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Thin film barjum titanate (BaTiO3) is a promising material in the electronics and ceramics industry owing to its
compelling dielectric properties. A number of works have investigated its dielectric and structural properties, but
less studied are its thermal properties particularly at sub-100 nm thicknesses. Here, we measure the room-
temperature thermal conductivity of ultrathin (< 100 nm), pulsed laser deposited BaTiOs films. The measured
thermal conductivities are thickness-dependent, and this trend is consistent with the thickness-dependent

crystallinity of the films. Transmission electron microscopy analysis of the films reveals the presence of an initial
amorphous layer ~ 60 nm thick from the growth interface and the subsequent formation of columnar grains of
width ~ 12nm that are embedded within an amorphous matrix. For a region that incorporates grains with
columnar morphology, we find that cross-plane heat conduction may be favored by 30-40% over in-plane heat
conduction due to the columnar morphology of grains.

1. Introduction

Perovskite structured materials such as BaTiOs; (BTO), SrTiO;
(STO), or (Ba,Sr)TiO3 (BST) have recently drawn lots of attention due to
their compelling dielectric properties [1,2]. Perovskite thin films, for
example, possess high dielectric constants (> 100) even at thicknesses
less than 100 nm and are therefore attractive for applications such as
dynamic random access memory (DRAM) capacitors or multilayer
ceramic capacitors (MLCCs) [1-9]. Moreover, perovskite thin films
have potential applications as thermoelectric materials for waste-en-
ergy harvesting or solid-state thermal management; their properties
such as stability and non-toxicity and the controllability of carrier
concentration by A and B cationic sites doping or oxygen vacancy
control make them suitable for the thermoelectric applications [10,11].
With recent technological trends of electronic devices toward minia-
turization, the use of such high-dielectric-constant perovskite thin films
becomes even more indispensable, and therefore researches on the
properties of perovskite thin films have recently been active.

While dielectric and structural properties of perovskite thin films
have clearly been a key consideration in a number of previous works,
there exist only a limited number of works that have investigated their
thermal properties particularly at sub-100 nm thicknesses. One study
[10] measured the room temperature thermal conductivities of
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polycrystalline 170 nm STO films with average grain size ranging from
28 to 88 nm, which were reduced by approximately 50-60% as com-
pared to that of bulk single crystal STO (~ 11 W m~ K™). Another study
[11] observed a similar reduction in the room temperature thermal
conductivity for thin film BTO samples compared with that of bulk
single crystal BTO (~5.7Wm™ K™); the measured thermal con-
ductivities of their polycrystalline 175 nm BTO films with average grain
sizes of 36 and 63 nm were 1.0 and 1.7 Wm™" K, respectively. Given
that the limiting dimension in these polycrystalline films is the grain
size, these two previous studies suggest that the mean free paths of
phonons that are important for carrying heat in complex oxide per-
ovskites may be on the order of sub-100 nm [10,11]. More recently, we
have reported the room temperature thermal conductivities of ~ 24 nm
plasma-enhanced atomic layer deposited (PEALD) BTO films, which
were partially crystalline within an amorphous matrix; the measured
thermal conductivities of these films were approximately 0.9-1.1 Wm™
K [12].

In this work, we report on the room-temperature thermal con-
ductivity of BTO films with sub-100 nm thicknesses deposited by pulsed
laser deposition (PLD) on Si substrates. We observe a dependence of the
thermal conductivity on film thickness (0.59 + 0.13, 0.61 = 0.07,
and 0.80 = 0.09Wm™ K for 30, 51, and 99 nm films, respectively),
which is consistent with the film-thickness-dependent crystallinity.
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Transmission electron microscopy (TEM) analysis of the films suggest
the presence of an initial amorphous layer up to approximately 60 nm
from the growth interface and the subsequent formation of crystalline
grains with columnar morphology that are embedded in an amorphous
matrix. We further proceed to estimate local cross-plane and in-plane
thermal conductivities for a region that contains columnar grains (i.e.,
located 60-99 nm away from the growth interface), and find values of
approximately 1.1 and 0.7-0.8 Wm™ K, respectively. The columnar
morphology of grains in this region is responsible for the anisotropic
thermal conductivity, favoring cross-plane heat conduction by ap-
proximately 30-40% over in-plane heat conduction.

