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We report on the thermal conductivity of a series of convectively assembled, anisotropic titania

(TiO2) nanoparticle films. The TiO2 films are fabricated by flow coating a suspension of ellipsoidal

colloidal nanoparticles, resulting in structured films with tailored orientational order. The thermal

conductivities depend on nanoparticle orientation and can be less than amorphous TiO2 films due

to inter-nanoparticle boundary scattering. This nanoparticle ordering presents a unique method for

manipulating the thermal conductivity of nanocomposites. VC 2011 American Institute of Physics.

[doi:10.1063/1.3644987]

Low thermal conductivity nanomaterials have been created

by tailoring the structure and interface densities nanosystems.1–3

However, decreasing the thermal conductivity is often achieved

through undesirable processing or material changes. For exam-

ple, fabrication and construction of nanoparticle composite

films can be intricate and costly, thereby creating difficulties in

scaling up the production of materials with unique thermal

properties for actual applications. Typical approaches to reduc-

ing the thermal conductivity in nanosystems rely on increasing

the density of nanoparticle inclusions or interfaces.4 A recent

theoretical study5 predicted that spherical, cubically-packed

nanoparticles will have thermal conductivities below the mini-

mum limit6 due to a large resistance from interfacial scattering

between the nanoparticles. Presumably, with asymmetrically

shaped nanoparticle arrangements, the frequency of the interfa-

cial scattering events can be tuned, thereby introducing avenues

for manipulation, and reduction, of thermal transport.

In this work, we demonstrate an approach to fabricate

films of closely packed titania nanoparticles that exhibit ther-

mal conductivity below the theoretical minimum limit,

depending on nanoparticle orientation. The thermal conductiv-

ities, which are measured with time domain thermoreflectance

(TDTR), are dependent on nanoparticle orientational order,

which is controllable from the flow coating processes. The

measured thermal conductivities of the nanoparticle films

have similar magnitudes of thermal conductivity as an amor-

phous film but temperature trends similar to a polycrystalline

sputtered film, indicating that the phonon transport in the

nanoparticle films is not limited by the interatomic spacing or

lack of periodicity as in the amorphous film.

Ellipsoidal titania particles are synthesized by a gel-sol

chemistry in the presence of ethylenediamine.7 The polycrys-

talline nanoparticles have an equatorial radius a¼ 24 6 4 nm,

a polar radius b¼ 130 6 31 nm, and a density of 2.74 6 0.10 g

cm�3. Films of titania particles are deposited on aluminum

coated glass slides by flow coating a suspension of ellipsoidal

colloidal titantia nanoparticles.8,9 Briefly, a stable colloidal

suspension of the titania nanoparticles suspended in ultra-pure

water (resistivity� 18.2 MX cm) is confined between the sub-

strate and a glass blade positioned 200 lm above and at 25�

inclination. The nanoparticle volume fractions in the suspen-

sions are below (/¼ 0.24, film 1) and above (/¼ 0.52, films

2 and 3) the isotropic-nematic transition, /*� 0.4 (note that /
is the nanoparticle volume fraction of suspension used to flow

coat the film, not the nanoparticle packing density of the film

after assembly). The substrate is translated by a computer con-

trolled motorized stage at a velocity, m, of 125 lm s�1 (films 1

and 2) or 750 ls�1 (film 3). Prior to coating, the substrate is

washed thoroughly with ultra-pure water, followed by plasma

cleaning (Model PDC-32G, Harrick Plasma). The film struc-

ture depends on both the nanoparticle volume fraction in the

suspensions (/) and the substrate velocity (m) during the coat-

ing. The packing fraction of the final film does not vary sub-

stantially, as demonstrated in our earlier study of the film

deposition.8 A detailed description of the effect of experimen-

tal parameters on the film structure is described elsewhere.8

The thicknesses of films 1, 2, and 3 are 150, 370, and 650 nm,

respectively. Scanning electron microscopy (SEM) images in

Fig. 1 show example film structures for samples used in this

study. The nanoparticles in the films exhibit different degrees

of orientational order. The order parameter, P2, is determined

from the SEM image analysis using P2 ¼
PN

i¼1 cosð2hiÞ=N,

where hi is the angle of particle i relative to the flow coating

direction and N is the number of particles in each image. The

order parameters of films 1, 2, and 3 are P2¼ 0.335, 0.73, and

0.91, respectively. Indeed, the order parameter represents the

ordering in-plane where the thermal transport measurements

are taken in the out-of-plane (or cross plane direction). How-

ever, the ordering that we report in-plane, although not a direct

measure of the out-of-plane order, is related to, and a qualita-

tive indication of, the ordering and packing out-of-plane.

