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We report on the thermal resistances of thin films (20 nm) of hafnium zirconium oxide
(Hf1–xZrxO2) with compositions ranging from 0! x! 1. Measurements were made via time-
domain thermoreflectance and analyzed to determine the effective thermal resistance of the films in
addition to their associated thermal boundary resistances. We find effective thermal resistances
ranging from 28.79 to 24.72 m2 K GW"1 for amorphous films, which decreased to 15.81
m2 K GW"1 upon crystallization. Furthermore, we analyze the heat capacity for two compositions,
x¼ 0.5 and x¼ 0.7, of Hf1–xZrxO2 and find them to be 2.18 6 0.56 and 2.64 6 0.53 MJ m"3 K"1,
respectively. Published by AIP Publishing. https://doi.org/10.1063/1.5052244

Due to their unique ferroelectric behavior, ease of manu-
facture, and inherent silicon compatibility, HfO2-based sys-
tems have recently begun to garner attention as potential
candidates for non-volatile memory, negative differential
capacitance transistors, and energy harvesting applications,
among others.1–4 Since ferroelectric properties were first
demonstrated in 2011,5 various factors have been shown to
allow stability of the ferroelectric phase, including alloying
with Zr,6 depositing onto a nitride electrode layer such as
TaN,7 as well as tuning the grain size and film thickness.6,8,9

The ferroelectric response of HfO2-based films is attributed
to the polar crystalline structure inherent to the orthorhombic
Pca21 phase.1,7 When alloyed with ZrO2, ferroelectricity in
Hf1–xZrxO2 systems can be tuned with a field-induced phase
transition from the tetragonal to orthorhombic phase,10

which broadens the horizons for application in energy stor-
age devices as well as electronic memory devices and
architectures.1

While ample studies have focused upon the electrical
and structural properties of Hf1–xZrxO2 systems,1,5–11 there
exists a gap in the literature in terms of their thermal proper-
ties, particularly in thin-film form. Even for pure hafnia or
zirconia, the literature on thermal properties is limited, espe-
cially with regard to heat capacity.12 The preferred method
of fabrication for Hf1–xZrxO2 films is atomic layer deposition
(ALD),1,11 and though prior studies have reported measure-
ments of the thermal conductivity of ALD grown HfO2

13–16

films, there have been no studies investigating their thermal
properties when alloyed with ZrO2. Furthermore, given the
potential for HfO2-based materials to impact infrared sensing
and thermal energy harvesting applications, knowledge of

the thermal properties is vital to CMOS integrated device
development.17

In this study, we measure the thermal resistance and
effective thermal conductivity of Hf1–xZrxO2 films, grown
between TaN and aluminum electrodes, for nominal Zr dop-
ing concentrations of x¼ 0, 0.5, 0.7, and 1. As annealing
enables crystallization into the ferroelectric phase in
Hf1–xZrxO2, we report on the effective thermal conductivity
values for both annealed and unannealed films. Furthermore,
our use of time-domain thermoreflectance (TDTR) for ther-
mal metrology allows for determination of the volumetric
heat capacity of selected Hf1–xZrxO2 films when deposited
on thermally insulating substrates. Thus, we also report on
the measured volumetric heat capacity of films for nominal
Zr concentrations of x¼ 0.5 and x¼ 0.7, a thermophysical
parameter that is critical for further development of devices
based on this material, for example, devices leveraging pyro-
electric effects.17,18

Samples were fabricated by rf-magnetron sputtering a
10 nm thick TaN layer onto (001) silicon substrates. Thermal
atomic layer deposition (ALD) was then used to deposit
20 nm thick films of Hf1–xZrxO2 for compositions ranging
from 0! x! 1. The precursors for the HfO2 and ZrO2 cycles
included Tetrakis(dimethylamino) hafnium (TDMA Hf) and
Tetrakis(dimethylamino)zirconium (TDMA Zr), respec-
tively, at 75 $C, with H2O used as the oxidant for both. For
HfO2 and ZrO2, the growth per cycle (GPC) was 0.1086 and
0.0968 nm, respectively, measured via ellipsometry. To
control the composition of the Hf1–xZrxO2 films, the number
of cycles for each precursor was adjusted relative to the
other. For example, for x¼ 0.5 (5:5 Hf:Zr), 20 “supercycles”
of 5 ZrO2:5 HfO2 were utilized, and for x¼ 0.7 (3:7 Hf:Zr),
20 “supercycles” of 7 ZrO2:3 HfO2 were utilized. Thisa)Electronic mail: phopkins@virginia.edu
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FIG. 3. (Color online) Phonon band structure of Si using force
constants up to the fifth neighbor shell. Plus signs represent
experimental data of Nelin and Nilsson.30 Left portion of figure shows
the DOS, and right portion of figure shows the rescaled Gruneisen
parameters [100 × (γ − 3)].

simulations can be done within a reasonable time. Using the
harmonic FCs, we can obtain the phonon spectrum. As can be
seen in Fig. 3, the speeds of sound and most of the features
are reproduced with very good accuracy. It is well known that
in order to reproduce the flat feature in the transverse acoustic
(TA) modes near the X point, one must go well beyond the
fifth neighbor. For the band structure and the density of states
(DOS), the overall agreement is good, except for the Gruneisen
parameters of the TA branch, where our calculations, which
only include cubic force constants up to the first neighbor shell,
overestimate γ (X,TA). Based on Klemens’ formula [Eq. (8)],
one might anticipate that our model will slightly underestimate
the lifetime of TA modes and thus their contribution in the
thermal conductivity.

D. Phonon lifetimes and mean-free paths

To get an idea of the relative contributions of the matrix
elements representing the strength of the three-phonon inter-
actions versus the phase space available for these transitions
characterized by the two-phonon DOS, we show in Fig. 4 the
plots of these quantities. We define the contribution of the
matrix elements as

F (ω) =
∑

kλ

δ(ω − ωkλ)
∑

1,2

|V (kλ,1,2)|2. (19)

From Fig. 4, we can note that optical phonons have a much
larger weight coming from the matrix element |V (kλ,1,2)|2.
This explains why they have such a larger relaxation rate
compared to acoustic modes for which the contribution of
matrix elements is very small. The two-phonon DOS is
representative of the phase space available for the transitions,
and is defined as

DOS±
2 (ω) =

∑

1,2

δ(ω − ω1 ± ω2). (20)

From Fig. 4, it can be inferred that one-phonon absorption
or emission (DOS+

2 ) dominates for low-frequency phonons
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FIG. 4. (Color online) Top line in blue is the DOS associated
with two-phonon creation or annihilation (DOS−

2 ), and bottom line in
green is the DOS associated with one-phonon emission or absorption
(DOS+

2 ). The red line is the contribution of the matrix elements
defined in Eq. (19). The peak at 500 cm−1 is the main reason for
smaller lifetimes of optical modes.

