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Email: pilon@seas.ucla.edu

E. Joseph Nemanick, Sarah H. Tolbert
University of California, Los Angeles
Department of Chemistry and Biochemistry
607 Charles E. Young Drive East, Box 951569
Los Angeles, CA 90095-1569, USA

ABSTRACT

This paper reports the cross-plane thermal conductivity of
amorphous and crystalline mesoporous titania thin films synthe-
sized by evaporation-induced self-assembly. Both sol-gel and
nanocrystal-based mesoporous films were investigated, with av-
erage porosities of 30% and 35%, respectively. The pore diam-
eter ranged from 7 to 30 nm and film thickness from 60 to 370
nm while the average wall thickness varied from 3 to 50 nm.
The crystalline domain sizes in sol-gel films varied from 12 to
13 nm while the nanocrystal-based films consisted of monodis-
perse nanocrystals 9 nm in diameter. The cross-plane thermal
conductivity was measured at room temperature using the 3@
method. The average thermal conductivity of the amorphous
sol-gel mesoporous titania films was 0.37 = 0.05 W/m.K. It did
not show strong dependence on pore diameter, wall thickness,
and film thickness for sol-gel amorphous mesoporous titania thin
films. This result can be attributed to the fact that heat is car-
ried, in the amorphous matrix, by localized non-propagating vi-
brational modes. The thermal conductivity of crystalline sol-gel
mesoporous titania thin films was significantly larger at 1.06 +
0.04 W/m.K and depended on the organic template used to make
the films. The thermal conductivity of nanocrystal-based thin
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films was 0.48 £ 0.05 W/m.K and significantly lower than that
of the crystalline sol-gel mesoporous thin films. This was due
to the fact that the nanocrystals were not as well interconnected
as the crystalline domains in the crystalline sol-gel films. These
results suggest that both connectivity and size of the nanocrys-
tals or the crystalline domains can provide control over thermal
conductivity in addition to porosity.

NOMENCLATURE

d pore diameter [m]

dy lattice parameter [m]

f» porosity

ks film thermal conductivity [W/m.K]
k; intrinsic thermal conductivity [W/m.K]
r. thermal contact resistance [m2K/W]
S scattering vector [nm~!]

ty film thickness [nm]

tway  Wall thickness [nm]

6 X-ray diffraction angle [degrees]



1 INTRODUCTION

Mesoporous titania (TiO») thin films have received signifi-
cant attention due to their wide range of applications. They have
been used in dye-sensitized solar cells for their wide band-gap
semiconductor properties [1]. They have also been considered
for solid oxide fuel cells as high proton conductivity porous ex-
change membranes [2]. Mesoporous TiO; is also a very inter-
esting material for controlled delivery of chemicals, highly spe-
cific chemical sensors, and membranes [3] thanks to its tunable
pore size and structure [4]. In addition, the high oxidative poten-
tial of titania gives it strong photocatalytic activity for water and
air purification applications [5,6]. Moreover, mesoporous TiO,
films have been used for optical coatings, emissive displays or
optoelectronics [7] due to their large surface area and controlled
nanoscale morphologies coupled with relatively high refractive
index (> 1.6). They are also of interest for electrical energy
storage applications such as electrochemical capacitors [8—10].
Finally, Choi et al. [11] have also identified mesoporous titania
thin films as promising thermal insulating materials for infrared
Sensors.

Knowledge of the thermal properties of such films is neces-
sary to their practical implementation in devices which typically
operate at room temperature. A few studies have also reported
the thermal conductivity of dense (non-porous) amorphous and
crystalline titania films [12—15]. Note that titania does not natu-
rally have a bulk amorphous phase but the theoretical minimum
thermal conductivity of bulk amorphous sputtered titania at room
temperature was estimated by Cahill and Hallen [12] to be 1.5
W/m.K. Choi et al. [11] reported the only thermal conductivity
measurement for a single mesoporous TiO, thin film. The au-
thors considered a 250 nm thick amorphous templated film at
room temperature. Unfortunately, the authors did not report the
film porosity and morphology.

