate and the
cryostat coldfinger. The rise in sample temperature above the
cryostat set temperature was estimated to be less than S K for T <
100 K and less than 2 K for T > 100 K. The electrical subsystem
used a lock-in amplifier (model SR830 from Stanford Research
Systems, Inc.) to measure the third harmonic voltage response
from the metallic wire.”®

2.4. Experimental Procedure. Thermal conductivity mea-
surements were divided into two steps. First, the temperature of
the metallic heater was calibrated, and its temperature-dependent
electrical resistance R.(T) was measured. To do so, a small ac
voltage (around 0.1 V,,,,;) was supplied to the metallic heater to
measure its electrical resistance R.(T) between 30 and 320 K.
Second, the cross-plane thermal conductivity of the sample film
was measured for a given temperature. To do so, a large ac
voltage (around 0.5 V,,,,,) was applied to the metallic heater at
different frequencies. The third harmonic voltage drop V;,
across the metallic heater was collected by the lock-in amplifier
with a 2% relative uncertainty for each frequency. As suggested
by Cahill,> the frequency range was chosen such that (i) the in-
phase component of the amplitude of V3, decreased linearly with
the logarithm of frequency and (ii) the out-of-phase component

lock-in amplifier

° Vacuum pump
o
\ o

Sample holder

Storage dewar leg

/ Sample

Temperature controller /
Radiation
shield

1 ¥~ LHe dewar
ST100 cryostat

Figure 3. Experimental setup used for thin film thermal conductivity
measurements between 30 and 320 K.

of the amplitude of V3, was nearly independent of frequency. In
the present study, the typical frequency range considered was
from 0.4 to 2.0 kHz. The temperature oscillation amplitude AT
was then determined from the third harmonic voltage V3,
according to”®

2V3wRe
V, (dR./dT)

where V,, is the applied first harmonic ac voltage measured by a
multimeter (Agilent 34401a) while dR./dT is the derivative of
the electrical resistance of the heater with respect to temperature.

A large contribution to the uncertainty of AT given by eq 1 is
due to the uncertainty associated with dR./dT. For small
temperature range, a linear relationship between R, and T can
be used to fit the data.2® However, large error is expected when
fitting data with a linear function over a wide temperature range.
Instead, the Bloch—Griineisen (B—G) model®' was used, in the
present studgr, to fit R.(T) between 30 and 320 K as performed by
Chen et al.>* The B—G model is expressed as’’

e = ==

where A, B, and C are three empirical parameters. These
parameters were obtained, for each film, by fitting eq 2 to
experimental data for R,(T) using the simplex method.* Figure 4
shows the typical electrical resistance of a metallic heater as a

AT = (1)
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Temperature, T (K)
Figure 4. Typical electrical resistance of a metallic heater along with

linear fitting (dashed line) and B—G model fitting (solid line) given by
eq2for A=1062 €, B=4517 Q,and C=337.8 K.
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Figure 6. Measured thermal conductivity of high purity single crystal
silicon substrate as a function of temperature along with data reported in the
literature for high purity and Sb- and B-doped single crystal silicon.>>**

100 . . —
80 - —/\— AT,¢/P at 66 K -
I~ —0— AT,,/P at 66 K
g —A— AT, /P at 295 K
n:: 60 | W AT /Pat295K | AT/P=48 K/W |
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Figure S. Example of amplitude of temperature oscillation per unit
power AT,.¢/P and AT,/P as a function of frequency at temperatures
66 and 295 K.
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Figure 7. Measured thermal conductivity of 1.2 #m thick thermal oxide
film as a function of temperature between 30 and 320 K along with
previously reported data.'>*>”

function of temperature. It indicates that the fitted B—G model
gave better prediction of the experimental data than linear curve
fitting for A = 10.62 , B=45.17 €2, and C = 337.8 K. The relative
difference & between experimental measurement and prediction by
the fitting model is defined as ¢ = [Ro5(T) — R(T)]/R(T),
where R, ,(T) is the fitted value at temperature T obtained either
by linear fit or using the B—G model. Here, ¢ associated with the
B—G model was less than 0.5% for all temperatures. For the linear
fit, € was larger than 0.5% and reached up to 4% for T < 150 K.
Finally, the derivative of the electrical resistance with respect to
temperature dR./dT used in eq 1 was calculated by applying
centered difference method to the B—G fitted curve.