(acoustic), while two-phonon absorption or emission (DOS−
2 )

dominates at high frequencies (LA and optical).
Next, we show in Fig. 5 the calculated lifetimes of the three

acoustic and optical modes versus frequency for a regular
mesh of k-points in the first Brillouin zone, at T = 70 and
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FIG. 5. (Color online) Lifetimes of the six branches in Si at 277 K
vs. frequency on a logarithmic scale. Top plot is for umklapp and
bottom plot is for normal processes. The quadratic dependence of the
acoustic modes can be noticed for normal processes, while umklapp
processes seems to scale as 1/ω3.
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(TA) modes near the X point, one must go well beyond the
fifth neighbor. For the band structure and the density of states
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
performed for ErAs:InGaAs materials, 
although the principles developed through 
these studies are fairly general and apply for 
other nanodot material systems as well. [  72  ,  82  ]  
Atomic scale defects in alloys scatter pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  λ   4 , where  d  is the nanodot diameter and 
  λ   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  

Nanoparticle

Short wavelength phonon

Mid/long wavelength phonon

Atomic 
defect

Grain
boundary

Hot Electron

Cold Electron

      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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Classic example: Phonon boundary scattering and reduced k

APL 105, 082907

Grain boundaries in BTO FE Domain boundaries 
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APL 102, 121903

observed even for grain sizes as large as 63 nm. As expected,
the epitaxial thin film sample shows a higher thermal con-
ductivity than any nano-grained samples, but is a factor
of two lower than the reported bulk values,8,18 which is
attributed mainly to film size effects. This coincides
well with data taken by Foley et al.7 on SrTiO3 showing a
similar dependence of thermal conductivity with grain size
and a similar reduction from bulk values of approximately
11 W m!1 K!1 (Ref. 28).

The dependence of thermal conductivity on grain size
shown in Fig. 3 illustrates limitation of the phonon mean
free path spectrum by grain boundaries. With smaller
grains, phonons with mean free paths greater than the grain
sizes scatter more readily, translating into a reduced ability
to conduct thermal energy. This is consistent with previous
observations of nano-grained silicon29 and our previous

measurements of grain size dependence on the thermal
conductivity of SrTiO3.7 The strong dependence of thermal
conductivity on grain size greater than 40 nm implies pho-
nons with mean free paths greater than 40 nm are conduct-
ing thermal energy. This directly conflicts with the picture
that phonons in these complex oxides (e.g., BaTiO3 and
SrTiO3) have non-spectral (i.e., gray) mean free paths that
are "2 nm, which has been used to analyze phonon trans-
port in SrTiO3 previously.9 The spectral nature of thermal
conductivity in BaTiO3 is illustrated by the model used in
this study, shown in the inset of Fig. 3 (details of this
model are described below). We see that with the nano-
structured sample, the reduction in thermal conductivity
arises from a limited contribution of the low frequency,
long wavelength, phonons. At higher frequencies, the con-
tribution to thermal conductivity is identical to bulk
behavior.

Our model is based on semi-classical formalisms of the
kinetic theory expression for thermal conductivity to model
the spectral phonon transport and grain boundary scattering
in our BaTiO3 films. We approximate the phonon dispersion
by a sine-type relation and only take contributions to the
thermal conductivity from the acoustic branches of the pho-
non dispersion into account. Our model is based on the
Kinetic Theory expression j ¼ C!k=3 ¼ C!2s=3, where j is
the thermal conductivity, C is the heat capacity, ! is the
sound velocity, k is the mean free path, and s is the scattering
time. The boundary scattering is taken into account in the
total scattering time by Matthiessen’s rule given by

1

s
¼ ATx2 exp

!B

T
þ Dx4 þ !

df ilm
þ !

dgb
(1)

In this expression, from left to right, we account for the
phonon-phonon scattering, impurity scattering, film thick-
ness scattering, and grain boundary scattering, respectively.
Here, T is the sample temperature, x is the phonon fre-
quency, d is the appropriate thickness or grain size, and A, B,
and D are fitting parameters associated with the bulk scatter-
ing processes. These fitting parameters are determined ini-
tially by fitting the model to bulk, single crystal data18

without the additional grain boundary and interface scatter-
ing components and are given as A¼ 700% 10!17 s K!1,
B¼ 165 K, and D¼ 1% 10!35 s3.

FIG. 2. Plan-view scanning electron
micrographs of polycrystalline BaTiO3

films annealed between (a) 800 &C and
(e) 1000 &C. (f) is a cross-sectional
image of the 1000 &C annealed BaTiO3

film.

FIG. 3. Room temperature thermal conductivity of BaTiO3 as a function of
grain size along with the measured thermal conductivity of a single crystal
film. For comparison, we also show the thermal conductivity of bulk, single
crystal BaTiO3 reported by Mante and Volger.18 The dashed line represents
our model calculations for BaTiO3 as a function of grain size. Also included
is similar data for another common perovskite, SrTiO3, from Foley et al.7

The inset shows the spectral contribution to thermal conductivity with vary-
ing phonon frequency, highlighting the impact of nano-structuring to low
frequency phonons.
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 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  137.54.58.81
On: Wed, 27 Aug 2014 20:04:15

observed even for grain sizes as large as 63 nm. As expected,
the epitaxial thin film sample shows a higher thermal con-
ductivity than any nano-grained samples, but is a factor
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measurements of grain size dependence on the thermal
conductivity of SrTiO3.7 The strong dependence of thermal
conductivity on grain size greater than 40 nm implies pho-
nons with mean free paths greater than 40 nm are conduct-
ing thermal energy. This directly conflicts with the picture
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SrTiO3) have non-spectral (i.e., gray) mean free paths that
are "2 nm, which has been used to analyze phonon trans-
port in SrTiO3 previously.9 The spectral nature of thermal
conductivity in BaTiO3 is illustrated by the model used in
this study, shown in the inset of Fig. 3 (details of this
model are described below). We see that with the nano-
structured sample, the reduction in thermal conductivity
arises from a limited contribution of the low frequency,
long wavelength, phonons. At higher frequencies, the con-
tribution to thermal conductivity is identical to bulk
behavior.

Our model is based on semi-classical formalisms of the
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the spectral phonon transport and grain boundary scattering
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without the additional grain boundary and interface scatter-
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associated with grain boundaries in silicon, strontium tita-
nate, and yttria-stabilized zirconia (YSZ).

We used substrate vicinality to prepare a set of epitaxial
BiFeO3 films with varying numbers of domain variants and
domain wall densities. Films were prepared using adsorption-
controlled reactive molecular-beam epitaxy (MBE) on (001)-
oriented non-vicinal (oriented within 60:5! of (001)), and
vicinal 4! miscut along [100], and vicinal 4! miscut along
[110] SrTiO3 substrates. Synthesis details can be found else-
where.24,25 All films were phase-pure by X-ray diffraction
and were of high crystalline quality with omega rocking
curve full width at half maximum values equivalent to the
underlying substrates (typically 0:01!).

Figure 1 presents domain orientation maps of the
4-domain (a) and 2-domain (b) variant specimens, deduced
from the PFM images (Fig. 1 in supporting information).40 In
almost every case, the domains share the same normal orienta-
tion, but the domain density and morphology is distinct for the
two specimens. As anticipated, there are far more domains, as
well as polarization directions, apparent for the 4-domain
film. Images from the 1-domain variant samples exhibited no
contrast, signifying a uniform, single polarization.

Focusing on the domain walls, the 4-variant case was
found to exhibit 19.90 lm of domain boundary per lm2 of
film area, compared with only 13.98 lm per lm2 of film for
the 2-variant specimen and no measured domain walls for
the single-variant specimen. Local polarization rotation
angles along every domain wall can additionally be mapped,
based on simple lookup tables, which consider the adjacent
domain orientations.26 As with our previous work on similar
specimens, all domain boundaries exhibited essentially
purely 71! rotations. Domain boundary types can similarly
be determined and visualized, including charged (head-to-

head, tail-to-tail) and neutral (head-to-tail and tail-to-head)
interfaces, as shown in Figs. 1(c) and 1(d) for 4-domain and
2-domain films, respectively. The ratio of charged to neutral
domain boundaries is 2.02:1 for the 4-domain variant and
1.05:1 for the 2-domain variant.

