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Wedemonstrate the application of the Scanning ThermalMicroscopy to quantitative characterization of the ther-
mal properties of barium titanate (BaTiO3) thin films. The results showed that the thermal properties of thinfilms
depend on deposition parameters and can bemodifiedby the annealing of the sample.Microscopic investigations
provided information about morphology of non-annealed and annealed layers. The non-annealed layer consists
of uniformly distributed, relatively small grains, while in the annealed sample bigger crystallites packed into ran-
domly distributed islands occur. Thermal images revealed that the samples are thermally uniform and, similarly
to the atomic forcemicroscopy results, confirmed the grained structure of the annealed sample. The thermal con-
ductivities of BaTiO3 thin films, determined from comparison of measurements carried out for investigated sam-
ples and reference samples, were estimated to 4.1 W·m−1·K−1 and 5.3 W·m−1·K−1 for the non-annealed and
the annealed samples, respectively.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Barium titanate (BaTiO3) is an inorganic compound of the perovskite
type. The crystal form reveals temperature dependent polymorphous
types. Phase transitions appear as an effect of titanium ion shift in relation
to oxygen anions. Above 1460 °C this material is paraelectric and has the
hexagonal structure. The cubic form appears in the temperature range
(1460 °C–120 °C). Below 120 °C a spontaneous polarization occurs and
the crystal becomes ferroelectric. The following polymorphous types are
observed: tetragonal (120 °C–0 °C), orthorhombic (0 °C–90 °C), and
rhombohedral (under −90 °C) [1,2]. The structure of barium titanate is
well known and was thoroughly investigated. Complex study of BaTiO3

structure with its comparison to PbTiO3 one, based on combined single-
crystal x-ray and powder neutron diffraction, can be found in [3].

Thanks to its physical properties like high dielectric constant, piezo-
electricity and ferroelectricity, BaTiO3 ceramics have found numerous
applications in electronics industry, e.g. inmultilayer ceramic capacitors
[4], surface acoustic wave devices [5], optical wave guides and resona-
tors [6] and piezoelectric nanogenerators [7]. Barium titanate thin
films, being so called high-k dielectrics, are sought after to replace the
popular SiO2 films in field-effect transistor structures [8]. Thin films
are also applied in dynamic access random memories, non-volatile
memories and metal-insulator-metal structures [9].

A trend of miniaturization observed in electronic industry results in
serious problems with heat management. An overheating can lead to
deterioration of device parameters or even can cause its failure. The
k-Bałata).

ghts reserved.
characterization of the thermal properties is fundamental for proper de-
sign and fabrication of the device. The thermal properties are character-
ized by the thermal conductivity κ, the thermal diffusivity α and the
heat capacity C, bound by the formula:

κ ¼ αC: ð1Þ

The heat capacity C is the product of the density ρ and the specific
heat c. In the case of crystalline dielectric films the heat conduction is
connected with vibrations of crystal lattice. These vibrations can be de-
scribed by phonons, quasi-particles propagating with sound velocity
and carrying the energy Ef = ħω, where ω is the phonon frequency. In
the simplest approach the thermal conductivity connected with pho-
nons can bedefined on the basis of kinetic theory of gases as the product
of the heat capacity, the velocity of phonon u and the phononmean free
path of λ:

κ ¼ 1
3
Cuλ: ð2Þ

The phonon mean free path strongly depends on phonon scattering
mechanisms. In single crystals the phonon–phonon scattering process is
dominant at room temperature. However, in defected structure such as
thin films, the phonon-defect scattering can prevail and cause consider-
able drop of the thermal conductivity. As the specific heat of solids
weakly depends on sample thickness, the heat capacity of thin films
can be assumed to be the same as the one of bulk material.

The thermal conductivity of thin films is difficult to determine ex-
perimentally and is rarely investigated. In the case of thin films with

http://dx.doi.org/10.1016/j.tsf.2013.08.007
mailto:akazmierczak@polsl.pl
http://dx.doi.org/10.1016/j.tsf.2013.08.007
http://www.sciencedirect.com/science/journal/00406090
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tsf.2013.08.007&domain=pdf
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thickness lower than 1 μm it is often not possible to obtain self-standing
layers; theymust be investigated on a substrate [10]. An influence of the
thin film on the effective thermal properties of film-substrate system is
typically not well pronounced. This is why sophisticated, non-standard
measuring techniques are often used for determination of the thermal
properties of thin films. It was proved that the thermal conductivity of
thin films can be measured by the use of the Scanning Thermal Micros-
copy (SThM) [11].