We measured the thermal conductivity, j, of the thin films

of convectively assembled TiO2 nanoparticles with TDTR from

77–300 K.10–12 In our TDTR experiments, we focus our pump

and probe beams through the glass slide onto the surface of the

Al film at the glass/Al interface.13–15 We use a bidirectionala)Electronic mail: phopkins@virginia.edu.
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heat transfer model to extract the thermal conductivity of the

TiO2 nanoparticle films from the thermal conduction through

the glass.15 We account for the finite thickness of the nanopar-

ticle films in our thermal model and assume an insulated

boundary condition at the exposed surface of the film. Our

TDTR tests are all conducted in a vacuum less than 1.0 mTorr,

ensuring negligible thermal transport by the air in the space not

occupied by the nanoparticles.16 The average thermal conduc-

tivities of three films as a function of temperature are shown in

Fig. 2. For comparison, we also plot the thermal conductivity

of bulk, single crystalline TiO2 (Ref. 17), a polycrystalline sput-

tered film with 17 nm grain size,18 and an amorphous TiO2

film.19 We estimate the grain sizes in the TiO2 nanoparticles

from high resolution TEM images as �15 nm. The thermal

conductivities of the nanoparticle based films in this study are

significantly lower, nearly an order of magnitude in some cases,

than the sputtered TiO2 film with similar grain sizes. The meas-

ured thermal conductivities of the nanoparticle films have simi-

lar magnitudes of j as the amorphous film but temperature

trends similar to the polycrystalline sputtered film, indicating

that the phonon transport in the nanoparticle films is not limited

by the interatomic spacing or lack of periodicity as in the amor-

phous film. This implies that three-phonon scattering and

boundary scattering are still dominant phonon scattering events

in these nanoparticle films with low thermal conductivity.

To investigate the phonon mechanisms contributing to

the thermal conductivities of these TiO2 close-packed nano-

particle films, we model the thermal conductivity in TiO2

with an approach similar to that outlined by Mingo.20 In

short, we treat the TiO2 samples as isotropic Debye media

and model the thermal conductivity with

jp ¼
1

3

X
j

ð
xj

CjðxÞv2
j sjðxÞdx; (1)

where Cj is the volumetric heat capacity per normal mode at

frequency x, vj is the phonon velocity, and sj is the scattering

time, and the summation is over the j polarizations. We

make the Debye approximation for TiO2 and take the longi-

tudinal and transverse phonon velocities as 9200 and

5100 ms�1, respectively.18 Note that this approach of model-

ing the thermal conductivity of bulk TiO2 under the Debye

approximation was also successfully employed by Lee et
al.18 We fit Eq. (1) to the thermal conductivity of bulk TiO2

to determine the intrinsic three-phonon and impurity scatter-

ing times. The best fit is shown as the black line through the

bulk TiO2 data in Fig. 2.

To understand the phonon scattering mechanisms contribut-

ing to the observed thermal conductivities in the nanoparticle

films, we model the thermal conductivity in an individual nano-

particle with Eq. (1) using the three-phonon and impurity scat-

tering times determined from the bulk fit and incorporate an

additional grain boundary scattering time given by sg,j¼ d/vj,

where we approximate d in the nanoparticles as 15 nm from

high resolution TEM of the nanoparticles, as previously men-

tioned. This approach, however, does not explain the different

observed j in the representative ordered (film 3) and disordered

(film 1) films. To explain this, we consider the effect of thermal

boundary resistance, R, between the nanoparticles by taking the

overall thermal conductivity of the nanoparticle film as j¼jp/

(1þRjp/L), where L is the characteristic distance that the

FIG. 1. SEM images of the deposited

films. (Left) Film 1—a disordered film:

/¼ 0.24, m¼ 125 lm s�1. (Right) Film

3—an ordered film: /¼ 0.52,

m¼ 1500 lm s�1. The scale bar is

1.0 lm.