The goal of the present study is to investigate the effect of (i)
porosity and pore spatial arrangement and (ii) crystallinity of the
TiO, matrix on the thermal conductivity of the templated films at
room temperature. First, both synthesis and characterization of
the mesoporous titania films are described. Then, the cross-plane
thermal conductivity of all samples is reported and discussed.

2 METHOD AND EXPERIMENTS
2.1 Sample Film Preparation

In this study, both non-templated (i.e., mostly non-porous)
and templated thin films with amorphous and crystalline frame-
works were synthesized. The synthesis was based on cal-
cination of periodic polymer/titania composites produced by
evaporation-induced self-assembly. Two different types of or-
ganic templates were used namely poly(ethylene-co-butylene)gg-
block-poly(ethylene oxide)79 also referred to as KLE [8] and
poly(ethylene oxide)yo-block-poly(propylene oxidesg)-block-
poly(ethylene oxide),o triblock copolymer (EO2oPO79EO;0)

also referred to as P123. Their use resulted in films with differ-
ent pore sizes and interpore spacings. In addition, two types of
mesoporous titania thin films were synthesized, namely, sol-gel
derived films using both KLE and P123 and nanocrystal-based
films synthesized using KLE. Synthesis of both the sol-gel and
nanocrystal-based mesoporous titania thin films using KLE fol-
lowed methods reported by Fattakhova-Rohlfing et al. [8] and
Brezesinski et al. [9], respectively. Synthesis of the sol-gel cu-
bic mesoporous titania thin films using P123 followed a method
reported by Alberius ef al. [16].

Synthesis of the sol-gel cubic mesoporous titania framework
using KLE was accomplished using a mixture of KLE, ethanol
(EtOH), water (H,O) and titanium tetrachloride (99.9%) (TiCly).
First, 600 mg of TiCly were carefully combined with 3 mL of
EtOH. After 10 minutes, 100 mg of KLE dissolved in 3 mL of
EtOH and 0.5 mL of double distilled H,O were added. Thin
films were produced via dip-coating on silicon substrates at a
20% relative humidity (RH) and a constant withdrawal rate be-
tween 1 and 10 mm/s. Films were then aged at 300°C for 12
hours prior to template removal to prevent loss of mesoscale or-
der during thermal treatment. Amorphous films were obtained
by calcination using a 5°C/min ramp to 400°C followed by a 10
minutes soak time. Alternatively, crystalline films were obtained
by calcination using a 1 hour heating ramp from room tempera-
ture to 600°C with a 10 minutes hold. Brezesinski et al. [9] and
Fattakhova-Rohlfing et al. [8] have shown, using wide angle X-
ray diffraction, that films obtained this way can be considered as
fully crystalline and exclusively anatase phase [8].

Synthesis of the sol-gel cubic mesoporous titania framework
using P123 was accomplished using a mixture of P123, EtOH,
12.1 M hydrochloric acid (HCl), and tetraethyl orthotitanate
(TEOT) in the mass ratio P123:EtOH:HCL: TEOT = 1:15:3.2:4.2.
A polymer solution was made by dissolving one gram of P123
in 14 grams of EtOH. A titania precursor solution was made by
mixing 3.2 g of HCI with 4.2 g of TEOT under nitrogen atmo-
sphere. This solution was stirred for 10 minutes until it became
homogeneous and clear. The polymer solution was then added
followed by a 20 minutes stirring at room temperature. Films
were dip coated from the solution onto silicon substrates at a
withdrawal rate of 1 to 6 cm/min under a RH of 20%. After de-
position, films were aged overnight at -20°C, followed by 1 day
at 60°C. Amorphous films were obtained by heating the films, in
air, up to 300°C using a 1°C/min ramp followed by 6 hours of
soak time. Alternatively, crystalline anatase films were obtained
by heating the samples, in air, up to 550°C using a 1.5°C/min
ramp followed by 6 hours of soak time.