Finally, the differential 3 method was used to analyze the
data.** The amplitude of temperature oscillations in the meso-
porous thin film AT¢was calculated by subtracting the amplitude
of temperature oscillation of the reference nitride film AT, ¢from

that of the mesoporous film with the protective nitride film
denoted by AT\, ie.

ATy = ATy — AT, (3)

Figure S shows typical amplitudes of temperature oscillation per
unit power AT,¢/P and AT,/P as a function of frequency at
temperatures 66 and 295 K, respectively. The difference in AT/
P between the sample and the reference appeared to be inde-
pendent of frequency and was used to calculate the mesoporous
thin film thermal conductivity k¢ according to ref 34

Pte
=— 4

2bLAT: ( )

where f;is the thickness of the mesoporous film while 2b and L are

the width and length of the aluminum metallic heater, respectively.
Note that the random error associated with k¢ was estimated to be

ke
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Figure 8. Measured thermal conductivity of sol—gel-derived nontem-
plated (dense) amorphous and polycrystalline TiO, thin films as a
function of temperature between 30 and 320 K along with previously
reported data'” and predictions by the Cahill—Pohl model (eq 5).

less than 0.005 W/m K by performing at least three independent
measurements for each temperature. Error propagation analysis was
performed to estimate the overall uncertainty associated with the
measured thermal conductivity k{T) computed using eqs 1—4.

2.5. Validation. The experimental apparatus was first vali-
dated by measuring the thermal conductivity of high purity single
crystal silicon substrate and thermally grown amorphous silicon
dioxide (thermal oxide) films. Figure 6 compares the measured
thermal conductivity of high purity single crystal silicon substrate
as a function of temperature with data reported in the
literature.>*® Good agreement (within 10%) was found between
the present and reported data.>* In addition, the thermal con-
ductivity for B- or Sb-doped silicon reported by Lee and Cahill*®
was smaller than those measured in the present study. This can
be attributed to phonon scattering by the dopant atoms.

Moreover, Figure 7 shows the thermal conductivity of 1.2 #m
thick thermal oxide film as a function of temperature between 30
and 320 K. The experimental uncertainty for each data point was
estimated to be smaller than 0.05 W/m-K. The maximum and
average relative difference between the present study and the
previous results for 0.99 um thick thermal oxide™ and bulk
amorphous silica (Vitreosil)*® were 9% and 6%, respectively. This
also confirms that when the silica film is thicker than 1 um, the
apparent thermal conductivity is approximately that of bulk
silica.">?” The slight difference among different data sets could be
attributed to the difference in silica density and composition
(impurities).

Overall, the experimental setup and the associated analysis
were in good agreement with experimental data reported in the
literature for high purity single crystal silicon® and thermal
oxide'® between 30 and 320 K. Therefore, the experimental setup
and procedure can be utilized to measure the thermal conduc-
tivity of the dense or mesoporous, amorphous, or polycrystalline
TiO, thin films previously described.