With this knowledge of the domain boundary statistics
within the films, we measured the thermal conductance of
the 30 nm thick BiFeO3 films with TDTR.23 Our assumptions
in this analysis are outlined in the supporting information.
The effective thermal conductivities of the BiFeO3 films
determined from our TDTR measurements are shown in
Fig. 2. We observe a clear trend in the effective thermal con-
ductivities of the BiFeO3 and the number of domain variants.
An increase in the number of domain variants and, subse-
quently, density of domain walls in the film leads to a
decrease in thermal conductivity. We ascribe this depend-
ency to phonons scattering in the domain boundaries and cre-
ating a temperature gradient across the individual domain
walls. More domain variants in the BiFeO3 lead to more do-
main boundaries as shown in Fig. 1 and therefore increased
phonon scattering and lower thermal conductivities. We note
that the domain boundaries are coherent, unlike grain boun-
daries, which are typically highly disordered and thereby
force phonon scattering through impurity-like mechanisms.
Charged domain walls may be important to the thermal
response, but additional experiments are necessary to isolate
this effect. We also point out that the thermal conductivities
of the BiFeO3 films are most likely affected by size effects
due to the thin film geometry; that is, phonon scattering at
the film boundaries of the BiFeO3 can cause a reduction in
the thermal conductivity of the films as compared to a
thicker or “bulk” sample.27–29 However, since all samples
are 30 nm, the finite size of the sample has the same effect in

FIG. 1. Ferroelectric domain orientation
maps for 4-domain (a) and 2-domain (b)
specimens, with corresponding images
of domain boundary types and charging
in (c) and (d) revealing the substantial
difference in domain wall density for
distinct polarization variants. The
200 nm scale bars in (a) and (b) apply to
all images for each specimen (columns).
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all of the films, therefore, highlighting the domain wall
effects on thermal transport in BiFeO3.

Since the thermal conductivity of BiFeO3 has not been
reported elsewhere, we compare these effective thermal con-
ductivities to other material systems to put our reported effec-
tive thermal conductivities into perspective. We plot the
thermal conductivity of bulk SrTiO3,20,30 a prototypical perov-
skite, and amorphous SiO2.31 The effective thermal conductiv-
ities of the BiFeO3 films show temperature dependencies
similar to crystalline SrTiO3 (i.e., a slight maximum due to
the onset of Umklapp scattering), which is expected since the
BiFeO3 films are fully crystalline, but the values are much
closer than those of SiO2, especially at elevated temperatures
and in the multi-domain samples.

Since the phonon scattering across the domain walls
leads to a temperature drop across the domain boundaries,
we can quantify the thermal transport across the domain
boundaries with a thermal boundary conductance.32,33 This
idea of thermal boundary conductance across domain walls,
or “internal interfaces,” was first observed in potassium dihy-
drogen phosphate (KDP) at liquid helium temperatures
where phonon transport in the KDP was mostly ballistic, and
phonon transmission across the domain walls was nearly
entirely specular and elastic.12,13 To calculate the thermal
boundary conductance of the domain walls in the BiFeO3

films, we use a series resistor approach utilizing the data pre-
sented in Fig. 2.34,35 From our domain wall maps, we deter-
mine d¼ 71.5 and 50.2 nm for the 2- and 4-domain variant
samples, respectively. We calculate the thermal boundary
conductance for both the 2- and 4-domain variant cases,
and average the resulting values to give the conductance
across the coherent domain boundary, shown in Fig. 3. The

uncertainties in these values are calculated from the standard
deviation about of mean values calculated from the 2- and
4-domain variant samples. The domain boundary conduct-
ance exhibits values that are similar to typical boundary con-
ductances between well acoustically matched metals and
non-metals (i.e., on the order of "100 MW m#2 K#1 at room
temperature).36 For comparison, we also plot the thermal
boundary conductance across grain boundaries in YSZ,34 sil-
icon,37 and SrTiO3.20 We also include Si grain boundary
thermal boundary conductances determined with molecular
dynamics (MD) simulations.38,39 The thermal boundary con-
ductances across the YSZ, Si, and SrTiO3 grain boundaries
are consistently higher than the Kapitza conductances across
the BiFeO3 domain boundaries, even though the grain boun-
daries are highly disordered regions, while in contrast, the
domain walls are completely coherent. This indicates
strongly resistive phonon processes in the domain wall
region. To put these values into perspective, we plot the
equivalent conductances of some thicknesses, d, of SiO2.
These conductances are calculated via hSiO2

¼ jSiO2
=d where

d is indicated in Fig. 3. The thermal boundary conductance
across the BiFeO3 domain boundaries are similar to "10 nm
of SiO2, again indicating the relatively high thermal resistiv-
ity associated with the domain walls.

The very low thermal boundary conductance across do-
main boundaries is surprising given the coherency of the
interfaces. It is possible that this phenomenon is intrinsic to
ferroelastic domain boundaries as Weilert and coworkers
measured substantially lower thermal conductivities in poly-
domain KDP compared to poled crystals.12,13 Another possi-
ble source of the thermal resistance is the presence of
inhomogeneous strain at the domain walls. Interestingly,

FIG. 2. Effective thermal conductivities of the BiFeO3 films (filled sym-
bols). There is a clear dependence of the thermal transport on the number of
domains, which we ascribe to additional temperature drops across the nano-
meter thick domain walls caused by phonon scattering in the localized strain
field. For comparison, we also plot the thermal conductivity of bulk SrTiO3

(open squares, Refs. 20 and 30) and amorphous SiO2 (solid line, Ref. 31).

FIG. 3. Thermal boundary conductance across the domain walls in the
BiFeO3 films. For comparison, we also plot the calculated thermal boundary
conductance across grain boundaries in YSZ (filled triangles, Ref. 34), sili-
con (filled circles, Ref. 37), and SrTiO3 (empty triangles, Ref. 20). We also
include Si grain boundary thermal boundary conductances determined with
molecular dynamics from Refs. 38 and 39. The thermal boundary conduc-
tances across the YSZ, Si, and SrTiO3 grain boundaries are consistently
higher than the thermal boundary conductances across the BiFeO3 domain
boundaries, even though the grain boundaries are highly disordered regions
where the domain walls are completely coherent. We also plot the equivalent
conductances of some thickness d of SiO2 (solid lines with d indicated in the
plot). The thermal boundary conductance across the BiFeO3 domain bounda-
ries is similar to the equivalent conductance of "10 nm of SiO2.
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associated with grain boundaries in silicon, strontium tita-
nate, and yttria-stabilized zirconia (YSZ).

We used substrate vicinality to prepare a set of epitaxial
BiFeO3 films with varying numbers of domain variants and
domain wall densities. Films were prepared using adsorption-
controlled reactive molecular-beam epitaxy (MBE) on (001)-
oriented non-vicinal (oriented within 60:5! of (001)), and
vicinal 4! miscut along [100], and vicinal 4! miscut along
[110] SrTiO3 substrates. Synthesis details can be found else-
where.24,25 All films were phase-pure by X-ray diffraction
and were of high crystalline quality with omega rocking
curve full width at half maximum values equivalent to the
underlying substrates (typically 0:01!).