2. Material and methods

Three BTO films with different thicknesses were grown on p-doped
Si substrates using PLD from a sintered BTO pellet (Kurt J. Lesker) as a
target material. A Lambda Physik 248 nm KrF excimer laser was used.
The laser intensity and frequency were 0.7 J/cm? and 10 Hz, respec-
tively. The substrate temperature was kept at 500 °C, and the distance
between the target and the substrate was 50 mm. The deposition was
conducted in oxygen atmosphere at the pressure of 100 mTorr. The
number of laser pulses were varied as 2000, 4000, and 8000 pulses,
resulting in 30, 51, 99 nm-thick films, respectively, from the ellipso-
metry measurement.

The stoichiometry of the PLD BTO films is analyzed by X-ray pho-
toelectron spectroscopy (XPS) in a SSI S-probe monochromatized XPS
spectrometer with Al KR radiation (1486 eV). The crystalline phase and
quality as well as the thicknesses of the PLD BTO films are analyzed by
TEM (FEI 80-300 environmental (scanning) transmission electron mi-
croscope) at the acceleration voltage of 300 kV. Samples for the TEM
analysis were prepared by using a focused ion beam (FEI Helios Dual-
Beam Focused Ion Beam).

The cross-plane thermal conductivities of the three PLD BTO films
are measured at room temperature with TDTR, an ultrafast, pump-
probe, optical measurement technique [13-15]. For TDTR measure-
ments, an ~49nm Al film, which acts as an optothermal transducer
layer, is deposited onto the surface of the BTO films by electron beam
evaporation. Our setup [16,17] utilizes a mode-locked Nd:YVO, laser
that emits 9.2 ps wide pulses at a repetition rate of 82 MHz and a wa-
velength of 1064 nm. These pulses are divided into two components:
pump (heater) and probe (thermometer) beams. The frequency-doubled
532 nm, ~ 10.2 pm diameter pump beam, modulated at 6 MHz for lock-
in detection, heats the topmost Al transducer layer. The time-delayed
(up to 3.5ns after the pump heating event) 1064 nm, ~ 6.2 um dia-
meter probe beam measures the temporal variations in the surface
temperature of the Al transducer via proportional changes in the re-
flectivity of Al. At the pump beam modulation frequency, an RF lock-in
amplifier records the in-phase (V;,) and out-of-phase (V) signals of the
reflected probe beam as a function of pump-probe delay time. The
amplitude (\ Vi, + Vou?) and/or ratio (— Viy/Vyy,) signals are compared
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Fig. 2. XPS spectra of PLD BTO films.

to a multilayer heat diffusion model [13,14] to extract unknown
thermal properties. For further descriptions of the TDTR methodology
and corresponding data analysis, see Refs. [13-15].

3. Results and discussion

Fig. 1 shows cross-sectional TEM images of the PLD BTO samples.
The TEM images of the 30 and 51 nm films indicate that these films are
almost entirely amorphous. The TEM image of the thickest film reveals
the presence of an initial amorphous layer about 60 nm thick from the
growth interface and the subsequent formation of columnar crystalline
grains of width ~ 12 nm, which are aligned normal to the growth in-
terface and embedded in an amorphous matrix. XPS spectra in Fig. 2
shows the composition of PLD BTO films: Ba 20.3 at%, Ti 18.0 at%, and
O 61.6 at%, which shows the Ba-to-Ti composition ratio of 1.13:1. The
content of contaminations (e.g., carbon) are below the detection limit of
the XPS analysis (< 0.1 at%).

The thermal properties of the samples are determined using TDTR
by fitting the data to the multilayer heat diffusion model that has been
discussed in detail elsewhere [13,14]. In our measurements, the tem-
poral thermal response at the sample surface is related to the thick-
nesses, volumetric heat capacities and thermal conductivities of the Al
transducer layer (da;, Cai, ka)), BTO layer (dsro, Csro, ksro), and Si
Substrate (semi-infinite, Cs;, kg;), along with the thermal boundary re-
sistances at the Al/BTO and BTO/Si interfaces (TBRaj_gro, TBRgTO_si)-
For each sample, we determine da, and dpro from cross-sectional TEM
images. The volumetric heat capacities of the Al layer and Si substrate
(Cal, Csi) are taken from the literature [18,19]. The volumetric heat
capacity of the BTO layer (Cpro) is estimated from the product of the
specific heat (~ 0.44J g_1 K1) taken form the literature [20] and the
density (4.95gcm ™) taken from our previous work for PEALD BTO
films that were partially crystalline within an amorphous matrix [12].

