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10 ABSTRACT:

11 This paper reports the cross-plane thermal conductivity of highly ordered amorphous and crystalline templated mesoporous titania
12 thin filmsmeasured by the 3ωmethod from 30 to 320K. Both sol�gel and nanocrystal-based films were synthesized by evaporation-
13 induced self-assembly, with average porosity of 30% and 35%, respectively. The pore diameter ranged from 14 to 25 nm. The size of
14 crystalline domains in polycrystalline mesoporous films were 12�13 nm, while the nanocrystals in the nanocrystal-based film were
15 9 nm in diameter. At high temperatures, the thermal conductivity of amorphous dense and mesoporous films showed similar trends
16 with respect to temperature. This was attributed to the fact that the presence of pores had a purely geometrical effect by reducing the
17 cross-sectional area through which heat can diffuse. By contrast, the thermal conductivity of polycrystalline dense and mesoporous
18 films behaves differently with temperature due to phonon scattering by pores and crystalline nanosize domains. In addition, at low
19 temperatures, the presence of pores caused the thermal conductivity of mesoporous films to be less temperature dependent than
20 their dense counterparts. Despite its crystallinity, the thermal conductivity of the nanocrystal-based filmwas about 40% less than that
21 of the polycrystalline mesoporous films. This was mainly attributed to its larger porosity, smaller crystal size, and strong phonon
22 scattering at the poorly interconnected nanocrystal boundaries. These results suggest various ways to control the thermal
23 conductivity of mesoporous materials for various applications.

24 1. INTRODUCTION

25 Mesoporous titania (TiO2) thin films have been considered
26 for energy storage applications such as accumulators and electro-
27 chemical capacitors.1,2 They are also used as electrodes in dye-
28 sensitized solar cells3,4 and as high proton conductivity porous
29 exchange membranes in solid oxide fuel cells.5 Moreover, Choi
30 et al.6 identified mesoporous TiO2 thin films as promising thermal
31 insulating materials for infrared sensors. Finally, other applications
32 include (i) highly specific chemical sensors and membranes,7 (ii)
33 photocatalyst for water and air purification,8,9 and (iii) optical
34 coatings, emissive displays, and optoelectronics.10

35 Knowledge of thermal properties of mesoporous titania thin
36 films is essential to their practical implementation into devices.11�14

37A few studies reported the thermal conductivity of dense
38(nonporous) amorphous and crystalline TiO2 films between 80
39and 400 K.15�18 As for porous TiO2 thin films, Choi et al.6

40measured the thermal conductivity of 250 nm thick amorphous
41templated hexagonal mesoporous TiO2 thin films at room tem-
42perature. The authors concluded that the presence of nanoscale
43pores reduced the thermal conductivity by a factor of 11 compared
44with that of nonporous crystalline TiO2.

6 Unfortunately, the
45authors did not report the film porosity and pore size. In addition,
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46 Feng et al.19 reported the effective thermal diffusivity, cross-plane
47 thermal conductivity, and density at room temperature of porous
48 anatase TiO2 thin films with thicknesses around 60 μm made of
49 randomly oriented nanofibers. Here also, porosity remained un-
50 known. The effective thermal conductivity of these porous TiO2

51 thin films was about 1 order of magnitude smaller than that of bulk
52 dense anatase TiO2.

19 The authors indicated that the length and
53 diameter of the nanofibers had no effect on the films effective
54 thermal conductivity.19 Recently, Coquil et al.20 reported the cross-
55 plane thermal conductivity at room temperature of highly ordered
56 sol�gel and nanocrystal-basedmesoporousTiO2 thin films synthe-
57 sized by evaporation-induced self-assembly, with average porosity
58 of 30% and 35%, various values of pore diameter (7�30 nm), and
59 film thickness (60�370 nm). The authors attributed the smaller
60 thermal conductivity of amorphous thin films to the fact that heat
61 was carried by very localized nonpropagating vibrational modes.
62 They also showed that the thermal conductivity can be tuned by
63 controlling the porosity as well as the connectivity and size of the
64 nanocrystals or of the crystalline domains. However, only room
65 temperature results were reported.
66 The present study aims to (i) measure the effective cross-plane
67 thermal conductivity of mesoporous TiO2 thin films with various
68 nanoscale architectures and (ii) investigate the effects of tem-
69 perature, presence of pores, and crystallinity of the TiO2 matrix
70 over the temperature range from 30 to 320 K.