3. RESULTS AND DISCUSSION

3.1. Dense Amorphous and Polycrystalline Titania Thin
Films. Experimental Results. Figure 8 shows the measured

thermal conductivity of sol—gel-derived nontemplated
(referred to as dense) polycrystalline and amorphous TiO, thin
films as a function of temperature between 30 and 320 K. The
average experimental uncertainty for both films was about 14%.
Figure 8 indicates that the thermal conductivity of the poly-
crystalline and amorphous dense films denoted by k4(T) in-
creased monotonically with increasing temperature. By contrast,
the thermal conductivity of bulk dense crystalline materials
typically decreases with increasing temperature for temperatures
larger than T'gepy./10 due to phonon Umklapp scattering.38 Note
that the Debye temperature Tyepy. for anatase is about 500 K.
Therefore, the present observations suggest that phonon scatter-
ing by crystalline grains and film boundaries dominates over
phonon Umklapp scattering in the polycrystalline dense TiO,
film. In addition, the measured thermal conductivity of both
polycrystalline and amorphous films varied as T> for low
temperatures between 30 and 60 K. Moreover, the thermal
conductivity of the polycrystalline film (sample 2) was about
three times larger than that of the amorphous film (sample 1) for
any given temperature. This was mainly due to the fact that, in
amorphous materials, heat is transferred mainly by localized
lattice vibrations as opposed to phonons with relatively long
mean free path in crystalline materials.*®

Figure 8 also shows the thermal conductivity of sputtered
polycrystalline and amorphous TiO, thin films between 80 and
400 K reported by Lee et al.'” The sputtered polycrystalline TiO,
thin film had average grain size of about 8 nm and film thickness
between 0.5 and 2.0 um."” It is evident that the thermal con-
ductivity of the sol—gel dense polycrystalline film (sample 2) was
similar to that of the sputtered polycrystalline film.'” However, the
thermal conductivity of the sputtered amorphous film was about
two times larger than that of the sol—gel dense amorphous film
(sample 1). This difference suggests that these films may have
different density and/or compositions caused by the very different
synthesis processes. For example, dense titania thin films prepared
by the sol—gel method usually have lower density than sputtered
films.** In addition, sol—gel derived amorphous titania often
contains additional hydroxyl groups, compared with sputtered
titania,** which result in the stoichiometry TiO, with x > 2.

Comparison with Model for Strongly Disordered Materials.
Einstein*' proposed a model for heat conduction in amorphous
solids. He assumed that (i) all atoms vibrated as harmonic
oscillators at the same frequency and (ii) the phase of neighbor-
ing oscillators were uncorrelated.*® Cahill and Pohl*® improved
this model by considering the coherence of a crystal wave over a
distance on the order of a mean free path. The Cahill-Pohl
model divided a solid into localized regions of size 1/2, where A is
the wavelength of a given phonon mode, and assumed that these
localized regions vibrate at frequencies equal to @ = 27v,/4,
where v, is the speed of sound.*** Based on these assumptions,
the thermal conductivity of a strongly disordered material as a
function of temperature was expressed as*>

1/3 3 2 0T 3.x
T T x’e
kep(T) = (= k 2/32 si| — / —d
o) <6> s <9i> o (ex—1) ¥
(s)

where kg = 1.38 X 102 m? kg/ s2 K is the Boltzmann constant
and n is the number of atoms per unit volume of material.
Summation is performed over three polarizations including two
transverse and one longitudinal polarization with associated
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Figure 9. Ratio k4(T)/kcp(T) as a function of temperature between 30
and 320 K for sputtered'” and sol—gel derived dense TiO, thin films.
k4(T) was shown in Figure 8, and kcp(T) was predicted from eq S.
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Figure 10. Measured thermal conductivity as a function of temperature
between 30 and 320 K for block copolymer templated sol—gel (samples
3—6) and NC-based (sample 7) mesoporous TiO, thin films.

speed of sound v; and characteristic temperature 6; = v, (A/kg)-
(677n)"/3. The Cahill—Pohl model has been termed the mini-
mum thermal conductivity model for amorphous and strongly
disordered polycrystalline materials.*® Here, the average speed of
sound v, = 4140 m/s for anatase TiO, was used for all three
polarizations.*® The atom number per unit volume was taken as n
=2.94 x 10°® m > according to measurements by Lee et al.'” for
sputtered amorphous TiO,. As previously mentioned, the actual
atom number per unit volume in dense sol—gel films may be
smaller.”* The minimum thermal conductivity of strongly dis-
ordered TiO, predicted by eq 5 was also plotted in Figure 8
(dashed line). It is evident that the minimum predictions by the
model were close to the measured thermal conductivity of
sol—gel dense amorphous TiO, thin film (sample 1). This could
be attributed to its amorphous phase as well as to the small
porosity resulting from the sol—gel process, as previously men-
tioned. As expected, the model predictions were smaller than kg
measured for all other dense TiO, thin films.