FIG. 2. (Color online) Thermal conductivities of three different films: an or-

dered film (film 3), a disordered film (film 1), and a moderately ordered/dis-

ordered film (film 2) along with the thermal conductivity of bulk, single

crystalline TiO2 (Ref. 17), a polycrystalline sputtered film with 17 nm grain

size (Ref. 18), and an amorphous TiO2 film (Ref. 19). Representative error

bars are shown, which represent the standard deviation calculated from the 5

different measurements on each sample.
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phonons traverse in the nanoparticle before scattering at the

nanoparticle-nanoparticle interface and jp is calculated from

Eq. (1).21 We estimate the thermal boundary resistance as

R¼ 2.0� 10�8 m2 KW�1, an average value for resistances

involving oxides,12,21 and consider two limiting cases of pho-

nons propagating the length (260 nm) or width (48 nm) of the

nanoparticle before experiencing an interfacial scattering event.

As seen in Fig. 3, the models for the ordered film with the high-

est thermal conductivity (film 3) and the disordered films with

the lowest thermal conductivity (film 1) describe the measured

data and trends with temperature acceptably. For comparison,

we also show the theoretical minimum thermal conductivity of

TiO2 using the measured density of the films (2.74 g cm�3).6

The theoretical minimum thermal conductivity does not capture

the temperature trends in the nanoparticle packed films. The

temperature trends of the nanoparticle films, which are indica-

tive of a polycrystalline material and similar to the polycrystal-

line sputtered film shown in Fig. 2, are, however, well predicted

by the model in Eq. (1) when accounting for Umklapp scatter-

ing, which means that three-phonon scattering events are still

playing a role in the thermal transport. The magnitude of the

thermal conductivity is lowered by particle-particle interface

scattering, with this scattering rate increasing with nanoparticle

disorder. This model elucidates the essential mechanisms under-

lying the thermal transport in these nanoparticle films: i.e.,

three-phonon and boundary scattering. The frequency of the

boundary scattering, which is dictated by the nanoparticle align-

ment and order and in turn is controllable during coating, results

in thermal conductivities less than the theoretical minimum limit

for a titania film with the same density. Although not pursued

here, a more detailed model could study how the nanoparticle

contact areas affect the boundary and constriction resistances,

and roles of these resistances in thermal conductivity.5

We reiterate that the order parameter that we report is

based on the order in the in plane direction where the thermal

transport that we measure via TDTR is cross-plane. For the

most part, we expect the ordering in the in-plane direction to

be a qualitative indication of the relative ordering in the

cross-plane direction when comparing amongst the various

samples, as we have observed in our image analysis. How-

ever, a more thorough, quantitative structural analysis of the

in-plane vs. cross-plane ordering must be pursued in future

studies to truly correlate the thermal transport to nanoparticle

orientation, and therefore fully exploit the potential for ther-

mal tunability of nanoparticle films.

In summary, we report on the thermal conductivity of a

series of convectively assembled, anisotropic titania (TiO2)

nanoparticle films. The thermal conductivities of these nano-

particle films are nearly an order of magnitude less than that

of polycrystalline TiO2 films with similar grain sizes. The

thermal conductivities are dependent on nanoparticle orien-

tational order, and films with more randomly oriented par-

ticles exhibit thermal conductivities less than amorphous

films. The temperature trends in the thermal conductivities

suggest that, in addition to Umklapp and grain boundary

scattering in the TiO2 nanoparticles, the thermal boundary

resistance between individual nanoparticles is contributing

to the thermal conductivity of these convectively assembled

TiO2 nanoparticle thin films.
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FIG. 3. (Color online) Thermal conductivity of film 3 (ordered) and film 1

(disordered) as a function of temperature. The temperature trends of the ex-

perimental data are different than those predicted by the minimum limit. We

model the thermal conductivity of the films by considering Umklapp, impu-

rity and grain boundary scattering, and interparticle thermal boundary resist-

ance. L¼ 260 nm and L¼ 48 nm correspond to the length and width of a

TiO2 nanoparticle, respectively, and are the bounds on the distance, a pho-

non can propagate before scattering.
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