The general tendency is that the thermal conductivity of thin films
decreaseswith decrease of thefilm thickness. Itwas shown that the crit-
ical thickness of the layer for which the value of the thermal conductiv-
ity corresponds to the bulk value is a few tens of microns in the case of
dielectric films withwell-developed crystalline structure [12]. However
sub-micron thin films exhibit considerably lower thermal conductivity.
For example the thermal conductivity of thin dielectric filmswith thick-
ness of about 100 nm, examined by the authors, was three order of
magnitude lower than the value for respective bulk material [13].
The thermal conductivity of thin films strongly depends on their inner
structure. Typically a correlation between depositionmethod, filmmor-
phology and its thermal conductivity is observed [14]. Films with well-
developed crystalline structure are expected to conduct heat better than
nanocrystalline or amorphous ones.

Microscopic investigations provide important information about
properties and quality of the film. The inner structure of thin film de-
pends on parameters of deposition process. Gas pressure, substrate
temperature during sputtering or post-process annealing of the sample
results in changes of the surface roughness, the mean grain size and
grain arrangements. These changes affect the thermal conductivity of
the layer. However data about the thermal conductivity of thin films
are often hardly available. There are also discrepancies in thermal con-
ductivity values presented in the literature. Thus research in this field
and development of experimental techniques for determination of the
thermal conductivity of thin films are of great importance.

2. Experimental part

2.1. Samples

Samples were prepared and preliminarily characterized in the Insti-
tute of Microelectronics and Optoelectronics at Warsaw University of
Technology. Thin films were deposited on n-type Si substrates by
means of the radio frequency plasma sputtering from BaTiO3 + 2%
La2O3 ceramic target in argon atmosphere [15]. The target consisted of
BaTiO3 + 2% La2O3. The La2O3 dopant was used to improve microstruc-
ture and dielectric properties of layers. The best dielectric properties
were obtained for 2% La2O3 doped barium titanate, the dielectric con-
stantwas εr N 4500. The targetwas placed at a distance of approximate-
ly 10 mm from the substrate. The temperature of the substrate was
100 °C. The sputtering time was 30 min with 10 cm3/min argon flow.
The thickness of thin films and the substrate were 100 nm and
300 μm, respectively. Some samples were annealed for 30 min at
600 °C in argon atmosphere after deposition.

2.2. Microscopic measurements

The atomic force microscopy (AFM) investigations were carried
using PSIA XE-70 scanning microscope working in a contact mode. The
Budget Sensors SiNi_A gold/chromium coated cantilevers (resonance
freq. 30 kHz, force constant 0.27 N/m) were used. Acquired images
were processed using image processing software (XEI®, PSIA and
Gwyddion®) to correct sample inclination and distortions caused
by z-scanning stage. No other corrections in the images were made.

The SThM measurements were carried out with the same PSIA
XE-70 microscope equipped with the thermal module and the data
access module. Thermal imaging was provided by the use of resistive
nanofabricated thermal probes. More details about the thermal
probe and the experimental setup can be found in Ref. [16]. For the ther-
mal imaging, the probe was working in a leg of Wheatstone bridge to
enhance system sensitivity. For the quantitative measurements the
probe was connected in series with balance resistance of 1.0 kΩ. In
both cases, the dc voltage was applied to the probe to obtain 1.5 mA
heating current. In addition a small ac voltage of frequency ω was su-
perposed to the dc component. The amplitude of ac component was
5% of dc voltage. The ac components of bridge unbalance voltage were
measured by a lock in amplifier (SR 830, Stanford Research Systems).
The amplitude and the phase of this signal were used for construction
of thermal images. The phase shift between the probe modulation sig-
nal and ac component of probe voltage was used for quantitative mea-
surements. The thermal conductivities of BaTiO3 layers were estimated
from calibration curve obtained from experiments carried out for refer-
ence samples. In all quantitative measurements the difference between
the signal registered for the probe contacting the sample and the probe
in air was analyzed. Themain advantages of the presented approach, in
which the thermal probe is driven by the sum of dc and ac currents, are
mechanical stability of the probe-sample contact and higher sensitivity
for signal changes thanks to lock-in detection.