71 2. METHOD AND EXPERIMENTS

72 2.1. Mesoporous Titania Thin Film Synthesis. Synthesis of
73 both nonporous and highly ordered amorphous and crystalline
74 cubic mesoporous TiO2 thin films investigated in the present
75 study were described in detail in ref 20. The synthesis was based
76 on calcination of polymer/titania composites produced by
77 evaporation-induced self-assembly using the organic template
78 poly(ethylene-co-butylene)89-block-poly(ethylene oxide)79, also
79 referred to as KLE.21�23 In addition, two types of mesoporous
80 titania thin films were synthesized, namely, sol�gel derived films
81 and nanocrystal-based (NC-based) films usingmethods reported
82 by Fattakhova-Rohlfing et al.21 and Brezesinski et al.,2 respec-
83 tively. Finally, nontemplated amorphous and crystalline TiO2

84 thin films were prepared by a procedure similar to that used to
85 synthesize themesoporous sol�gel films but without any organic
86 template. The nontemplated films are also referred to as dense
87 samples in order to distinguish them from the copolymer-
88 templated mesoporous ones. However, note that the sol�gel
89 derived nontemplated films were not fully dense but slightly
90 porous.24 Finally, the crystalline phase was anatase in all cases.
91 2.2. Characterization. Characterization of the films investi-
92 gated in the present study has been reported in detail by Coquil
93 et al.20 It included one- and two-dimensional small-angle X-ray
94 scattering (1D-SAXS and 2D-SAXS), scanning and transmission
95 electron microscopy (SEM and TEM), and wide-angle X-ray
96 diffraction (WAXD) measurements.20 In brief, parts a and b of
97 Figure 1F1 show SEM micrographs of KLE-templated sol�gel
98 amorphous and of crystalline (anatase) mesoporous TiO2 thin
99 films, respectively.20 These micrographs confirmed the highly
100 ordered mesoporous structure of the films. The KLE templated
101 sol�gel mesoporous TiO2 thin films consisted of ellipsoidal
102 pores of in-plane diameter 14�19 nm organized in bcc lattice
103 with a porosity of 30%. Moverover, the KLE-templated sol�gel
104 films showed similar pore dimensions in crystalline and amor-
105 phous states as also observed by Fattakhova-Rohlfing et al.21

106Parts c and d of Figure 1 respectively show SEM and bright field
107TEM micrographs of the disordered but macroscopically homo-
108geneous architecture of NC-based mesoporous TiO2 films made
109of anatase nanocrystals about 9 nm in size and featuring pores
11017�25 nm in diameter. Note that the dense crystalline sol�gel
111type TiO2 thin films featured crystalline domains about 30 nm in
112diameter. Table 1 T1summarizes the crystallinity, porosity, film
113thickness, pore diameter, wall thickness, and crystal size of the
114TiO2 thin films investigated.
1152.3. Experimental Setup. The cross-plane thermal conduc-
116tivity of highly ordered mesoporous TiO2 thin films was mea-
117sured using the 3ωmethod.25 The principles, microfabrication of
118the test section metallic pattern, and validation of the 3ωmethod
119at room temperature have already been described in detail
120elsewhere26 and need not be repeated. Briefly, a thin silicon
121nitride (SixNy) layer was first deposited on the sample films by
122plasma-enhanced chemical vapor deposition (PECVD) in order
123to (i) protect the mesoporous structure of the samples and (ii)
124act as an electrically insulating layer. Meanwhile, a nitride layer
125with identical thickness was also deposited on a bare silicon
126substrate in the same batch as the samples and served as a
127reference. Note that this PECVD passivation process has also
128been used as an effective method to seal various porous thin
129films.27�30 In fact, Figure 2 F2shows a cross-section SEM micro-
130graph of our mesoporous TiO2 films. It establishes that only the
131open pores located at the surface of the film were filled with
132SixNy. Their diameter represents a very small fraction of the film
133thickness. Then, the metallic wire made of 10 nm thick Cr and
134100�150 nm thick Al was deposited on both the sample and the
135reference by a standard lift-off process. It was 30 μm wide and
1361 mm long and served both as heater and sensor. The metallic
137pattern was then connected to the measuring circuit using wire
138bonding technique. To do so, one end of an aluminum wire was
139first connected to the sample carrier by ultrasonic wire bonding.
140Then, the other end of the wire was carefully attached to the
141metallic pattern using silver epoxy. Finally, the sample and its