Figure 1 presents domain orientation maps of the
4-domain (a) and 2-domain (b) variant specimens, deduced
from the PFM images (Fig. 1 in supporting information).40 In
almost every case, the domains share the same normal orienta-
tion, but the domain density and morphology is distinct for the
two specimens. As anticipated, there are far more domains, as
well as polarization directions, apparent for the 4-domain
film. Images from the 1-domain variant samples exhibited no
contrast, signifying a uniform, single polarization.

Focusing on the domain walls, the 4-variant case was
found to exhibit 19.90 lm of domain boundary per lm2 of
film area, compared with only 13.98 lm per lm2 of film for
the 2-variant specimen and no measured domain walls for
the single-variant specimen. Local polarization rotation
angles along every domain wall can additionally be mapped,
based on simple lookup tables, which consider the adjacent
domain orientations.26 As with our previous work on similar
specimens, all domain boundaries exhibited essentially
purely 71! rotations. Domain boundary types can similarly
be determined and visualized, including charged (head-to-

head, tail-to-tail) and neutral (head-to-tail and tail-to-head)
interfaces, as shown in Figs. 1(c) and 1(d) for 4-domain and
2-domain films, respectively. The ratio of charged to neutral
domain boundaries is 2.02:1 for the 4-domain variant and
1.05:1 for the 2-domain variant.

With this knowledge of the domain boundary statistics
within the films, we measured the thermal conductance of
the 30 nm thick BiFeO3 films with TDTR.23 Our assumptions
in this analysis are outlined in the supporting information.
The effective thermal conductivities of the BiFeO3 films
determined from our TDTR measurements are shown in
Fig. 2. We observe a clear trend in the effective thermal con-
ductivities of the BiFeO3 and the number of domain variants.
An increase in the number of domain variants and, subse-
quently, density of domain walls in the film leads to a
decrease in thermal conductivity. We ascribe this depend-
ency to phonons scattering in the domain boundaries and cre-
ating a temperature gradient across the individual domain
walls. More domain variants in the BiFeO3 lead to more do-
main boundaries as shown in Fig. 1 and therefore increased
phonon scattering and lower thermal conductivities. We note
that the domain boundaries are coherent, unlike grain boun-
daries, which are typically highly disordered and thereby
force phonon scattering through impurity-like mechanisms.
Charged domain walls may be important to the thermal
response, but additional experiments are necessary to isolate
this effect. We also point out that the thermal conductivities
of the BiFeO3 films are most likely affected by size effects
due to the thin film geometry; that is, phonon scattering at
the film boundaries of the BiFeO3 can cause a reduction in
the thermal conductivity of the films as compared to a
thicker or “bulk” sample.27–29 However, since all samples
are 30 nm, the finite size of the sample has the same effect in

FIG. 1. Ferroelectric domain orientation
maps for 4-domain (a) and 2-domain (b)
specimens, with corresponding images
of domain boundary types and charging
in (c) and (d) revealing the substantial
difference in domain wall density for
distinct polarization variants. The
200 nm scale bars in (a) and (b) apply to
all images for each specimen (columns).
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different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
performed for ErAs:InGaAs materials, 
although the principles developed through 
these studies are fairly general and apply for 
other nanodot material systems as well. [  72  ,  82  ]  
Atomic scale defects in alloys scatter pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  λ   4 , where  d  is the nanodot diameter and 
  λ   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! ¼
Z @!c=kBT

0

k4BT
3

2"2v@3 #ðT; yÞy4 exp ðyÞ
½exp ðyÞ % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ¼ @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ¼ ½ð1% xÞv%2

Si þ xv%2
Ge&%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ¼ ð#%1

U þ #%1
a þ #%1

b Þ%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ¼ ½ð1% xÞ#%1
U;Si þ x#%1

U;Ge&%1; (2)

#a ¼ ½xð1% xÞA!4&%1; (3)

and
#b ¼ d=v; (4)

where
#%1
U;SiðGeÞ ¼ BSiðGeÞ!

2 exp ð%CSiðGeÞ=TÞ: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ¼ 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ¼ ð1% xÞaSi þ xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than

1 10 100 1000 10000
1

10

1 10 100 1000 10000
1

10

(b)

(a)

T
he

rm
al

C
on

du
ct

iv
ity

(W
m

-1
K

-1
)

Period or Film Thickness (nm)

T = 300K

Si/Ge SL Ref. 2

Si
0.85

Ge
0.15

Ref. 2

Si/Ge SL Ref. 4
Si/Ge SL Ref. 6

Si
0.5

Ge
0.5

Ref. 6

Si/Si
0.71

Ge
0.29

SL Ref. 7

Si
0.84

Ge
0.16

/Si
0.74

Ge
0.26

SL Ref. 7

Si
0.9

Ge
0.1

Ref. 7

Si/Si
0.71

Ge
0.29

SL Ref. 8

Si
0.4

Ge
0.6

Ref. 23

Si
0.8

Ge
0.2

(This Work)

Si
0.8

Ge
0.2

Model Eq. (1)

T = 300K

T
he

rm
al

C
on

du
ct

iv
ity

(W
m

-1
K

-1
)

Total Sample Thickness (nm)

FIG. 2 (color online). Thermal conductivity measurements on
Si0:8Ge0:2 of the thickness series along with previously reported
values of different Si/Ge superlattices, alloy-based superlattices,
and alloy films at room temperature. Closed symbols represent
superlattices; open symbols represent Si1%xGex films. The ther-
mal conductivity is plotted versus (a) period or film thickness
and (b) total sample thickness. The figure also shows the model
presented in Eq. (1).

0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

4

5

6

7

8

9

10

 Composition Series
 Thickness Series

T = 300K

T
he

rm
al

 C
on

du
ct

iv
ity

 (W
m

-1
K

-1
)

Ge Composition

Bulk

500 nm

100 nm

300 nm

FIG. 3 (color online). Predictions of the thermal conductivity
as a function of Ge composition for bulk and thin-film Si1%xGex
of three different thicknesses calculated at room temperature
by using Eq. (1). The symbols correspond to experimental data
on the thickness series (down open triangles) and composition
series (up filled triangles). With decreasing film thickness,
alloying induces smaller and smaller changes in the thermal
conductivity as size effects begin to dominate.

PRL 109, 195901 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

9 NOVEMBER 2012

195901-3

Phys. Rev. Lett. 109, 195901

Thermal conductivity 
Si1-xGex alloys



3976

R
EV

IE
W

www.advmat.de
www.MaterialsViews.com

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3970–3980wileyonlinelibrary.com

different phonon modes and reduce thermal conductivity. A 
schematic diagram is shown in  Figure    5   capturing these var-
ious phonon scattering mechanisms, along with the electrical 
transport within a thermoelectric material.  