Synthesis of the nanocrystal-based titania framework using
KLE was accomplished by first preparing an anatase nanoparti-
cle solution [10]. In a water free container, 0.5 mL of TiCl; was
slowly added to 2 mL of EtOH and then combined with 10 mL of
anhydrous benzyl alcohol. The container was loosely sealed and
the solution heated at 80°C for 9 hours. To isolate the nanocrys-



talline particles, 1 mL of the suspension was precipitated in 12
mL of diethy ether and centrifuged at 5000 rpm. The resulting
white TiO, powder was then dispersed in 3 mL of EtOH and son-
icated for 2 hours, yielding a slightly opaque solution. Then, 60
mg of KLE dissolved in 0.5 mL of EtOH were added to 4 mL
of this anatase nanoparticle solution (content: 15 mg/mL). Once
the solution was homogeneous, 0.2 mL of double distilled water
was added. Thin films were dip coated from the solution onto
silicon substrates at 30% RH. Calcination was performed using
a 2 hours ramp from room temperature to 600°C, followed by a
1 hour soak.

Finally, non-templated (i.e., mostly non-porous) amorphous
and crystalline TiO, films were prepared by a procedure similar
to that of the mesoporous sol-gel films but without the use of
polymer template. These films were used to validate the thermal
conductivity measurements.

2.2 Film Characterization

Films characterization was performed using both 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. 1D-SAXS measurements were performed for ev-
ery sample with a Panalytical X’Pert PRO MPD diffractometer
utilizing a mirror-mirror (6 — 26) geometry. SEM micrographs
and bright field TEM micrographs were obtained using a JEOL
6700F instrument, and a philips CM30-ST microscope, respec-
tively. 2D-SAXS patterns were collected both on beamline 1-4
at the Stanford Synchrotron Radiation Laboratory and on a No-
nius rotating anode with MarCCD area detector. WAXD mea-
surements were carried out on a D8-GADDS diffractometer from
Bruker instruments (Cu K — « radiation) as well as on the Pana-
Iytical X’Pert PRO MPD diffractometer.
Mesoporous Sol-Gel Based Thin Films. Figure 1 shows typical
2D-SAXS patterns for (a) KLE-templated amorphous, (b) KLE-
templated crystalline, and (c) P123-templated amorphous sol-gel
mesoporous titania thin films as well as for (d) nanocrystal-based
KLE-templated samples. Data were collected at an angle of in-
cidence 8 = 5°. Figure 1a and b show the evolution of the body
centered cubic (BCC) architecture with (110) orientation of the
KLE-templated sol-gel TiO; films upon thermal treatment. Fig-
ure 1c illustrates the face centered cubic (FCC) architecture with
(111) orientation of the P123 derived amorphous TiO; films.
While the 2D-SAXS images are the best way to analyze the sym-
metry and orientation of the mesoporous structure, integrated 1D
patterns are easier for quantitative comparison of the size and
repeat distances of the periodic structures.

Figure 2 shows typical 1D-SAXS measurements for the
KLE- and P123-templated sol-gel mesoporous TiO, films. The
data indicates that the pores of the amorphous thin films were
highly ordered and were used to quantify the out-of-plane repeat

(a) (b)
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FIGURE 1. 2D-SAXS patterns obtained on sol-gel type KLE tem-
plated films heated to (a) 400°C (amorphous matrix) and (b) 600°C
(crystalline matrix), (c) sol-gel type P123 templated films heated to
300°C, and (d) nanocrystal-based KLE templated films heated to 600°C.
Scattering vector § components are given innm~'; || § ||= (2/A)sin .

distance for both nanostructures. Figures 1b and 2 also indicate
that the nanoscale periodicity of the KLE-templated crystalline
mesoporous thin films was retained after thermal treatment at
600°C [8, 17]. The slight loss of out-of-plane periodicity of the
KLE derived films was due to both the small number of repeat
units in the direction normal to the substrate and the fact that
some restructuring of the pore network occured upon crystalliza-
tion. On the contrary, the 1D-SAXS of the P123-derived meso-
porous titania thin films heated to 550°C (Figure 2) show a com-
plete loss of out-of-plane periodicity upon crystallization due to
the thinner pore walls. This was accompanied by shrinking in
the direction normal to the substrate during thermal treatment.
Figure 3 shows SEM micrographs of (a) KLE-templated
amorphous, (b) KLE-templated crystalline, (c) P123-templated
amorphous, and (d) P123-templated crystalline sol-gel TiO; thin
films. These micrographs confirm the highly-ordered meso-
porous structure of the amorphous films. Figure 3d also shows
the restructuring of the P123-templated crystalline mesoporous
thin films upon heating which was not observed for the KLE-
templated TiO, films (Figure 3b). This restructuring was associ-
ated with random crystal growth and partial film collapse. The
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FIGURE 2. 1D-SAXS measurements for amorphous and crystalline
sol-gel mesoporous TiO; thin films synthesized using KLE and P123.