Figure 1. SEM micrographs of KLE-templated sol�gel derived
(a) amorphous and (b) crystalline mesoporous TiO2 and (c) SEM
and (d) TEM micrographs of nanocrystal-based mesoporous TiO2 thin
films also templated using KLE-based diblock copolymers.20.
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142 carrier together were baked at 65 �C for 4 h to ensure good
143 electrical conductivity.
144 Figure 3F3 shows the schematic of the experimental setup. It
145 consisted of a thermal subsystem and an electrical subsystem.
146 The thermal subsystem consisted of a coldfinger cryostat (model
147 ST100 from Janis Research Company, Inc.), a helium dewar, and
148 a temperature controller (model 331s from Lake Shore Cryo-
149 tronics, Inc.) used to control the temperature with (0.1 K
150 accuracy. The cryostat space was evacuated to a pressure less
151 than 1 mtorr in order to minimize heat losses by conduction and
152 convection. In order to minimize sample temperature rise due to
153 Joule heating in the metallic wire, cryogenic thermal grease was
154 applied to the interface between the sample’s substrate and the
155 cryostat coldfinger. The rise in sample temperature above the
156 cryostat set temperature was estimated to be less than 5 K for T <
157 100 K and less than 2 K for T > 100 K. The electrical subsystem
158 used a lock-in amplifier (model SR830 from Stanford Research
159 Systems, Inc.) to measure the third harmonic voltage response
160 from the metallic wire.26

161 2.4. Experimental Procedure. Thermal conductivity mea-
162 surements were divided into two steps. First, the temperature of
163 themetallic heater was calibrated, and its temperature-dependent
164 electrical resistance Re(T) was measured. To do so, a small ac
165 voltage (around 0.1 Vrms) was supplied to the metallic heater to
166 measure its electrical resistance Re(T) between 30 and 320 K.
167 Second, the cross-plane thermal conductivity of the sample film
168 was measured for a given temperature. To do so, a large ac
169 voltage (around 0.5 Vrms) was applied to the metallic heater at
170 different frequencies. The third harmonic voltage drop V3ω

171 across the metallic heater was collected by the lock-in amplifier
172 with a 2% relative uncertainty for each frequency. As suggested
173 by Cahill,25 the frequency range was chosen such that (i) the in-
174 phase component of the amplitude ofV3ω decreased linearly with
175 the logarithm of frequency and (ii) the out-of-phase component

176of the amplitude of V3ω was nearly independent of frequency. In
177the present study, the typical frequency range considered was
178from 0.4 to 2.0 kHz. The temperature oscillation amplitude ΔT
179was then determined from the third harmonic voltage V3ω
180according to25

ΔT ¼ 2V3ωRe

VωðdRe=dTÞ ð1Þ

181where Vω is the applied first harmonic ac voltage measured by a
182multimeter (Agilent 34401a) while dRe/dT is the derivative of
183the electrical resistance of the heater with respect to temperature.
184A large contribution to the uncertainty of ΔT given by eq 1 is
185due to the uncertainty associated with dRe/dT. For small
186temperature range, a linear relationship between Re and T can
187be used to fit the data.26 However, large error is expected when
188fitting data with a linear function over a wide temperature range.
189Instead, the Bloch�Gr€uneisen (B�G) model31 was used, in the
190present study, to fitRe(T) between 30 and 320 K as performed by
191Chen et al.32 The B�G model is expressed as31

Re, B�GðTÞ ¼ A + B
T
C

� �5Z C=T

0

x5

ðex � 1Þð1� e�xÞ dx ð2Þ

192where A, B, and C are three empirical parameters. These
193parameters were obtained, for each film, by fitting eq 2 to
194experimental F4data forRe(T) using the simplexmethod.33 Figure 4
195shows the typical electrical resistance of a metallic heater as a

Table 1. Characteristics of the Mesoporous Titania Thin Films Investigated

sample no. crystallinity process porosity, fv ((2%) thickness, tf (nm) pore diameter, d (nm) wall thickness, twall (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 �
5 polycrystallineb sol�gel 30% 260 14�19 8�12 12�13

6 polycrystallineb sol�gel 30% 370 14�19 8�12 12�13

7 polycrystallineb NC-baseda 35% 160 17�25 15�25 9
aNanocrystal-based. bCrystalline phase is anatase.

Figure 2. Cross-section SEM micrograph of a typical mesoporous
TiO2 sample film protected with a PECVD SixNy layer.