Fig. 1. Cross-sectional TEM images of PLD BTO thin films on Si: (a) 30 nm, (b) 51 nm, and (c¢) 99 nm films, and (d) a zoomed-in image of the white-dotted area in (c).
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Fig. 3. (a) Sensitivities of TDTR amplitude (\/ Viy? + V,u?) to the thermal conductivity of the BTO layer (red) and the thermal boundary resistances at the Al/BTO and
BTO/Si interfaces (black and blue, respectively) for three BTO samples as a function of pump-probe time delay at 6-MHz pump modulation frequency. Solid, dashed,
and dotted lines represent sensitivity curves for the 30 nm, 51 nm, and 99 nm samples, respectively. (b) TDTR amplitude data (black solid lines) and best-fit curves
(red dashed lines) for the three BTO samples at 6-MHz pump modulation frequency. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.).

The density of amorphous BTO has been previously reported to be
4.3 gcm’3 [21]. Based on this difference in the BTO density, we as-
sume an uncertainty of 13% in Cpro, which propagates to uncertainties
in kgro of 2%, 5%, and 7% for the 30, 51 and 99 nm samples, respec-
tively. We calculate ks by measuring the in-plane electrical con-
ductivity and using the Wiedemann-Franz law. We separately measure
ks; by TDTR on the Si substrate metallized with an ~ 49 nm Al film. We
therefore have three unknowns in our thermal model: the thermal
conductivity of the BTO layer (kgro) and the top side (Al/BTO) and
bottom side (BTO/Si) thermal boundary resistances (TBRaj—gro,
TBRgro-si)-

We quantify the measurement sensitivity to these three parameters
by calculating Sz = 0 In(R)/d In(3), where R is either the amplitude
(\Vin? + Voue?) or ratio (— Wi,/ Vo) signal and S is the parameter of in-
terest [14-17,22]. As we discuss in detail below, we obtain kgzro and
TBRy-pT0 by performing a two-parameter fit of the multilayer thermal
model to the amplitude data, while treating TBRgro-s; as an input
parameter determined from the ratio data.

Fig. 3(a) shows the sensitivities of the amplitude signal to these
three unknown parameters for our BTO samples at 6 MHz pump mod-
ulation frequency. The sensitivity to kgro is relatively large and very
dynamic over most of the delay time for all three samples, as compared
to those to TBRa—pro and TBRgro-_si, which implies that we are most
sensitive to the thermal conductivity of the BTO layers (predominantly
owing to their low thermal conductivity). The sensitivity to TBRa;_gro iS
much lower than that to kgro for all three samples; in particular, the
measurements are almost insensitive to this top side boundary re-
sistance for the 51 and 99 nm samples. But we allow TBRaj_pro to vary
along with kgro to produce the best fit between the amplitude data and
the thermal model. The sensitivity to TBRpro—s; is almost negligible for
the 51 and 99 nm samples, while for the thinnest sample the sensitivity
values of TBRgro-si are comparable to those of TBRx_pro (€.8., ~ 0.05
and ~ 0.04 for TBRa;_pro and TBRgro-—s;, respectively, at a delay time of
3.5 ns). The sensitivity to in-plane heat conduction along the BTO layers
is essentially zero for all three samples (although not shown for brevity
in Fig. 3(a)), which implies that we are insensitive to the in-plane
thermal conductivity of the BTO layers.