in-plane pore to pore distance was estimated from 2D-SAXS pat-
terns except for P123 templated crystalline films which were too
disordered to produce quality 2D-SAXS data. Then, SEM mi-
crographs were used instead. The wall thickness t,,,;; separating
two adjacent pores was also determined from SEM images. The
P123 and KLE templated amorphous mesoporous sol-gel TiO»
thin films consisted of ellipsoidal pores of horizontal diameter
d organized in FCC and BCC lattices, respectively (Figures 3a
and 3c). They exhibited an in-plane pore diameter d varying
from 7 to 12 nm and 15 to 19 nm, respectively, while the wall
thicknesses t,,,; ranged from 3 to 6 nm and from 8 to 12 nm, re-
spectively. The KLE-templated sol-gel films showed similar pore
dimensions in crystalline and amorphous states as also observed
by Fattakhova-Rohlfing et al. [8].

Figure 4 shows WAXD patterns of (i) the KLE-templated
nanocrystal-based mesoporous TiO, films, (ii) the KLE-
templated crystalline sol-gel mesoporous film, (iii) the dense
(non-templated) crystalline sol-gel type films, and (iv) the P123-
templated sol-gel crystalline mesoporous films. Crystallization
of the KLE-templated sol-gel type mesoporous films resulted in
12 to 13 nm anatase domains in the TiO; matrix as indicated by
the width of the diffraction peak around 20 = 25°. The P123-
templated sol-gel crystalline mesoporous films exhibited smaller
9 nm anatase domains. The anatase domains within the KLE sol-
gel films were randomly oriented and similar in size to the wall
thickness dimensions [9].

The films porosity was not directly measured in this study.
However, Fattakhova-Rohlfing et al. [8] performed Kr adsorption

y *«,160 n“ 100 nm

FIGURE 3. SEM micrographs of (a) KLE amorphous, (b) KLE crys-
talline, (c) P123 amorphous, and (d) P123 crystalline sol-gel meso-
porous TiO; thin films along with SEM (e) and TEM (f) micrographs
of nanocrystal-based mesoporous TiO» thin films.

measurements on identical samples. Porosity can therefore be as-
sumed to be close to 30 £ 2% for the P123 and KLE amorphous
mesoporous films as well as for the KLE-templated crystalline
mesoporous titania thin films. However, the porosity of the P123-
templated crystalline mesoporous titania thin films was shown to
be lowered to approximately 13% [8]. Those results were in good
agreement with the dimensions obtained from SEM/XRD.

Mesoporous KLE Nanocrystal-Based Thin Films. The
nanoscale structure of these films has already been extensively
described by Brezesinski et al. [9]. Figures 3e and 3f show re-
spectively SEM and bright field TEM micrographs of the dis-
ordered but macroscopically homogeneous architecture of these
films with pores averaging 17 to 25 nm in diameter. Higher mag-
nification SEM micrographs reveal a bimodal structure with 1-4
nm micropores due to random nanocrystal agglomeration located
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FIGURE 4. WAXD patterns of nanocrystal-based mesoporous films,
KLE- and P123-templated sol-gel mesoporous films and dense crys-
talline sol-gel TiO, films.

between the larger KLE derived mesopores [9]. They also show
that the pore walls are 15 to 25 nm thick and comprised of sev-
eral layers of nanocrystals [9]. According to WAXD measure-
ments (Figure 4), the TiO; nanocrystals are 9 nm in diameter and
correspond to anatase titania. Finally, 2D-SAXS measurements
(Figure 1d) were characteristic of a disordered but homogeneous
pore system [9]. Porosity, was measured by toluene adsorption
and found to be 35 + 2 % [9].