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

The Journal of Physical Chemistry C ARTICLE

C dx.doi.org/10.1021/jp203400t |J. Phys. Chem. C XXXX, XXX, 000–000



196 function of temperature. It indicates that the fitted B�G model
197 gave better prediction of the experimental data than linear curve
198 fitting for A = 10.62Ω, B = 45.17Ω, andC = 337.8 K. The relative
199 difference ε between experimentalmeasurement and prediction by
200 the fitting model is defined as ε = [Re,fit(T) � Re(T)]/Re(T),
201 where Re,fit(T) is the fitted value at temperature T obtained either
202 by linear fit or using the B�G model. Here, ε associated with the
203 B�Gmodel was less than 0.5% for all temperatures. For the linear
204 fit, ε was larger than 0.5% and reached up to 4% for T < 150 K.
205 Finally, the derivative of the electrical resistance with respect to
206 temperature dRe/dT used in eq 1 was calculated by applying
207 centered difference method to the B�G fitted curve.
208 Finally, the differential 3ω method was used to analyze the
209 data.34 The amplitude of temperature oscillations in the meso-
210 porous thin filmΔTf was calculated by subtracting the amplitude
211 of temperature oscillation of the reference nitride filmΔTref from

212that of the mesoporous film with the protective nitride film
213denoted by ΔTtot, i.e.

ΔTf ¼ ΔTtot �ΔTref ð3Þ
214Figure 5 F5shows typical amplitudes of temperature oscillation per
215unit power ΔTref/P and ΔTtot/P as a function of frequency at
216temperatures 66 and 295 K, respectively. The difference in ΔTf/
217P between the sample and the reference appeared to be inde-
218pendent of frequency and was used to calculate the mesoporous
219thin film thermal conductivity kf according to ref 34

kf ¼ Ptf
2bLΔTf

ð4Þ

220where tf is the thickness of the mesoporous film while 2b and L are
221the width and length of the aluminum metallic heater, respectively.
222Note that the random error associated with kf was estimated to be

Figure 4. Typical electrical resistance of a metallic heater along with
linear fitting (dashed line) and B�G model fitting (solid line) given by
eq 2 for A = 10.62 Ω, B = 45.17 Ω, and C = 337.8 K.

Figure 5. Example of amplitude of temperature oscillation per unit
power ΔTref/P and ΔTtot/P as a function of frequency at temperatures
66 and 295 K.

Figure 6. Measured thermal conductivity of high purity single crystal
silicon substrate as a function of temperature alongwith data reported in the
literature for high purity and Sb- and B-doped single crystal silicon.35,36

Figure 7. Measured thermal conductivity of 1.2 μm thick thermal oxide
film as a function of temperature between 30 and 320 K along with
previously reported data.15,25,37
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223 less than 0.005 W/m 3K by performing at least three independent
224 measurements for each temperature. Error propagation analysis was
225 performed to estimate the overall uncertainty associated with the
226 measured thermal conductivity kf(T) computed using eqs 1�4.
227 2.5. Validation. The experimental apparatus was first vali-
228 dated bymeasuring the thermal conductivity of high purity single
229 crystal silicon substrate and thermally grown amorphous silicon
230 dioxide (thermal oxide) films. Figure 6F6 compares the measured
231 thermal conductivity of high purity single crystal silicon substrate
232 as a function of temperature with data reported in the
233 literature.35,36 Good agreement (within 10%) was found between
234 the present and reported data.35 In addition, the thermal con-
235 ductivity for B- or Sb-doped silicon reported by Lee and Cahill36

236 was smaller than those measured in the present study. This can
237 be attributed to phonon scattering by the dopant atoms.
238 Moreover, Figure 7F7 shows the thermal conductivity of 1.2 μm
239 thick thermal oxide film as a function of temperature between 30
240 and 320 K. The experimental uncertainty for each data point was
241 estimated to be smaller than 0.05 W/m 3K. The maximum and
242 average relative difference between the present study and the
243 previous results for 0.99 μm thick thermal oxide15 and bulk
244 amorphous silica (Vitreosil)25 were 9% and 6%, respectively. This
245 also confirms that when the silica film is thicker than 1 μm, the
246 apparent thermal conductivity is approximately that of bulk
247 silica.15,37 The slight difference among different data sets could be
248 attributed to the difference in silica density and composition
249 (impurities).
250 Overall, the experimental setup and the associated analysis
251 were in good agreement with experimental data reported in the
252 literature for high purity single crystal silicon35 and thermal
253 oxide15 between 30 and 320K. Therefore, the experimental setup
254 and procedure can be utilized to measure the thermal conduc-
255 tivity of the dense or mesoporous, amorphous, or polycrystalline
256 TiO2 thin films previously described.