 Thus, in certain cases nanodots clearly play a very signifi cant 
role in reducing lattice thermal conductivity, probably by effec-
tively scattering phonons that otherwise would have relatively 
long mean free paths. In many of these cases it has been clearly 
demonstrated that the reduction in thermal conductivity far 
exceeds any concomitant reduction in the power factor caused 

of Sb. [  73  ]  In contrast, similar fractions of nanoparticles of Bi or 
Pb (two elements that have the same atomic mass as the Pb ions 
in the rock salt lattice) were found to have no such effect. [  73  ,  81  ]  
ErAs:InGaAs is another interesting example to study along 
these lines since the size distribution of ErAs nanoparticles in 
the matrix is not a strong function of the growth parameters 
and they are typically 2–4 nm in diameter [Figure  3 c]. [  82  ]  The 
volume fraction of the embedded nanoparticles can be easily 
changed from 0.01-6% without introducing defects or disloca-
tions. Thermal conductivity measurements show a reduction by 
as much as a factor of 3 compared to the bulk 
alloy [Figure  4 b].  

 The question remains as to why the inclu-
sion of nanodots can reduce the thermal 
conductivity below the alloy limit. Detailed 
calculations of phonon transport have been 
performed for ErAs:InGaAs materials, 
although the principles developed through 
these studies are fairly general and apply for 
other nanodot material systems as well. [  72  ,  82  ]  
Atomic scale defects in alloys scatter pho-
nons due to differences in mass or due to 
generation of strain fi elds, and the scattering 
cross-section follows Rayleigh scattering as 
 d  6 /  λ   4 , where  d  is the nanodot diameter and 
  λ   is the phonon wavelength. Hence, short 
wavelength phonons are effectively scattered 
in alloys, but the mid-to-long wavelength 
phonons can propagate without signifi cant 
scattering and thereby still contribute to heat 
conduction. By inclusion of nanoparticles, 
signifi cant reduction in lattice thermal con-
ductivity can be achieved by the additional 
scattering of mid- and long-wavelength pho-
nons by the nanoparticles. Calculations show 
that a wide size distribution of nanoparticles 
is preferable since it can effectively scatter 

      Figure  5 .     Schematic diagram illustrating various phonon scattering mechanisms within a ther-
moelectric material, along with electronic transport of hot and cold electrons. Atomic defects 
are effective at scattering short wavelength phonons, but larger embedded nanoparticles are 
required to scatter mid- and long-wavelength phonons effectively. Grain boundaries can also 
play an effective role in scattering these longer-wavelength phonons.  
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      Figure  4 .     Lattice thermal conductivity as a function of temperature for: (a) various PbTe-based alloys (x  =  0.1) and nanostructured samples. The value of 
x  =  0.1 was chosen because these samples have the same concentration of added component to PbTe as those in LAST-18 and SALT-20. (b) InGaAs with 
and without embedded ErAs nanodots. It is seen in both cases that the inclusion of nanodots into the microstructure results in a signifi cant reduction 
to the lattice thermal conductivity. In the PbTe system solid solution alloying is effective around room temperature (see black dotted arrow) but not at 
high temperature. Nanostructuring is shown to be effective both at room temperature and at high temperatures (see brown dotted arrows).  
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conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! ¼
Z @!c=kBT

0

k4BT
3

2"2v@3 #ðT; yÞy4 exp ðyÞ
½exp ðyÞ % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ¼ @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ¼ ½ð1% xÞv%2

Si þ xv%2
Ge&%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ¼ ð#%1

U þ #%1
a þ #%1

b Þ%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ¼ ½ð1% xÞ#%1
U;Si þ x#%1

U;Ge&%1; (2)

#a ¼ ½xð1% xÞA!4&%1; (3)

and
#b ¼ d=v; (4)

where
#%1
U;SiðGeÞ ¼ BSiðGeÞ!

2 exp ð%CSiðGeÞ=TÞ: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ¼ 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ¼ ð1% xÞaSi þ xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than
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FIG. 2 (color online). Thermal conductivity measurements on
Si0:8Ge0:2 of the thickness series along with previously reported
values of different Si/Ge superlattices, alloy-based superlattices,
and alloy films at room temperature. Closed symbols represent
superlattices; open symbols represent Si1%xGex films. The ther-
mal conductivity is plotted versus (a) period or film thickness
and (b) total sample thickness. The figure also shows the model
presented in Eq. (1).
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FIG. 3 (color online). Predictions of the thermal conductivity
as a function of Ge composition for bulk and thin-film Si1%xGex
of three different thicknesses calculated at room temperature
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How do defects and interfaces play a role?
Thermal conductivity of PZT thin films

compositions (x), which were calculated as a ratiometric
mixture of the room temperature heat capacities of PbZrO3

and PbTiO3.27

For this study, we amplitude-modulate the pump beam
with an 8 MHz sinusoid and monitor the ratio of the in-phase
to an out-of-phase signal of the probe beam with a lock-in
amplifier. We fit the TDTR model to the data by varying the
thermal conductivity of the PZT films and the thermal
boundary conductance between the top metal film and the
PZT samples. While the 1=e thermal penetration depth of
our pump beam at 8 MHz is less than or approximately equal
to the PZT film thickness for all the compositions in this
study (approximately 135 nm for 0<x < 0.7, increasing to
approximately 180 nm at x¼ 1), our analysis suggests that
the TDTR data could be sensitive to thermal transport across
the platinized-silicon stack (100 nm Pt/40 nm ZnO/300 nm
SiO2/Bulk Si), upon which the PZT films are deposited.
Therefore, the platinized-silicon samples were also charac-
terized via TDTR to eliminate the number of unknowns in
the thermal model for the PZT thin films.

For performing these calibrations, platinized-silicon
samples both with and without the 300 nm SiO2 were fabri-
cated for TDTR measurements. For these samples, a two-
layer model of a platinum thin film on either SiO2 or Si was
employed, where the thermal boundary conductance between
the layers (h1) was fit to the TDTR data (heat capacity, ther-
mal conductivity, and thickness of the platinum top layer are
all known, as are the heat capacity and thermal conductivity
of SiO2 and Si). This two-layer approach was used in order
to lump the thermal conductivity of the 40 nm ZnO layer in
with the conductances across the Pt/ZnO and ZnO/SiO2 or
ZnO/Si interfaces into a single total conductance. At 8 MHz,
the buried 300 nm SiO2 layer can be considered “thermally
thick,” and it is, therefore, reasonable to consider it as a
semi-infinite bottom layer in the model.

In practice, the measurements made on the sample with
300 nm SiO2 were unable to provide a reliable value for h1

due to the competing sensitivity of the thermal data to the
properties of the SiO2. Alternatively, fitting the data for the
sample without the SiO2 provided much more accurate
results due to the fact that the sensitivity to h1 is increased
because of the two order of magnitude increase in the j of
the semi-infinite layer (1.4 W m"1 K"1 for SiO2, 145 W m"1

K"1 for Si). Fitting this data resulted in a lumped conduc-
tance of the 40 nm ZnO film, along with its adjacent bound-
ary conductances of hZnO¼ 96 MW m"2 K"1.

For fitting the PZT thin film data, a three-layer model is
used; layer 1 is the aluminum thin film, layer 2 is the PZT
thin film, and layer 3 is SiO2 (semi-infinite). Due to the large
conductances of the platinum and ZnO thin films
(hPt ¼ jPt=dPt¼ 41 W m–1 K"1/100 nm¼ 410 MW m"2 K"1;
hZnO¼ 96 MW m"2 K"1) compared to the effective conduc-
tance of the PZT thin films (hPZT ¼ jPZT=dPZT¼ 1.3 W m"1

K"1/300 nm¼ 4.33 MW m"2 K"1), it is reasonable to com-
bine hPt and hZnO into a single conductance for use in the
three-layer model between the PZT and SiO2 layers
(h2¼ 77.8 MW m"2 K"1) via h2 ¼ ðhPt þ hZnOÞ"1. With h2

thoroughly characterized, the thermal conductivity of the

PZT thin films can be extracted from the TDTR data with
the three-layer model to a high degree of confidence.