Dense crystalline Sol-Gel type Thin Films. WAXD measure-
ments in Figure 4 showed that the dense crystalline sol-gel type
thin films were made of anatase titania with crystalline domains
about 30 nm in diameter.

Finally, spectral normal reflectance measurements were per-
formed on all films for wavelengths between 400 and 900 nm.
The film thickness 77 of all samples was retrieved by inverse
method as previously described [18] and ranged from 60 to 370
nm. Results were confirmed by SEM micrographs.

2.3 Thermal Conductivity Measurements

The cross-plane thermal conductivity of the highly ordered
mesoporous TiO; thin films was measured at room temperature
using the 3w method [19]. As discussed by Olson et al. [20],
“the periodic nature of the 3@ method makes it inherently in-
sensitive to the radiative and convective losses that can adversely
affect other techniques”. Moreover, samples were covered by a

cap located about 5 mm above the metallic wire to reduce heat
losses by natural convection. The associated Rayleigh number
was lower than 10 which was much smaller than the critical value
of about 1700 above which convection dominates over conduc-
tion for this configuration [21]. Finally, the samples thermal
conductivity was much larger than that of air. Therefore, heat
losses to the surrounding could be safely neglected. Principles,
experimental apparatus, experimental procedure and validation
of the method have already been described elsewhere [18] and
need not be repeated. Based on a previous study [18], the un-
certainty on the thermal conductivity measurements associated
with the 3w method was estimated to be 15% [18]. The later
accounts for potential errors due to both the sample film prepara-
tion and the various steps involved in the 3w method, i.e., sample
dehydration, variations in PECVD nitride film thickness and in-
homogeneity, pattern resolution during photolithography, metal
deposition, thickness and width during evaporation and lift-off,
and finally bias errors in the 3@ electrical measurements.

Here, the method was further validated by comparing ther-
mal conductivity measurements for non-templated amorphous
and crystalline sol-gel type titania thin films with data reported in
the literature [12, 13]. Although these films do not have regular
mesoporosity, they are solution processed and thus have some
small fractional porosity. However, their thermal conductivity
should be similar to that of purely dense amorphous and crys-
talline titania films [12, 13].

Results were also compared with predictions by the model
developed by Lee and Cahill [22] and expressed as,

ki

k = ——
! 1+k,‘rc/tf

ey

where k; is the intrinsic thermal conductivity of the mesoporous
phase which is independent of thickness. The measured thermal
conductivity accounts not only for the film thermal resistance but
also for the contribution of the interface thermal resistance r. due
to the interfaces between (i) the film and the silicon substrate and
(i1) the metallic heater and the film. The values of k; used in
Equation (1) were obtained from the literature as 1.5 W/m.K for
amorphous sputtered titania films [12, 14] and 8.4 W/m.K for
polycrystalline anatase titania [23]. Although the non-templated
sol-gel amorphous titania films considered in this study may have
slightly lower densities, k; = 1.5 W/m.K was chosen as their in-
trinsic thermal conductivity. The value of r. used in Equation
(1) was taken as 4x 10~% m?-K/W for both amorphous and crys-
talline TiO, films as suggested by the values of 2.0 to 4.0x 1078
m?K/W used by Mun et al. [13] for sputtered titania thin films
as well as that previously reported for silicon nitride [22] and
silicon dioxide thin films [24].

Figure 5 compares the thermal conductivity measurements
of the non-templated TiO; films synthesized in the present study



with predictions from Equation (1) with 7.=4x10~3 m*K/W and
experimental data reported in Ref. [12, 13]. The measured ther-
mal conductivity of amorphous dense films agrees well with pre-
viously reported data. The slight deviation from the thermal con-
ductivity model predictions can be attributed to the choice of k;
corresponding to dense sputtered titania thin films [12] which
were denser than sol-gel films used in the present study [25]. The
larger difference observed with previously reported data [13] for
the dense polycrystalline TiO, films may be due to differences
in the size of the crystalline domains. Overall, the experimental
setup and the associated analysis give good results and, in turn,
can be utilized to measure the thermal conductivity of the syn-
thesized mesoporous TiO; thin films.
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9.0 + O Dense crystalline titania, present study
Q " [ X Dense amorphous titania [12, 13]
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FIGURE 5. Measured thermal conductivity of dense amorphous (k;
= 1.5 W/m.K) and crystalline (k; = 8.4 W/m.K) TiO; thin films as a
function of film thickness along with previously reported data [12, 13,
22] and predictions by Equation (1) with r. =4.0 x 108 m2K/W.