257 3. RESULTS AND DISCUSSION

258 3.1. Dense Amorphous and Polycrystalline Titania Thin
259 Films. Experimental Results. Figure 8F8 shows the measured

260thermal conductivity of sol�gel-derived nontemplated
261(referred to as dense) polycrystalline and amorphous TiO2 thin
262films as a function of temperature between 30 and 320 K. The
263average experimental uncertainty for both films was about 14%.
264Figure 8 indicates that the thermal conductivity of the poly-
265crystalline and amorphous dense films denoted by kd(T) in-
266creased monotonically with increasing temperature. By contrast,
267the thermal conductivity of bulk dense crystalline materials
268typically decreases with increasing temperature for temperatures
269larger thanTdebye/10 due to phononUmklapp scattering.38 Note
270that the Debye temperature Tdebye for anatase is about 500 K.

39

271Therefore, the present observations suggest that phonon scatter-
272ing by crystalline grains and film boundaries dominates over
273phonon Umklapp scattering in the polycrystalline dense TiO2

274film. In addition, the measured thermal conductivity of both
275polycrystalline and amorphous films varied as T2 for low
276temperatures between 30 and 60 K. Moreover, the thermal
277conductivity of the polycrystalline film (sample 2) was about
278three times larger than that of the amorphous film (sample 1) for
279any given temperature. This was mainly due to the fact that, in
280amorphous materials, heat is transferred mainly by localized
281lattice vibrations as opposed to phonons with relatively long
282mean free path in crystalline materials.26

283Figure 8 also shows the thermal conductivity of sputtered
284polycrystalline and amorphous TiO2 thin films between 80 and
285400 K reported by Lee et al.17 The sputtered polycrystalline TiO2

286thin film had average grain size of about 8 nm and film thickness
287between 0.5 and 2.0 μm.17 It is evident that the thermal con-
288ductivity of the sol�gel dense polycrystalline film (sample 2) was
289similar to that of the sputtered polycrystalline film.17 However, the
290thermal conductivity of the sputtered amorphous film was about
291two times larger than that of the sol�gel dense amorphous film
292(sample 1). This difference suggests that these films may have
293different density and/or compositions caused by the very different
294synthesis processes. For example, dense titania thin films prepared
295by the sol�gel method usually have lower density than sputtered
296films.24 In addition, sol�gel derived amorphous titania often
297contains additional hydroxyl groups, compared with sputtered
298titania,40 which result in the stoichiometry TiOx with x > 2.
299Comparison with Model for Strongly Disordered Materials.
300Einstein41 proposed a model for heat conduction in amorphous
301solids. He assumed that (i) all atoms vibrated as harmonic
302oscillators at the same frequency and (ii) the phase of neighbor-
303ing oscillators were uncorrelated.38 Cahill and Pohl38 improved
304this model by considering the coherence of a crystal wave over a
305distance on the order of a mean free path. The Cahill�Pohl
306model divided a solid into localized regions of size λ/2, where λ is
307the wavelength of a given phonon mode, and assumed that these
308localized regions vibrate at frequencies equal to ω = 2πvs/λ,
309where vs is the speed of sound.

42,43 Based on these assumptions,
310the thermal conductivity of a strongly disordered material as a
311function of temperature was expressed as42

kCPðTÞ ¼ π

6

� �1=3

kBn
2=3 ∑

3

i¼ 1
vsi

T
θi

� �2Z θi=T

0

x3ex

ðex � 1Þ2 dx

ð5Þ

312where kB = 1.38 � 10�23 m2 kg/s2 K is the Boltzmann constant
313and n is the number of atoms per unit volume of material.
314Summation is performed over three polarizations including two
315transverse and one longitudinal polarization with associated