We analyze the ratio data for the thinnest sample, where the
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volumetric resistance of the BTO layer is the lowest, at 6 MHz frequency
and determine TBRpro_si by utilizing higher sensitivity of the ratio to
this bottom side boundary resistance than that of the amplitude
[23,24]. In a similar procedure described previously [25], we consider
an effective thermal conductivity that lumps the contributions from the
top side interface and the BTO layer. We fit the ratio data to the thermal
model with this effective thermal conductivity and the bottom side
boundary resistance as two free parameters. This procedure yields the
bottom side boundary resistance of 14.4 = 8.2m?* KGW™, whose un-
certainty is due to uncertainties in the thicknesses of the Al and BTO
layers and the thermal properties of the Al layer and Si substrate. Our
extracted TBRpro-s; value is consistent with the range reported in lit-
erature for high-dielectric-constant oxide/silicon interfaces [12,26-28].
Taking this value as the bottom side boundary resistance, we then fit
the 6 MHz amplitude data to extract the thermal conductivity of the
BTO layer and the top side boundary resistance. The reported un-
certainty of ~ 60% in TBRpro—s; propagates to uncertainties in kgro of
17%, 7%, and 5% for the 30, 51, and 99 nm samples, respectively.

TDTR amplitude data and the corresponding best-fit thermal model
at 6 MHz pump modulation frequency are shown in Fig. 3(b). We obtain
the (cross-plane) BTO thermal conductivity to be 0.59 * 0.13Wm™
K! for the 30 nm sample, 0.61 + 0.07 Wm™ K for the 51 nm sample,
and 0.80 = 0.09Wm™ K for the 99 nm sample. The errors reported
on the best-fit values for the BTO thermal conductivity are calculated by
propagating uncertainties in the Al thickness and thermal conductivity
and the BTO thickness, as well as the BTO/Si thermal boundary re-
sistance. The thermal boundary resistance at the Al/BTO interface is
found to range from 6 to 13 m* K GW™ for the three samples, which is
consistent with values reported previously for metal-dielectric inter-
faces [15,17,29,30]. The variation observed between samples in this
top side boundary resistance can be attributed to varying levels of
impurities and contamination on the sample surface and of surface
roughness [16,22,31,32].

We observe that the crystallinity of the PLD BTO films, which is
thickness-dependent, impacts the measured thermal conductivities. The
thermal conductivities of the 30 and 51 nm films are almost identical, in
line with the observation made from the TEM images that both BTO
films are almost entirely amorphous. The thermal conductivity of the
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Fig. 4. Thermal conductivity of BTO films as a function of film thickness at
room temperature. Filled circles represent the data for our PDL BTO films, open
squares represent the data for polycrystalline, 175nm BTO films with grain
sizes of 36, 47, and 63 nm (lower, middle and upper ones, respectively) [11],
and an open diamond represents the data for a single crystal, 175 nm BTO film
[11]. The solid line at kgro = 5.7 Wm™ K! denotes the thermal conductivity of
bulk single crystal BTO [36].

thickest film is higher than those of the other two, thinner films, which
is most likely due to increased heat conduction through the columnar
crystalline grains of width ~12nm, located ~60nm away from the
growth interface and oriented parallel to the direction of heat flow,
within this film. A number of studies have reported that grains with
columnar morphology within a film helps improve cross-plane heat
conduction [17,33-35].

Fig. 4 shows the room-temperature thermal conductivity of BTO
films as a function of film thickness, including our PLD BTO data and
the data by Donovan et al. [11], as well as the data for bulk single
crystal BTO by Mante and Volger [36]. The data by Donovan et al. [11]
are for polycrystalline, 175 nm BTO films, prepared by chemical solu-
tion deposition, with grain sizes of 36, 47, and 63 nm and a single
crystal, 175 nm BTO film, epitaxially grown on a (001)-oriented single
crystal STO substrate by RF magnetron sputtering. The thermal con-
ductivities of our PLD BTO films are lower than those of four 175 nm
BTO films [11] and bulk single crystal BTO [36]. This can be pre-
dominantly attributed to the amorphous nature of our PLD BTO films.
Our thickest film contains columnar grains of width ~ 12 nm, but they
are located ~ 60nm away from the growth interface and embedded
within an amorphous matrix. It is well known that thermal conduction
in amorphous materials is dictated by their disordered atomic structure
and their thermal conductivity is therefore low as compared to their
crystalline counterpart [37-39].