3 RESULTS AND DISCUSSION

The values of the power dissipated per unit length within
the aluminum wire and its thermal coefficient of resistance were
measured for each sample and found to be 33 4+ 3 W/m.K and
2.1 +0.3x1073 K~!, respectively. All samples were dehydrated
for a minimum of 12 h at 160°C on a hotplate before any mea-
surement. The thermal conductivity of each mesoporous TiO;

film was measured more than eight times using the same heater.
The results were then averaged and standard deviation was es-
timated. Table 1 summarizes the thermal conductivity measure-
ments along with the thickness, porosity, pore size, wall thick-
ness, and crystallinity of each synthesized mesoporous thin films.
The reported uncertainty associated with thermal conductivity
corresponds to 95% confidence interval.

3.1 Sol-Gel Amorphous Mesoporous Titania: Effects
of Porosity, Pore Size and Film Thickness

In this study, the sol-gel amorphous mesoporous titania films
exhibited similar porosities of about 30 + 2%. Figure 6 shows
the thermal conductivity of the mesoporous titania thin films at
room temperature as a function of film thickness. Although they
were made with two different types of polymers and had differ-
ent thickness, all the amorphous thin films exhibited very similar
cross-plane thermal conductivity. The average value was found
to be 0.37 & 0.05 W/m.K which is two to three times lower than
that of dense titania thin films of similar thickness. This can be
attributed to a purely geometrical effect resulting from the reduc-
tion of cross-sectional area through which heat can diffuse in the
amorphous titania matrix [26].

4.0
[ © P123+KLE sol-gel amorphous mesoporous titania ( f, = 30%)
— O P123 sol-gel crystalline mesoporous titania ( f, = 15%)
x_ 35 T x ke sol-gel crystalline mesoporous titania ( f, = 30%)
E L A Nanocrystal-based mesoporous titania (f, = 35%)
e L
; 30 + —Eq. (1) for dense amorphous titania [22]
~ [ ----Eq. (1) for dense crystalline titania [22]
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FIGURE 6. Comparison between the measured cross-plane thermal
conductivity of amorphous and crystalline mesoporous TiO; thin films
at room temperature as a function of film thickness. For reference,
model predictions by Equation (1) for amorphous and crystalline dense
films with r. = 4.0 x 10~ m*>K/W are also shown.



TABLE 1.

Measured thermal conductivity and characteristics of the synthesized titania thin films.

Sample Crystallinity process Surfactant Porosity Thickness  Pore diameter ~ Wall Thickness Crystal Conductivity
# fv (£2%) ty (nm) d (nm) tyan (NM) size (nm) kr (W/m.K)
1 amorphous sol-gel - 0% 110 - - - 0.59 £+ 0.02
2 amorphous sol-gel - 0% 120 - - - 0.87 £ 0.04
3 polycrystalline sol-gel - 0% 95 - - 30 1.29 £ 0.03
4 polycrystalline sol-gel - 0% 150 - - 30 2.54 +£0.32
5 amorphous sol-gel P123 30% 145 Tto12 3t06 - 0.34 &+ 0.05
6 amorphous sol-gel P123 30% 90 7to12 3t06 - 0.38 £+ 0.01
7 amorphous sol-gel KLE 30% 155 14 to 19 8to 12 - 0.39 £ 0.01
8 amorphous sol-gel KLE 30% 150 14t0 19 8to 12 - 0.38 +0.02
9 amorphous sol-gel KLE 30% 300 14t0 19 8to 12 - 0.48 +0.02
10 amorphous sol-gel KLE 30% 260 14t0 19 8to 12 - 0.29 £0.02
11 amorphous sol-gel KLE 30% 250 14 to 19 8to 12 - 0.39 £ 0.03
12 amorphous sol-gel KLE 30% 240 14 to 19 8to 12 - 0.32 + 0.00
13 amorphous sol-gel KLE 30% 240 14 to 19 8to 12 - 0.38 &+ 0.00
14 polycrystalline sol-gel P123 13% 60 7 to 30 10 to 50 9 1.21 £0.02
15 polycrystalline sol-gel P123 13% 90 7 to 30 10 to 50 9 1.26 £ 0.02
16 polycrystalline sol-gel KLE 30% 280 14 to 19 8to 12 12to 13 1.05 & 0.06
17 polycrystalline sol-gel KLE 30% 260 14t0 19 8to 12 12t0 13 1.02 4+ 0.10
18 polycrystalline sol-gel KLE 30% 250 14 to 19 8to 12 12to 13 1.11 £0.01
19 polycrystalline sol-gel KLE 30% 370 14 to 19 8to 12 12to0 13 1.05 £ 0.01
20 polycrystalline ~ NC-based* KLE 35% 95 17to 25 151025 9 0.44 £ 0.02
21 polycrystalline ~ NC-based* KLE 35% 160 17to0 25 15t0 25 9 0.53 £ 0.00
22 polycrystalline ~ NC-based* KLE 35% 180 17 to 25 15t025 9 0.46 £+ 0.00