Figure 8. Measured thermal conductivity of sol�gel-derived nontem-
plated (dense) amorphous and polycrystalline TiO2 thin films as a
function of temperature between 30 and 320 K along with previously
reported data17 and predictions by the Cahill�Pohl model (eq 5).
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316 speed of sound vsi and characteristic temperature θi = vsi(p/kB)-
317 (6π2n)1/3. The Cahill�Pohl model has been termed the mini-
318 mum thermal conductivity model for amorphous and strongly
319 disordered polycrystalline materials.38 Here, the average speed of
320 sound vs = 4140 m/s for anatase TiO2 was used for all three
321 polarizations.39 The atom number per unit volume was taken as n
322 = 2.94� 1028 m�3 according to measurements by Lee et al.17 for
323 sputtered amorphous TiO2. As previously mentioned, the actual
324 atom number per unit volume in dense sol�gel films may be
325 smaller.24 The minimum thermal conductivity of strongly dis-
326 ordered TiO2 predicted by eq 5 was also plotted in Figure 8
327 (dashed line). It is evident that the minimum predictions by the
328 model were close to the measured thermal conductivity of
329 sol�gel dense amorphous TiO2 thin film (sample 1). This could
330 be attributed to its amorphous phase as well as to the small
331 porosity resulting from the sol�gel process, as previously men-
332 tioned. As expected, the model predictions were smaller than kd
333 measured for all other dense TiO2 thin films.
334 In order to compare the temperature dependence of the
335 measured thermal conductivity with that predicted by eq 5,
336 Figure 9F9 plots the ratio kd(T)/kCP(T) as a function of temperature.
337 It indicates that for T > 120 K, kd(T)/kCP(T) was nearly inde-
338 pendent of temperature for dense sputtered as well as for sol�gel
339 amorphous and polycrystalline TiO2 thin films. It establishes that
340 the Cahill�Pohl model successfully captured the temperature
341 dependence of the thermal conductivity of both amorphous
342 and polycrystalline dense sol�gel films. On the other hand, for
343 T < 120 K, the ratio kd(T)/kCP(T) increased as temperature
344 decreased. The discrepancy between the measured and predicted
345 thermal conductivity at low temperatures was also observed by
346 Cahill and Pohl43 for amorphous silica. It was attributed to the fact
347 that the Cahill�Pohl model does not include energy transport by
348 phonons with long mean free path whose contributions become
349 important at low temperatures in both amorphous and strongly
350 disordered polycrystalline solids.43,44

351 3.2. Mesoporous Titania Thin Films. Figure 10F10 shows the
352 measured thermal conductivity as a function of temperature for the
353 amorphous and polycrystalline, sol�gel, and NC-based, mesopor-
354 ousTiO2 thin films (samples 3�7), denoted by kf(T). The average

355experimental uncertainty was between 5 and 11% for all films
356between 30 and 320 K. Note that the thermal conductivity of the
357mesoporous TiO2 thin films measured at room temperature
358agreed well with previous results reported by Coquil et al.20 This
359confirms their assumptions that heat losses to the surroundings by
360conduction and convection were negligible in their experiments.
361Sol�Gel Amorphous Mesoporous TiO2 Thin Films. Figure 10
362indicates that the thermal conductivity of sol�gel amorphous
363mesoporous TiO2 thin films (samples 3 and 4) increased with
364increasing temperature. It was less than half of that for the
365amorphous dense film, for all temperatures. The reduction in
366thermal conductivity of the amorphous mesoporous TiO2 thin
367films was mainly due to the facts that (i) in amorphous materials
368heat is transferred by very localized nonpropagating vibrational
369modes and (ii) the cross-sectional area for heat transfer through
370the film is reduced by the presence of the pores.26 In addition, the
371thermal conductivity of sample 4 was slightly larger than that of
372sample 3 for all temperatures with a maximum absolute differ-
373ence less than or comparable to the experimental uncertainty.
374This could be attributed to variations in morphology from one
375sample to another.
376Moreover, the thermal conductivity of amorphous mesopor-
377ous TiO2 thin films was proportional toT for temperature T < 60
378K as opposed to T2 for the corresponding dense film (sample 1).
379This could be due to the fact that the presence of mesopores
380reduces the contribution, to heat transfer, of phonon modes with
381long mean free path. This, in turn, makes the thermal conductiv-
382ity less temperature dependent.
383Finally, Figure 11 F11plots the ratios of the thermal conductivity
384kf(T) of samples 3 and 4 (Figure 10) to that of dense sample 1
385denoted by kd(T) (Figure 8) as a function of temperature. They
386were found to be equal to 0.35 and 0.41 and independent of
387temperature between 60 and 320 K. This confirms the observa-
388tions made by Shin et al.27 onmesoporous amorphous SiO2 films
389indicating that the presence of the pores in amorphous materials
390had a purely geometrical effect and did not affect the localized
391vibrational modes. Then, the temperature dependence of kf(T)
392was captured by that of the continuous amorphous phase
393denoted by kd(T). Thus, for T > 60 K, the thermal conductivity

Figure 9. Ratio kd(T)/kCP(T) as a function of temperature between 30
and 320 K for sputtered17 and sol�gel derived dense TiO2 thin films.
kd(T) was shown in Figure 8, and kCP(T) was predicted from eq 5.