In order to compare the temperature dependence of the
measured thermal conductivity with that predicted by eq S,
Figure 9 plots the ratio kq(T) /kcp(T) as a function of temperature.
It indicates that for T > 120 K, k4(T)/kcp(T) was nearly inde-
pendent of temperature for dense sputtered as well as for sol—gel
amorphous and polycrystalline TiO, thin films. It establishes that
the Cahill—Pohl model successfully captured the temperature
dependence of the thermal conductivity of both amorphous
and polycrystalline dense sol—gel films. On the other hand, for
T < 120 K, the ratio k4(T)/kcp(T) increased as temperature
decreased. The discrepancy between the measured and predicted
thermal conductivity at low temperatures was also observed by
Cahill and Pohl* for amorphous silica. It was attributed to the fact
that the Cahill—Pohl model does not include energy transport by
phonons with long mean free path whose contributions become
important at low temperatures in both amorphous and strongly
disordered polycrystalline solids.****

3.2. Mesoporous Titania Thin Films. Figure 10 shows the
measured thermal conductivity as a function of temperature for the
amorphous and polycrystalline, sol—gel, and NC-based, mesopor-
ous TiO, thin films (samples 3—7), denoted by k(T). The average

experimental uncertainty was between S and 11% for all films
between 30 and 320 K. Note that the thermal conductivity of the
mesoporous TiO, thin films measured at room temperature
agreed well with previous results reported by Coquil et al.** This
confirms their assumptions that heat losses to the surroundings by
conduction and convection were negligible in their experiments.

Sol—Gel Amorphous Mesoporous TiO, Thin Films. Figure 10
indicates that the thermal conductivity of sol—gel amorphous
mesoporous TiO, thin films (samples 3 and 4) increased with
increasing temperature. It was less than half of that for the
amorphous dense film, for all temperatures. The reduction in
thermal conductivity of the amorphous mesoporous TiO, thin
films was mainly due to the facts that (i) in amorphous materials
heat is transferred by very localized nonpropagating vibrational
modes and (ii) the cross-sectional area for heat transfer through
the film is reduced by the presence of the pores.”® In addition, the
thermal conductivity of sample 4 was slightly larger than that of
sample 3 for all temperatures with a maximum absolute differ-
ence less than or comparable to the experimental uncertainty.
This could be attributed to variations in morphology from one
sample to another.

Moreover, the thermal conductivity of amorphous mesopor-
ous TiO, thin films was proportional to T for temperature T < 60
K as opposed to T* for the corresponding dense film (sample 1).
This could be due to the fact that the presence of mesopores
reduces the contribution, to heat transfer, of phonon modes with
long mean free path. This, in turn, makes the thermal conductiv-
ity less temperature dependent.

Finally, Figure 11 plots the ratios of the thermal conductivity
ke T) of samples 3 and 4 (Figure 10) to that of dense sample 1
denoted by k4q(T) (Figure 8) as a function of temperature. They
were found to be equal to 0.35 and 0.41 and independent of
temperature between 60 and 320 K. This confirms the observa-
tions made by Shin et al.>” on mesoporous amorphous SiO, films
indicating that the presence of the pores in amorphous materials
had a purely geometrical effect and did not affect the localized
vibrational modes. Then, the temperature dependence of k{T)
was captured by that of the continuous amorphous phase
denoted by kq(T). Thus, for T > 60 K, the thermal conductivity
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Figure 11. Ratio of measured thermal conductivity of sol—gel-derived
KLE-templated mesoporous films k{T) (Figure 10) to that of the
corresponding dense film k4(T) as a function of temperature between 30
and 320 K. Here, k4(T) was taken as (i) kq(T) measured for sample 1 in
the case of samples 3 and 4 and (ii) k4,(T) given by eq 8 in the case of
samples S and 6.