Given the thickness-dependent morphology of our PLD BTO films,
we estimate the local cross-plane thermal conductivity within the BTO
film, which depends on the distance (z) from the growth interface [40].
As discussed above, the film is almost entirely amorphous up to a
thickness of about 60nm and partially crystallized with columnar
grains thereafter. Using the data for our different thickness samples (30,
51, and 99nm), we determine the local cross-plane thermal con-
ductivity corresponding to a region of 60nm < z < 99nm. With the
volumetric resistance of aregion of Onm < z < 60 nm estimated from
the data for the 30 and 51 nm films, we create a two-layer model within
the 99 nm film: i.e., ~ 49 nm of Al on a 39 nm layer with unknown local
cross-plane conductivity on a 60 nm layer with known properties on Si.
We then fit for this local cross-plane conductivity and obtain a value of
~1.1Wm™ K. This fitted local conductivity is comparable to the
conductivity values (1.0-1.7 W m™ K™) of polycrystalline, 175 nm BTO
films with grain sizes of 36-63 nm by Donovan et al. [11]. This is also
comparable to the values (0.9-1.1 Wm™ K™) of ~ 24 nm PEALD BTO
films, which were partially crystalline within an amorphous matrix, in
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our previous work [12].

We make a further effort to estimate the local in-plane thermal
conductivity, which is characteristic of a region of 60nm < z < 99
nm within the film, and assess an anisotropy in thermal conductivity in
this region of the film. Given the columnar morphology of grains that
exist in this region, we employ a simple resistor model of crystalline and
amorphous phases for both cross-plane and in-plane directions [34].
The crystalline and amorphous resistors act in parallel for the cross-
plane direction and in series for the in-plane direction. Therefore, the
local cross-plane and in-plane thermal conductivities (k, and k,, re-
spectively) in this region can be modeled with the volume fraction of
the crystalline phase (X.) by

kz =keXe + k(1 — X), (@)
11X, 1-X
ke ke ke (2

where k. and k, are the thermal conductivities of crystalline and
amorphous phases of BTO, respectively. Here, we assume
ke =217Wm™ K and k, = 0.6 Wm™ K. The latter is taken from
the data for our 30 and 51 nm BTO films, both of which are almost
entirely amorphous, while the former is taken from the data for a single
crystal, 175 nm BTO film by Donovan et al. [11]. Utilizing the value of
k, obtained by our local cross-plane thermal conductivity fit, we esti-
mate X, to be ~ 0.3 from Eq. (1). Fixing this value, we then use Eq. (2)
to estimate the local in-plane thermal conductivity and find
k, = ~0.77Wm™ K. This suggests that cross-plane heat conduction
is favored over in-plane conduction in this region of the film with the
anisotropy ratio (n = k,/k;) of ~ 0.7. It is well known that the columnar
morphology of grains gives rise to anisotropic thermal conductivity,
with k, < k; [17,24,33]. We note that the values of X, and k, estimated
here depend on a specific choice of k.. With assuming k. = 5.7 Wm™
K™ from the data for bulk single crystal BTO [36], the estimated values
of X, and k, become ~ 0.09 and ~0.65W m™ K. This translates to
n = ~0.6.

4. Conclusions

This work presents the experimental investigation of the thermal
conductivity of PLD-grown BTO films of thickness 30, 51, and 99 nm
using TDTR at room temperature. The measured thermal conductivities
depend on film thickness (0.59 = 0.13, 0.61 * 0.07, and
0.80 = 0.09Wm™ K™ for 30, 51, and 99nm films, respectively),
which can be attributed to the film-thickness-dependent micro-
structure. The observations made in cross-sectional TEM images in-
dicate the presence of an initial amorphous layer up to approximately
60nm from the growth interface and the subsequent formation of
crystalline grains with columnar morphology that are embedded in an
amorphous matrix. For a region that incorporates columnar grains (i.e.,
located 60-99 nm away from the growth interface), heat conduction
may be anisotropic, with local cross-plane and in-plane thermal con-
ductivities estimated to be about 1.1 and 0.7-0.8 Wm™ K™, respec-
tively. The columnar morphology of grains in this region is responsible
for anisotropic heat conduction, favoring cross-plane heat conduction
by approximately 30-40% over in-plane heat conduction.
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