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 TiO2 thin films.
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394 of the amorphous mesoporous films kf(T) can be expressed as a
395 function of kd(T) and a geometric parameter such as porosity fv
396 using some effective medium approximation. For T < 60 K, the
397 ratios increased with decreasing temperature. This is due to the
398 fact that, at low temperatures, the thermal conductivity of the
399 mesoporous amorphous films is less temperature dependent
400 (kf � T) than that of the dense amorphous film (kd � T2), as
401 previously discussed.
402 Sol�Gel Polycrystalline Mesoporous TiO2 Thin Films. Fig-
403 ure 10 indicates that the sol�gel polycrystalline mesoporous
404 TiO2 thin films (samples 5 and 6) featured thermal conductivity
405 approximately one-third as large as that of the dense polycrystal-
406 line thin film (sample 2) from 30 to 320 K shown in Figure 8.
407 This reduction can be attributed to phonon scattering by pores
408 and by smaller crystalline domains. In fact, the crystalline domain
409 sizes were 12�13 nm in size in sol�gel polycrystalline mesopor-
410 ous films (samples 5 and 6) as opposed to 30 nm in their dense
411 counterpart (sample 2). The difference in thermal conductivity
412 between the two porous samples (5 and 6) was less than the
413 experimental uncertainty for all temperatures.
414 Figure 10 shows that the thermal conductivity of sol�gel
415 polycrystalline mesoporous TiO2 thin films (samples 5 and 6)
416 varied as T1.5 for temperatures below 60 K as opposed to T2 for
417 the corresponding dense film (sample 2). In addition, the
418 thermal conductivity of polycrystalline mesoporous TiO2 thin
419 films reached a constant value of about 1.0 W/m 3K for tem-
420 peratures larger than 300 K. This suggests that nearly all phonon
421 modes were excited above 300 K. Note that such a plateau was
422 not observed at high temperatures for the polycrystalline dense
423 TiO2 film.
424 The effect of the presence of the pores was further investigated
425 by comparing the thermal conductivity of the polycrystalline
426 mesoporous TiO2 thin film with that of the equivalent dense film.
427 To account for the effect of crystalline domain size, Smith and
428 co-workers45,46 expressed the total thermal resistance of poly-
429 crystalline material as the sum of the thermal resistance of the

430equivalent single crystal and that of all grain boundaries in
431series as

1
kdðTÞ ¼ 1

kcrystalðTÞ +
RintðTÞ
dg

ð6Þ

432where kcrystal is the thermal conductivity of bulk single crystal, Rint
433is the thermal resistance of a single grain boundary, and dg is the
434average grain size. Thismodel was adopted to predict the thermal
435conductivities kd1 and kd2 of bulk dense polycrystalline anatase
436TiO2 with grain size dg1 = 30 nm and dg2 = 13 nm, respectively.
437Hence, the ratio kd2/kd1 can be expressed as

kd2ðTÞ
kd1ðTÞ ¼ 1 + kcrystalðTÞRintðTÞ=dg1

1 + kcrystalðTÞRintðTÞ=dg2 ð7Þ

438To the best of our knowledge, the thermal conductivity kcrystal(T)
439of bulk single crystal anatase as a function of temperature is not
440available in the literature. However, the thermal conductivity of
441rutile, another polymorph of TiO2, was reported between 1 and
442400 K.37 It decreases with increasing temperature above 15 K and
443is 11.7 and 8.5 W/m 3K at 300 K for bulk single crystal
444and polycrystalline rutile, respectively.37 We expect it to be
445similar for anatase phase. In addition, the thermal resistance
446Rint(T) of a crystalline grain boundary is typically on the order of
44710�8 m2

3K/W.45 Therefore, for dg ∼10 nm kcrystalRint/dg is on
448the order of 10 at room temperature. For lower temperatures,
449this term should increase due to significant increase in kcrystal-
450(T)37 and only moderate change in Rint(T).