As it was mentioned above the presence of the substrate influences
the results of thermal measurements for thin films. Therefore results
obtained from simple comparison with reference curve were corrected
in order to take into account layer thickness on apparent thermal
conductivity. The correction was done using curves obtained from nu-
merical simulation of the SThM measurement on layered sample. The
simulations were performed for the electro-thermal model of the
probe-sample system, created in COMSOL MultiPhysics, by the use of
the finite element method. Detailed description of the model, the
probe-sample system geometry and the numerical calculations can be
found in Ref. [17].
3. Results and discussion

3.1. Results from microscopic measurements

Quantitative analysis of AFM images utilized procedures available in
Gwyddion® software. The tip dilation and the noise reduction algo-
rithmswere used prior to the analysis. Grain dimension-related param-
eters were statistically obtained after applying thewatershed algorithm
for grain boundary identification. Fig. 1 depicts the 10 × 10 μm2 and
1 × 1 μm2 AFM images of two examined barium titanate samples. Sig-
nificant changes in surface morphology after annealing are noticeable.
Non-annealed samples have smooth surface with tightly packed and
uniformly distributed grains. After annealing the grain size increases
and conglomeration of grains appears. The quantitative analysis con-
firmed qualitative observations. Calculated topography-related param-
eters were gathered in Table 1. The non-annealed sample exhibits
quite uniform distribution of grains with relatively small mean area
value. This value is almost two times bigger after annealing. Changes
are also expressed in surface roughness parameter, the average rough-
ness is 1.59 nm for the non-annealed sample and 1.41 nm for the
annealed one. The proposed explanation is that layer is rearranged
and “swells” after annealing. It was confirmed by the ellipsometric
measurement.

Based on the resemblance to barium titanate patterns observed and
reported by Gheno et al. [18], Muñoz-Saldanha et al. [19] and Lee [20]
one can assume that complex transformation takes place during
annealing and crystallites rearrange from tetragonal to cubic structure.
This is followed by grouping of the neighboring grains into larger struc-
tures as it can be observed for annealed sample. Observable surface fea-
tures are in good agreement with the findings of Mohammad Reza
Mohammadi and Derek J. Fray who found large island-like structures
in AFM images of barium strontium titanate annealed at 600 °C [21].
This conclusion should be followed by x-ray diffraction measurements.



Fig. 1. The 10 × 10 μm2 and 1 × 1 μm2 AFM images for non-annealed and annealed BaTiO3 thin film.
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The SThM imageswere collectedwith the probe driven by 1.5 mAdc
current with imposed 500 Hz, 75 nA amplitude ac component. The am-
plitude and the phase of ac component of probe voltageweremeasured
by lock-in amplifier. Topography, amplitude and phase images of size
1 × 1 μm2 for the annealed and the non-annealed samples are shown
in Fig. 2. The topography obtainedwith the thermal probe is blurred be-
cause of large tip radius (~100 nm) in comparison to standard AFM
probe. The dark fields in the thermal amplitude images and light fields
in the phase thermal images correspond to regions with higher thermal
conductivity. Regions with lower thermal conductivity correspond to
the boundaries between grains. Boundary regions are characterized by
high concentration of structural defects causing deterioration of the
heat transport and lower thermal conductivity.

The thermal images confirm uniformity of the non-annealed sample
and grained structure of the annealed one. The layer rearrangements
during annealing can lead to structural changes which influence the
thermal conductivity. Moreover, because of creation of grain clusters
the annealed sample is thermally inhomogeneous.

Quantitative thermalmeasurementswere performed in order to de-
termine the thermal conductivity of BaTiO3 samples. The measure-
ments were carried out for investigated samples and three reference
materials: BK-7 glass (κ = 1.12 W·m−1·K−1), YAG single crystal
(κ = 12 W·m−1·K−1) and Si single crystal (κ = 144 W·m−1·K−1).
For each sample the phase shift between the ac component of the
probe current and the ac component of the probe voltagewasmeasured
Table 1
Topography-related parameters determined by means of AFM method for non-annealed
and annealed BaTiO3 samples.

RMS, nm Mean grain area, nm2

Non-annealed 1.59 206–247
Annealed 1.41 270–470
for the probe being in contact with the sample and the probe lifted
2 mm above the sample surface. The difference of these phases was
used in further analysis. Results of measurements are shown in Fig. 3.
The logistic curve

Δφ κð Þ ¼ A2 þ A1−A2ð Þ= 1þ κ−a0ð Þp� � ð3Þ

wasfitted to experimental points for referencematerials.A1, A2, a0 and p
are parameters of the curve. The theoretical curvewas chosen according
to findings presented in Ref. [16] for relative probe resistivity depen-
dence on thermal conductivity.