*Nanocrystal-based

Moreover, heat in amorphous titania is transported by lo-
calized non-propagating vibrational modes [27,28]. The spatial
extent of those vibrational modes is of the same order of mag-
nitude as the interatomic distance and is estimated to be about
0.6 nm [29]. This is at least ten times smaller than the length
scales corresponding to the pore diameter and the wall thickness.
The intrinsic thermal conductivity k; of the TiO; films is, there-
fore, independent of those two parameters. In addition, Figure
6 shows that the measured thermal conductivity ky was also in-
dependent of film thickness. As suggested by Equation (1) k
depends on the film thickness ¢; through the effect of the con-
tact thermal resistance r.. For dense titania thin films, the value
of r. is of the same order of magnitude as the film thermal re-
sistance given by 77/k;. However, for mesoporous titania thin
films, the intrinsic thermal conductivity k; was dramatically re-
duced because of the presence of the pores. The interfacial ther-
mal resistance was then about ten times smaller than the thermal
resistance of the mesoporous thin films. Indeed, the interfacial
thermal resistance r. was 4.0x 1078 m? K/W in the present study
while the measured thermal resistance of the amorphous meso-
porous titania thin films fell between 3.0x 1077 and 4.4x 1077
m?2.K/W. In other words, referring to Equation (1), k;r./ ty~ 1 for
dense films while k;r./ty < 1 for mesoporous thin films. Thus,
for mesoporous TiO, films, the measured thermal conductivity

corresponded to the mesoporous films’ intrinsic thermal conduc-
tivity and was independent of thickness.

Finally, while the effect of porosity on thermal conductivity
of the amorphous mesoporous TiO; thin films was not investi-
gated, it is expected to be the same as that already observed for
similar polymer templated mesoporous SiO» thin films [18] since
heat transfer mechanisms and morphologies are similar. Thermal
conductivity should decrease dramatically with increasing poros-
ity.

3.2 Crystalline Mesoporous Titania: Effect of Crys-
tallinity

The effect of polycrystallinity was investigated by compar-
ing the thermal conductivity of the KLE-templated amorphous
(samples 7 to 13) and crystalline (samples 16 to 19) sol-gel de-
rived mesoporous titania thin films. Sample porosities and struc-
tures were similar and the effect of crystallinity could thus be
isolated. The KLE sol-gel crystalline mesoporous titania thin
film had an average thermal conductivity of 1.06 & 0.04 W/m.K.
This should be compared with 0.37 + 0.05 W/m.K for the cor-
responding amorphous mesoporous films. However, the thermal
conductivity of the KLE sol-gel crystalline mesoporous titania
thin films remained three to four times smaller than that of dense



polycrystalline films of same thickness. This can be attributed
to (i) the presence of the pores and the reduction of the cross-
sectional area through which the heat is transported in the meso-
porous titania [26] and (ii) the small size (12 to 13 nm) of the
crystalline domains in the TiO, matrix. Indeed, these domains
feature very large surface area to volume ratios resulting in sig-
nificant interface thermal resistance to heat transfer. Therefore,
the vibrational modes responsible for heat conduction in the crys-
talline mesoporous films remain very localized and can still not
be properly defined as phonons, unlike the case in larger crys-
tals [30].