of the amorphous mesoporous films k¢(T) can be expressed as a
function of k4(T) and a geometric parameter such as porosity f,
using some effective medium approximation. For T < 60 K, the
ratios increased with decreasing temperature. This is due to the
fact that, at low temperatures, the thermal conductivity of the
mesoporous amorphous films is less temperature dependent
(k¢ o< T)) than that of the dense amorphous film (kg o< T?), as
previously discussed.

Sol—Gel Polycrystalline Mesoporous TiO, Thin Films. Fig-
ure 10 indicates that the sol—gel polycrystalline mesoporous
TiO, thin films (samples S and 6) featured thermal conductivity
approximately one-third as large as that of the dense polycrystal-
line thin film (sample 2) from 30 to 320 K shown in Figure 8.
This reduction can be attributed to phonon scattering by pores
and by smaller crystalline domains. In fact, the crystalline domain
sizes were 12—13 nm in size in sol—gel polycrystalline mesopor-
ous films (samples S and 6) as opposed to 30 nm in their dense
counterpart (sample 2). The difference in thermal conductivity
between the two porous samples (S and 6) was less than the
experimental uncertainty for all temperatures.

Figure 10 shows that the thermal conductivity of sol—gel
polycrystalline mesoporous TiO, thin films (samples S and 6)
varied as T"* for temperatures below 60 K as opposed to T for
the corresponding dense film (sample 2). In addition, the
thermal conductivity of polycrystalline mesoporous TiO, thin
films reached a constant value of about 1.0 W/m-K for tem-
peratures larger than 300 K. This suggests that nearly all phonon
modes were excited above 300 K. Note that such a plateau was
not observed at high temperatures for the polycrystalline dense

The effect of the presence of the pores was further investigated
by comparing the thermal conductivity of the polycrystalline
mesoporous TiO, thin film with that of the equivalent dense film.
To account for the effect of crystalline domain size, Smith and
co-workers***¢ expressed the total thermal resistance of poly-
crystalline material as the sum of the thermal resistance of the

equivalent single crystal and that of all grain boundaries in
series as

1 _ 1 N Rmt(T) (6)
kd(T) kcrystal(T) dg

where K,y is the thermal conductivity of bulk single crystal, R
is the thermal resistance of a single grain boundary, and d, is the
average grain size. This model was adopted to predict the thermal
conductivities kq; and kg, of bulk dense polycrystalline anatase
TiO, with grain size dg; = 30 nm and dg, = 13 nm, respectively.
Hence, the ratio kqp/kg; can be expressed as

kdz(T) _ 1+ kcrysml(T)Rint(T)/dgl
kdl (T) 1+ kcrystul(T)Ri”t(T)/dgz

To the best of our knowledge, the thermal conductivity kcryml( T)
of bulk single crystal anatase as a function of temperature is not
available in the literature. However, the thermal conductivity of
rutile, another polymorph of TiO,, was reported between 1 and
400 K.*” Tt decreases with increasing temperature above 15 K and
is 11.7 and 8.5 W/m-K at 300 K for bulk single crystal
and polycrystalline rutile, respectively.”” We expect it to be
similar for anatase phase. In addition, the thermal resistance
Rini(T) of a crystalline grain boundary is typically on the order of
10~ % m? -K/W.* Therefore, for dg ~10 N KpygqRine/ dg is on
the order of 10 at room temperature. For lower temperatures,
this term should increase due to significant increase in K.rygtar-
(T)* and only moderate change in Rine(T).* Thus, as a first
order approximation, the ratio kg,(T)/kq;(T) simplifies as

kao(T) _ dp
ka(T)  dg (8)