III. RESULTS

Figure 3 shows the measured thermal conductivities of
the PZT thin films as a function of their solid solution com-
position fabricated with pyrolysis temperatures of 350 &C
(blue squares) and 400 &C (red circles). Starting with the
PbTiO3 thin film (x ¼ 1.00), we measure a thermal conduc-
tivity of 2.24 W m"1 K"1. This value is 55.7% lower than
the single crystal value of 5.06 W m"1 K"1 reported in Ref.
28, which we attribute to phonon scattering at the film and
grain boundaries in our samples. As the molar fraction of
PbZrO3 increases (x decreases), we observe a decrease in the
thermal conductivity compared to the PbTiO3 (x¼ 1.00)
end-member. Over the range 0.80<x < 1.00, the thermal
conductivity drops from 2.24 W m"1 K"1 to 1.40 W m"1

K"1, a reduction of 37.5%. Such a steep reduction in the
thermal conductivity of an initially stoichiometrically pure
material system with the addition of an additional species
has been shown to occur in several systems15,16 and is often
explained in the context of alloy/impurity phonon scattering.
In this case, the fraction of B-sites in the ABO3 perovskite
system populated with zirconium instead of titanium atoms
increases as x decreases and these zirconium atoms serve as
mass-impurity scattering sites for phonons. We do not
believe that this reduction between the x¼ 1.0 and x¼ 0.80
to be due to an increase in phonon scattering caused by phys-
ical boundaries because of the fact that the x¼ 0.80 sample
is thicker and has larger grains than the x¼ 1.0 sample.

Across the range for x < 0.80, the trend in thermal
conductivity remains largely flat with the exception of an
apparent discontinuity in the vicinity of the MPB (0.45 <x <
0.54). This discontinuity is present in both of the finer com-
position sets that were pyrolyzed at temperatures of 350 &C

FIG. 3. Thermal conductivity (j) of PZT thin films with various solid-
solution compositions, x, fabricated with pyrolysis temperatures of 350 &C
(blue squares) and 400 &C (red circles). The black dashed vertical lines
denote the locations of the phase boundaries from Fig. 1 at 20 &C. The blue
and red dashed vertical lines highlight the observed discontinuities in j
around the MPB for the 350 &C (fine-grained) and 400 &C (large-grained)
pyrolysis sample sets.
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and 400 !C to yield different average grain size morpholo-
gies (<100 nm average diameter at 350 !C; > 500 nm aver-
age diameter at 400 !C). Since the discontinuity is present in
both cases, the existence of the discontinuity appears to be
unrelated to grain size. Apart from this region, the thermal
conductivity is approximately 1.2 6 0.2 W m" 1 K" 1 and can
be attributed to the strong scattering of high-frequency pho-
nons via a variety of point defect-scattering mechanisms,
including mass-disorder and strain due to differences in
atomic radii. Interestingly, the thermal conductivity does
not increase as x decreases over the range 0< x < 0.20,
approaching pure PbZrO3 at x ¼ 0. In most alloy sys-
tems,15,16the trend in thermal conductivity as a function of
the composition will create a “U-shape” where the thermal
conductivities of the constitutive components (x ¼ 0, 1) are
both much greater than the thermal conductivity over 0.20
< x < 0.80. However, the PZT system does not exhibit this
U-shaped symmetry as a function of the composition with
the thermal conductivity of thin film PbZrO3 measuring 44%
lower than thin film PbTiO3 (1.25 and 2.25 W m" 1 K" 1,
respectively).

While there are published measurements of the thermal
conductivity of bulk ceramic PbZrO3 from 2–40 K (Ref. 29)
and 345–530 K (Ref. 30), there remains a gap in measured
thermal conductivities from 40–345 K (cf. Fig. 4).
Nonetheless, the temperature trends in these two published
data sets suggests a relatively short phonon mean free path
of a significant portion of heat carrying vibrations within the
material, on the order of some fraction of the unit cell size,
leading to an amorphous/glass-like trend in the temperature
dependence of the thermal conductivity. This glass-like trend
is markedly different from that of bulk PbTiO3, which exhib-
its a clear maximum in thermal conductivity around 40 K,
and decreases for increasing temperature—a trend typically
observed in crystalline materials due to Umklapp scatter-
ing.31 As a result, it is reasonable to postulate that the consid-
erable difference in the thermal conductivities of thin film
PbZrO3 and PbTiO3 is driven by the intrinsic properties of
the materials and not an extrinsic size effect.

In order to confirm this postulation, bulk samples of
PbZrO3 (x ¼ 0), 70/30 PZT (x ¼ 0.30), and 30/70 PZT
(x ¼ 0.70) were fabricated to verify that the observed trends
in the thin film samples extended to the bulk as well. The
thermal conductivities of these samples are plotted in the
inset of Fig. 5 (black diamond), along with the bulk data for

PbTiO3 from Ref. 28 (white diamond) and bulk data for sam-
ples around (Ref. 10, upward triangles) and at (Ref. 11,
downward triangle) the MPB. Similar to the thin film data,
the thermal conductivity decreases dramatically for x < 1.0,
ultimately asymptoting to a thermal conductivity of
1.57 6 0.13 W m" 1 K" 1 for bulk PbZrO3. This value for
PbZrO3 compares well with the porosity-corrected value
reported in Ref. 30 of 1.79 W m" 1 K" 1 measured at a tem-
perature of 345 K.

IV. DISCUSSION

One of the potential causes for the large difference in
bulk thermal conductivities between stoichiometrically simi-
lar materials such as PbTiO3 and PbZrO3 may be explained
by the nature of their respective ferro-distortions that make
them technologically relevant. In the case of PbTiO3, as the
crystal goes from cubic to tetragonal below the Curie tem-
perature (approximately 500 !C), there is a shift of the TiO6

FIG. 4. Fits of Eq. (1) to bulk data for
(a) PbTiO3

28 and (b) PbZrO3
29,30 to

extract impurity and Umklapp scatter-
ing coefficients. Solid magenta lines
denote total thermal conductivity
which is the sum of the contribution
from the acoustic modes (jAM, blue
dashed lines), modeled by a sine-type
dispersion, and the optical models cal-
culated using the minimum limit (jML,
red dashed lines), using a Debye-type
dispersion.

FIG. 5. Thermal conductivity of PZT thin films plotted with the model from
Eq. (1). The data and model related to samples pyrolyzed at 350 !C are
denoted by blue squares and dashed blue line, respectively, while the data
and model related to samples pyrolyzed at 400 !C are denoted by red circles
and dashed red line, respectively. Inset: Thermal conductivity of bulk PZT
with various solid-solution compositions. Black diamonds represent samples
fabricated and measured as part of this work, white diamond from Ref. 28,
upward triangles from Ref. 10 and downward triangle from Ref. 11. The
dashed black line is the model from Eq. (1) with film boundary and grain
boundary scattering omitted. The black arrow highlights the discontinuity in
j based on literature values for bulk materials around the MPB.