The average thermal conductivity of the sol-gel crystalline
mesoporous titania thin films made from P123 was found to be
1.244-0.03 W/m.K. It was larger than that of the KLE-templated
films despite having smaller crystalline domains, i.e., 9 nm in-
stead of 12 to 13 nm. This can be attributed to the lower porosity
of P123-templated films caused by the pore restructuring during
crystallization. This establishes that porosity has a stronger in-
fluence on thermal conductivity than the size of the crystalline
domains. The thermal conductivity of the P123-templated crys-
talline mesoporous titania sol-gel films was similar to that pre-
dicted by Equation (1) for dense polycrystalline titania thin films
of similar thicknesses. This confirms the very low porosity of
these films and underlines the uncertainty in the choice of k; for
dense polycrystalline materials, which also depends on the crys-
tal size [23].

Finally, the thermal conductivity of the nanocrystal-based
mesoporous film was measured to be 0.48 & 0.05 W/m.K. It was
slightly larger than that of the KLE and P123 sol-gel amorphous
mesoporous films but significantly lower than that of the cor-
responding sol-gel crystalline mesoporous films. Nanocrystal-
based films had a porosity just 5% larger than that of the sol-gel
crystalline films but the nanocrystalline particles size was smaller
(9 nm instead of 13 nm) than the crystal size within the matrix of
the KLE sol-gel mesoporous films. More importantly, however,
is the fact that the nanocrystals were not as well interconnected
as the crystalline domain in the sol-gel films. Instead of being
a network of crystalline domains, the nanocrystals touch only at
points and have significant porosity in between them. Note that
the “ultralow” thermal conductivity of nanoparticle packed beds
was also investigated by Prasher and co-workers [31,32].

Taken together, these results indicate a variety of ways to
tune thermal conductivity in mesoporous materials. Thermal
conductivity of a mesoporous thin film can thus be enhanced by
either (i) decreasing porosity, (ii) increasing crystals size, or (iii)
enhancing domains connectivity. Porosity and domain connec-
tivity seem to have the greatest influence. The effect of porosity
was established in our previous study on mesoporous SiO; thin
films [18].

4 CONCLUSION

This paper presented preparation, characterization, and
cross-plane thermal conductivity measurements at room tem-
perature of amorphous and crystalline, dense, sol-gel and
nanocrystal-based mesoporous titania thin films with various
thicknesses, pore sizes, porosities and morphologies. The fol-
lowing conclusions can be drawn:

1. The average thermal conductivity of amorphous KLE- and
P123-templated mesoporous sol-gel films with porosity of
30% was measured as 0.37 £ 0.05 W/m.K at room temper-
ature.

2. The thermal conductivity of the amorphous mesoporous tita-
nia sol-gel films was found to be independent of film thick-
ness due to the fact that the thermal resistance of the films
was much larger than the interface resistance.

3. Pore diameter and wall thickness did not have any mea-
surable effects on the effective thermal conductivity of the
amorphous mesoporous films because of the localized na-
ture of vibrational modes in the TiO, amorphous matrix.

4. The effective thermal conductivity of mesoporous sol-gel
type TiO, films increased with crystallinity of the TiO, ma-
trix. Thermal conductivity of the KLE-templated sol-gel
crystalline mesoporous thin films was found to be 1.06 +
0.04 W/m.K which is two to three times larger than that
of the sol-gel amorphous mesoporous thin films of similar
porosity.

5. Despite the particles crystallinity, nanocrystal-based films
had an average thermal conductivity of 0.48 £ 0.05 W/m.K
which was significantly lower than that of the sol-gel crys-
talline mesoporous thin films with slightly lower porosity.

6. The tuning of both connectivity between nanocrystals and
the crystalline domain size can provide control over thermal
conductivity in addition to porosity.
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