Here, the thermal conductivity kg, (T) of dense polycrystalline
TiO, with grain size dy; = 13 nm was calculated by substituting
ka1 (T) with measured data for sample 2 whose grain size was
dg; = 30 nm. Figure 11 also plots the ratios of the thermal
conductivity of samples 5 and 6 to that of k4, as a function of
temperature. Unlike for amorphous mesoporous samples, the
ratios fluctuate with temperature and no clear trend is apparent.
This can be attributed to the presence of the pores which affect
the phonon dispersion and density of states possibly due to the
quantum confinement effect.*”

Nanocrystal-Based Mesoporous TiO, Thin Film. Figure 10
shows that the thermal conductivity of the NC-based mesopor-
ous TiO, thin film (sample 7) was 40% less than that of the
sol—gel polycrystalline mesoporous thin films (samples S and 6).
This was due to the facts that (i) the nanocrystals contacted each
other over very small surface area with additional microporosity
stemming from the space between them,® (i) the anatase
nanocrystal size was 9 nm as opposed to 12—13 nm for the
polycrystalline domain of sol—gel films, and (iii) NC-based
mesoporous films had porosity of 35% instead of 30% for the
sol—gel films. This poorly connected nanostructure caused
significant phonon scattering at the interfaces between nano-
crystals. On the other hand, the thermal conductivity of the NC-
based film was about two times larger than that of sol—gel
amorphous mesoporous films (samples 3 and 4) for all tempera-
tures, despite their larger porosity. This can be attributed to the
crystallinity of the NC-based mesoporous film.

In addition, the trend of thermal conductivity of the NC-based
mesoporous TiO, thin film with respect to temperature indicates

(7)
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that both the crystalline nature of nanocrystals and the loosely
connected porous structure affected its thermal conductivity. On
the one hand, at low temperatures, its thermal conductivity was
linearly proportional to temperature T as observed for amorphous
mesoporous films (samples 3 and 4). On the other hand, its
thermal conductivity reached a plateau beyond 300 K as observed
for polycrystalline mesoporous films (samples S and 6), suggesting
saturated phonon modes in the NC-based mesoporous TiO, film.

4. CONCLUSION

This paper presented measurements of the cross-plane ther-
mal conductivity of mesoporous TiO, thin films between 30 and
320 K. Amorphous and crystalline as well as sol—gel derived and
nanocrystal-based mesoporous TiO, thin films were investi-
gated. The following conclusions can be drawn:

1 The thermal conductivity of sol—gel derived TiO, thin films
increased with increasing temperature. For amorphous and
polycrystalline mesoporous TiO, thin films, conductivity at
low temperatures was proportional to T and T"*, respec-
tively, as opposed to T” for the corresponding nontem-
plated (dense) films.

2 The Cahill—Pohl model for highly disordered materials
captured the temperature dependence of the thermal con-
ductivity of dense amorphous and polycrystalline TiO, thin
films for T > 120 K.

3 The sol—gel amorphous mesoporous TiO, thin films had
thermal conductivity less than half of that of their dense
counterpart. The thermal conductivity of amorphous dense
and mesoporous films had similar temperature dependence
for T > 60 K. This was due to the fact that the presence of
the pores only reduces the cross-sectional area for heat
transport without affecting the localized vibrational modes.

4 The thermal conductivity of sol—gel polycrystalline mesopor-
ous TiO, thin films was three times smaller than that of their
dense counterpart. This was mainly due to phonon scattering
by pores and smaller crystalline domains (12—13 versus
30 nm). The thermal conductivity of polycrystalline dense
and mesoporous films had different temperature dependence
suggesting that the presence of the pores also affect the phonon
dispersion and density of state in the polycrystalline matrix.

S The NC-based mesoporous TiO, film had thermal con-
ductivity about 40% less than that of the polycrystalline
mesoporous films and two times larger than that of the
amorphous mesoporous films. This was attributed to its
particles’ crystallinity with smaller crystal size (~9 nm),
larger porosity (35%), and poor connections between
individual anatase nanocrystals.
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