205104-5 Foley et al. J. Appl. Phys. 121, 205104 (2017)



This talk: Hafnium zirconium oxide thin films

phase appears at room temperature.9,10 To take
advantage of these high-temperature phases with
higher dielectric constant, which are metastable at
room temperature, control over the respective crys-
tal structures must be developed. To realize a high-
dielectric-constant phase at lower temperature, one
approach is elemental doping into HfO2. In 2006,
Tomida et al. reported that the dielectric constant of
Hf1–xSixO2 was increased when doped with a small
amount of Si after annealing at 800!C.9 Based on
first-principles calculations, Fischer et al. eluci-
dated the influence of dopants on the dielectric
properties of HfO2 and ZrO2.

10 These results are
closely related to tetragonal phase formation. In this
research trend, the unexpected ferroelectricity of
thin HfO2-based films was first discovered in 2007
by Böscke et al. at dynamic random-access memory
(DRAM) manufacturer Qimonda, when the com-
pany was also looking for optimized dielectric
materials for DRAM capacitors, and verified by
the Waser group in Aachen. The experiments
continued at NaMLab and Fraunhofer CNT, and
the results were first published in 2011. Böscke
et al. reported evidence for the formation of ferro-
electric crystalline phase in SiO2-doped HfO2 thin
films deposited by ALD.5 The ferroelectric behavior
is believed to originate from the noncentrosymmet-
ric orthorhombic phase (space group Pca21), which
is not found in the equilibrium phase diagram of
HfO2.

4–99 Since then, numerous experimental and
theoretical studies on ferroelectric HfO2-based
materials have been reported.

In this paper, recent advances in the ferroelectric
properties of HfO2-based films, especially
Hf0.5Zr0.5O2 (HZO), since 2011, including doping
effects, mechanical stress effects, interface effects,
and ferroelectric film thickness effects, are compre-
hensively reviewed.4,11–99 These effects are the
main factors affecting the ferroelectric properties
of HZO thin films, as shown in Fig. 1. Table I
presents a brief comparison of material properties
and scalability between conventional PZT and fer-
roelectric HfO2 (including HZO). Compared with
PZT, HZO is compatible with CMOS flow [even
back-end of the line (BEOL) thermal budget] and
can exhibit robust ferroelectricity even below 50 nm
thickness.

DOPING EFFECTS ON HFO2 FILM

Recently, ferroelectricity in thin (10 nm) Hf1–
xBxO2 films, where B = Si, Zr, Y, Al, Gd, Sr, La,
etc., deposited by ALD has been reported.5–8 Among
the reported dopants, Zr is the most promising for
two reasons. First, the Zr dopant content for
maximum ferroelectric polarization can be
stable at ! 50%, due to its very similar physical
and chemical properties to those of Hf, while other
dopants are stable at much lower doping concen-
trations (< 20% for most dopants).6–8 By alternately
depositing Hf and Zr precursors (at Hf:Zr ratio of

1:1) through an ALD process, homogenous and
reproducible HZO thin films with ferroelectric
polarization can be realized more easily in mass
production, whereas other ratios (such as 20%) are
difficult to achieve homogeneously (as ALD can
result in vertical inhomogeneous doping). Second,
ferroelectric properties of HZO films can be achieved
at relatively low processing temperature, because
the crystallization temperature of ZrO2 is generally
lower than that of other high-k dielectrics. It has
been reported that, during deposition of the TiN top
electrode by an ALD process at 400!C41 or a CVD
process at 500!C,12 ferroelectric polarization can be
obtained by crystallization of the as-deposited HZO
film without further heat treatment. However, HfO2

films doped with elements other than Zr require
relatively high-temperature (> 650!C) treatment
methods to stabilize the orthorhombic phase in
order to obtain ferroelectric polarization.6–8

Müller et al. first reported the observation of
ferroelectricity in capacitors based on HZO.11 Then,
they also investigated the ferroelectric phase tran-
sition according to composition, covering the entire
mixing range of Hf1"xZrxO2 (x = 0 to 1) films, as
shown in Fig. 2a, b.12 The electrical behavior of the
Hf1"xZrxO2 (x = 0 to 1) films was dependent on the
composition ratio. When the Zr/[Hf + Zr] composi-
tional ratio was 0, linear dielectric property of the
TiN/HfO2/TiN capacitor was observed. However, as
the Zr/[Hf + Zr] compositional ratio was increased,

Fig. 1. Schematic illustration of factors affecting the ferroelectric
properties of HZO thin film and representative electrical results.
Reprinted with permission from Ref. 5.

Ferroelectric Hf0.5Zr0.5O2 Thin Films: A Review of Recent Advances 247
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Measuring thermal conductivity in thin films: TDTR

TDTR Reviews and Analyses
Rev. Sci. Instr. 75, 5119

Rev. Sci. Instr. 79, 114902
J. Heat Trans. 132, 081302

Ann. Rev. Heat Trans. 16, 159
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broad, we derive all equations using a modulated heat
source, noting that the solution is equivalent to that of an
unmodulated source when x0¼ 0. Thus, given the same
absorbed average power of aA, the fully extinguished sinu-
soidally modulated source terms for pulsed and CW sources,
respectively, can be expressed as

GpulsedðtÞ ¼ aE ðeix0t þ 1Þ
X1

n¼%1
dðt% n=fsÞ; (8)

GCWðtÞ ¼ aA ðeix0t þ 1Þ: (9)

These power functions are displayed in the inset to Fig. 1(a).
Given the radial symmetry and the periodic nature of the
time varying heat source, Eq. (2) is conveniently solved in
Hankel and frequency space. Taking the Hankel and Fourier
transforms, the heat diffusion equation and boundary condi-
tion, after simplification, become

@2 ~T
~

zð Þ

@z2
¼ q2 ~T

~
zð Þ; (10)

q2 ¼ jrk2 þ iCvx
jz

; (11)

~Q
~

top ¼
1

2p
exp % k2r2

0

8

! "
~G xð Þ; (12)

where k denotes the Hankel transform variable and x denotes
the frequency space variable. The notation used here, consis-
tent with a previous work,26 is such that for a function

Yðz; r; tÞ; ~Y & ~Yðz; r;xÞ denotes the Fourier transform of Y,

while ~Y
~
& ~Y

~
ðz; k;xÞ denotes the Hankel transform of ~Y . For

notational clarity, we drop the k and x dependence of trans-
formed functions. The solution to this ordinary differential
equation in z, after applying boundary conditions and noting

that the heat flux component in depth is ~Q
~

zð Þ ¼ %jz

@ ~T
~

@z , is

given in matrix form as

~T
~

zð Þ
~Q
~

zð Þ

2

64

3

75 ¼ cosh qzð Þ % 1

qjz
sinh qzð Þ

%qjzsinh qzð Þ cosh qzð Þ

2

4

3

5
~T
~

top

~Q
~

top

2

64

3

75:

(13)

This solution is generalized to layered systems by noting that

Eq. (13) is valid for any layer in which ~T
~

top and ~Q
~

top for that

layer are known. While the heat flux is prescribed at layer 1’s
surface, the temperature at this surface is unknown. To obtain
this quantity, we invoke a semi-infinite boundary condition at
the back side of the final layer of some system having n layers
(refer to Fig. 1(a)), such that the following condition holds:

lim
z!1

~Qn
~
ðzÞ ¼ 0: (14)