The best fit was achieved for A1 = 1.49 · 10−3, A0 = 1.59 · 10−3,
a0 = 7.84 W·m−1·K−1 and p = 3. The best sensitivity of the phase
shift to the thermal conductivity changes was observed in region be-
tween 2 W·m−1·K−1 and 100 W·m−1·K−1. Similar observations
were confirmed also by the simulation results presented in Ref. [17].
The apparent thermal conductivities read from calibration curve
were (7.0 ± 0.2) W·m−1·K−1 and (9.0 ± 0.4) W·m−1·K−1 for non-
annealed and annealed BaTiO3 films, respectively. The experimental er-
rors were estimated directly from phase uncertainties. However it must
be taken into account that in the case of sub-micron film the thermal
properties of the substrate influence the apparent thermal conductivity
obtained directly from experimental data. It leads to a systematical
error which should be corrected. To do that the numerical simulations
of the SThM measurements of layered samples were carried out. In
these simulations the sample geometry was slightly modified with re-
spect to the one presented in Ref. [17], so it included the 300 μm thick
silicon substrate and a thin layer. The thickness of the layer and its ther-
mal conductivity were parameters of the simulation. The probe signal
was calculated for thin film thermal conductivity κ varying in range
from 1 to 100 W·m−1·K−1 and thickness d varying in range from
50 nm to 100 μm. Results of this analysis are presented in Fig. 4. The
probe signal depends on both parameters. This dependence is relatively
strong for films thinner than 1 μm and of low thermal conductivity.



Fig. 2. Images of topography measured with thermal probe, amplitude and phase of SThM signal for non-annealed and annealed BaTiO3 thin film.
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Basing on Fig. 4 the obtained thermal conductivities of BaTiO3 films
were corrected. The apparent thermal conductivities, treated as the
values for bulk samples, were marked in Fig. 4 for the thickest film
(d = 100 μm). Then values corresponding for the same probe signals
but the film thickness d = 100 nm were read out. These readings give
the real thermal conductivities of the films. Finally, the corrected ther-
mal conductivity values are (4.1 ± 0.2) W·m−1·K−1 and (5.3 ± 0.4)
W·m−1·K−1 for non-annealed and annealed barium titanate samples,
respectively.

Literature data on thermal conductivity of BaTiO3 at room tempera-
ture varies from 2.3 to 3.0 W·m−1·K−1 [22] for bulk material and from
1.3 to 6.0 W·m−1·K−1 for thin films [23,24]. The thermal conductivity
of thin films is mainly influenced by the inner structure (polycrystalline
or amorphous) and film thickness, what directly corresponds to deposi-
tion method. This behavior was observed for example of diamond-like
materials [25,26]. Thin diamondfilms revealed polycrystalline structure
and the grain size increased with the increase of film thickness, what
improved thermal properties. Similarly behavior was observed for
Fig. 3. Relative SThM phase signal as a function of thermal conductivity of investigated
samples with fitted theoretical curve.
BaTiO3 thinfilms. The increase of grain size in BaTiO3 thinfilmsprobably
resulted in the increase of thermal conductivity.
4. Conclusions

Themanuscript presents the concept of SThMmeasurements to per-
form quantitative measurements of thermal conductivity of thin dielec-
tric films. The SThM measurements in the typical configuration allow
the qualitative analysis of the thermal properties of sample surface
with resolution better than 100 nm. The modified technique presented
in the paper applies a small ac voltage component to modulate the
probe current and utilizes lock-in detection,which enables both qualita-
tive and quantitative analysis of thermal properties. Simulation result
showed that the influence of the film thickness on the measured
Fig. 4. Results of numerical simulations of SThMmeasurements of thin films. SThM signal
as a function of thin layer thermal conductivity κ and thickness d.

image of Fig.�2
image of Fig.�3
image of Fig.�4
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SThMsignal is clearly observable in the case of low thermal conductivity
samples. We presented a general procedure of the primitive thermal
conductivity value correction obtained in the experiment, taking into
account the thickness of the investigated layer.

The SThM results showed that non-annealed sample was thermally
homogeneous with uniformly distributed grains which was confirmed
with previous AFM results. The SThM investigations for annealed sam-
ple revealed some inhomogeneity corresponding to crystalline struc-
ture of the film. Applied thermal processing caused the reorganization
of barium titanate thin film surface and changed its thermal properties.
It can be stated that the films with well-developed crystalline structure
conduct heat better than amorphous one. The value of thermal conduc-
tivity estimated for non-annealed and annealed samples equals to
4.1 W·m−1·K−1 and 5.3 W·m−1·K−1, respectively and corresponds
to value for bulk crystal, which is a fewW·m−1·K−1.Microscopic inves-
tigations also showed that thermal properties are correlated with film
morphology. The results showed also significant differences in barium
titanate films topography. Annealing procedure caused the increase of
grain mean area (by a factor of 2) and appearance of crystallites,
which resulted in better thermal properties of the film.
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