45 Thus, as a first
451order approximation, the ratio kd2(T)/kd1(T) simplifies as

kd2ðTÞ
kd1ðTÞ ¼ dg2

dg1
ð8Þ

452453Here, the thermal conductivity kd2(T) of dense polycrystalline
454TiO2 with grain size dg2 = 13 nm was calculated by substituting
455kd1(T) with measured data for sample 2 whose grain size was
456dg1 = 30 nm. Figure 11 also plots the ratios of the thermal
457conductivity of samples 5 and 6 to that of kd2 as a function of
458temperature. Unlike for amorphous mesoporous samples, the
459ratios fluctuate with temperature and no clear trend is apparent.
460This can be attributed to the presence of the pores which affect
461the phonon dispersion and density of states possibly due to the
462quantum confinement effect.47

463Nanocrystal-Based Mesoporous TiO2 Thin Film. Figure 10
464shows that the thermal conductivity of the NC-based mesopor-
465ous TiO2 thin film (sample 7) was 40% less than that of the
466sol�gel polycrystalline mesoporous thin films (samples 5 and 6).
467This was due to the facts that (i) the nanocrystals contacted each
468other over very small surface area with additional microporosity
469stemming from the space between them,20 (ii) the anatase
470nanocrystal size was 9 nm as opposed to 12�13 nm for the
471polycrystalline domain of sol�gel films, and (iii) NC-based
472mesoporous films had porosity of 35% instead of 30% for the
473sol�gel films. This poorly connected nanostructure caused
474significant phonon scattering at the interfaces between nano-
475crystals. On the other hand, the thermal conductivity of the NC-
476based film was about two times larger than that of sol�gel
477amorphous mesoporous films (samples 3 and 4) for all tempera-
478tures, despite their larger porosity. This can be attributed to the
479crystallinity of the NC-based mesoporous film.
480In addition, the trend of thermal conductivity of the NC-based
481mesoporous TiO2 thin film with respect to temperature indicates

Figure 11. Ratio of measured thermal conductivity of sol�gel-derived
KLE-templated mesoporous films kf(T) (Figure 10) to that of the
corresponding dense film kd(T) as a function of temperature between 30
and 320 K. Here, kd(T) was taken as (i) kd(T) measured for sample 1 in
the case of samples 3 and 4 and (ii) kd2(T) given by eq 8 in the case of
samples 5 and 6.
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482 that both the crystalline nature of nanocrystals and the loosely
483 connected porous structure affected its thermal conductivity. On
484 the one hand, at low temperatures, its thermal conductivity was
485 linearly proportional to temperature T as observed for amorphous
486 mesoporous films (samples 3 and 4). On the other hand, its
487 thermal conductivity reached a plateau beyond 300 K as observed
488 for polycrystallinemesoporous films (samples 5 and 6), suggesting
489 saturated phonon modes in the NC-based mesoporous TiO2 film.

490 4. CONCLUSION

491 This paper presented measurements of the cross-plane ther-
492 mal conductivity of mesoporous TiO2 thin films between 30 and
493 320 K. Amorphous and crystalline as well as sol�gel derived and
494 nanocrystal-based mesoporous TiO2 thin films were investi-
495 gated. The following conclusions can be drawn:
496 1 The thermal conductivity of sol�gel derived TiO2 thin films
497 increased with increasing temperature. For amorphous and
498 polycrystalline mesoporous TiO2 thin films, conductivity at
499 low temperatures was proportional to T and T1.5, respec-
500 tively, as opposed to T2 for the corresponding nontem-
501 plated (dense) films.
502 2 The Cahill�Pohl model for highly disordered materials
503 captured the temperature dependence of the thermal con-
504 ductivity of dense amorphous and polycrystalline TiO2 thin
505 films for T > 120 K.
506 3 The sol�gel amorphous mesoporous TiO2 thin films had
507 thermal conductivity less than half of that of their dense
508 counterpart. The thermal conductivity of amorphous dense
509 and mesoporous films had similar temperature dependence
510 for T > 60 K. This was due to the fact that the presence of
511 the pores only reduces the cross-sectional area for heat
512 transport without affecting the localized vibrational modes.
513 4 The thermal conductivity of sol�gel polycrystalline mesopor-
514 ous TiO2 thin films was three times smaller than that of their
515 dense counterpart. This was mainly due to phonon scattering
516 by pores and smaller crystalline domains (12�13 versus
517 30 nm). The thermal conductivity of polycrystalline dense
518 and mesoporous films had different temperature dependence
519 suggesting that the presence of the pores also affect the phonon
520 dispersion and density of state in the polycrystalline matrix.
521 5 The NC-based mesoporous TiO2 film had thermal con-
522 ductivity about 40% less than that of the polycrystalline
523 mesoporous films and two times larger than that of the
524 amorphous mesoporous films. This was attributed to its
525 particles’ crystallinity with smaller crystal size (∼9 nm),
526 larger porosity (35%), and poor connections between
527 individual anatase nanocrystals.
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