Applying this condition to the nth layer allows the determi-

nation of ~T
~

top;n and ~Q
~

top;n, defined to be the temperature and

heat flux component in depth at the surface of layer n, i.e., at

z ¼
Pn–1

j¼1 dj. These quantities can then be related to the bot-
tom temperature and heat flux of the (n – 1)th layer through
the thermal boundary conductance (TBC), h (n–1)/n, mathe-
matically represented in matrix notation by

~T
~

bot;n%1

~Q
~

bot;n%1

2

64

3

75 ¼
1 % 1

h n%1ð Þ=n

0 1

2

4

3

5
~T
~

top;n

~Q
~

top;n

2

64

3

75 (15)

so that the bottom temperature and heat flux of the (n – 1)th
layer are known, allowing for the solution to the temperature
and heat flux at the top of this layer as well. This process can
be repeated for an arbitrary number of layers until ultimately
the temperature at the top of layer 1 is determined. This matrix
approach14,27–29 can then be generalized so that the tempera-
ture and heat flux within the nth layer can be determined from

~T
~

n zð Þ

~Qn
~

zð Þ

2

64

3

75 ¼
cosh qnznð Þ % 1

qnjz;n
sinh qnznð Þ

%qnjz;nsinh qnznð Þ cosh qnznð Þ

2

64

3

75

'
Yj¼1

j¼n%1;n%2;:::

MjNj

~T
~

top

~Q
~

top

2

64

3

75 ¼
~A
~

~B
~

~C
~

~D
~

2

64

3

75
~T
~

top

~Q
~

top

2

64

3

75;

(16)

FIG. 1. Sample schematic for (a) the layered structure for the insulated
boundary condition discussed in Section II A and (b) the transparent sub-
strate/metal film/liquid example supporting the bidirectional heat flux condi-
tion discussed in Section II B. All parameters used are listed within their
respective layers to include in-plane and out-of-plane thermal conductivity
(jr and jz), volumetric heat capacity (Cv), and thickness (d). Note that the
final layers do not include d to emphasize that they are semi-infinite with
respect to the thermal length scales of laser heating. The inset to (a) shows
the time-dependent functions governing the laser heat source for both pulsed
(repetition rate of 80 MHz) and CW cases with modulation at 10 MHz.
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Thermal conductivity of HZO thin films
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We report on the thermal resistances of thin films (20 nm) of hafnium zirconium oxide
(Hf1–xZrxO2) with compositions ranging from 0! x! 1. Measurements were made via time-
domain thermoreflectance and analyzed to determine the effective thermal resistance of the films in
addition to their associated thermal boundary resistances. We find effective thermal resistances
ranging from 28.79 to 24.72 m2 K GW"1 for amorphous films, which decreased to 15.81
m2 K GW"1 upon crystallization. Furthermore, we analyze the heat capacity for two compositions,
x¼ 0.5 and x¼ 0.7, of Hf1–xZrxO2 and find them to be 2.18 6 0.56 and 2.64 6 0.53 MJ m"3 K"1,
respectively. Published by AIP Publishing. https://doi.org/10.1063/1.5052244

Due to their unique ferroelectric behavior, ease of manu-
facture, and inherent silicon compatibility, HfO2-based sys-
tems have recently begun to garner attention as potential
candidates for non-volatile memory, negative differential
capacitance transistors, and energy harvesting applications,
among others.1–4 Since ferroelectric properties were first
demonstrated in 2011,5 various factors have been shown to
allow stability of the ferroelectric phase, including alloying
with Zr,6 depositing onto a nitride electrode layer such as
TaN,7 as well as tuning the grain size and film thickness.6,8,9

The ferroelectric response of HfO2-based films is attributed
to the polar crystalline structure inherent to the orthorhombic
Pca21 phase.1,7 When alloyed with ZrO2, ferroelectricity in
Hf1–xZrxO2 systems can be tuned with a field-induced phase
transition from the tetragonal to orthorhombic phase,10

which broadens the horizons for application in energy stor-
age devices as well as electronic memory devices and
architectures.1

While ample studies have focused upon the electrical
and structural properties of Hf1–xZrxO2 systems,1,5–11 there
exists a gap in the literature in terms of their thermal proper-
ties, particularly in thin-film form. Even for pure hafnia or
zirconia, the literature on thermal properties is limited, espe-
cially with regard to heat capacity.12 The preferred method
of fabrication for Hf1–xZrxO2 films is atomic layer deposition
(ALD),1,11 and though prior studies have reported measure-
ments of the thermal conductivity of ALD grown HfO2

13–16

films, there have been no studies investigating their thermal
properties when alloyed with ZrO2. Furthermore, given the
potential for HfO2-based materials to impact infrared sensing
and thermal energy harvesting applications, knowledge of

the thermal properties is vital to CMOS integrated device
development.17

In this study, we measure the thermal resistance and
effective thermal conductivity of Hf1–xZrxO2 films, grown
between TaN and aluminum electrodes, for nominal Zr dop-
ing concentrations of x¼ 0, 0.5, 0.7, and 1. As annealing
enables crystallization into the ferroelectric phase in
Hf1–xZrxO2, we report on the effective thermal conductivity
values for both annealed and unannealed films. Furthermore,
our use of time-domain thermoreflectance (TDTR) for ther-
mal metrology allows for determination of the volumetric
heat capacity of selected Hf1–xZrxO2 films when deposited
on thermally insulating substrates. Thus, we also report on
the measured volumetric heat capacity of films for nominal
Zr concentrations of x¼ 0.5 and x¼ 0.7, a thermophysical
parameter that is critical for further development of devices
based on this material, for example, devices leveraging pyro-
electric effects.17,18

Samples were fabricated by rf-magnetron sputtering a
10 nm thick TaN layer onto (001) silicon substrates. Thermal
atomic layer deposition (ALD) was then used to deposit
20 nm thick films of Hf1–xZrxO2 for compositions ranging
from 0! x! 1. The precursors for the HfO2 and ZrO2 cycles
included Tetrakis(dimethylamino) hafnium (TDMA Hf) and
Tetrakis(dimethylamino)zirconium (TDMA Zr), respec-
tively, at 75 $C, with H2O used as the oxidant for both. For
HfO2 and ZrO2, the growth per cycle (GPC) was 0.1086 and
0.0968 nm, respectively, measured via ellipsometry. To
control the composition of the Hf1–xZrxO2 films, the number
of cycles for each precursor was adjusted relative to the
other. For example, for x¼ 0.5 (5:5 Hf:Zr), 20 “supercycles”
of 5 ZrO2:5 HfO2 were utilized, and for x¼ 0.7 (3:7 Hf:Zr),
20 “supercycles” of 7 ZrO2:3 HfO2 were utilized. Thisa)Electronic mail: phopkins@virginia.edu
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In addition to thermal resistance, heat capacity is also of
interest for thin Hf1–xZrxO2 systems. For nominal composi-
tions of x¼ 0.5 and x¼ 0.7, a second set of samples were
fabricated and annealed in the same manner as previously
described, on top of a 400 nm layer of SiO2 on silicon in
order to increase sensitivity to the volumetric heat capacity
of the Hf1–xZrxO2 layer (sensitivity analysis in the supple-
mentary material). To a first approximation, the thermal
penetration depth, d, can be estimated as d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j=ðpCvf Þ

p
,

where j is the layer thermal conductivity, Cv is the volumet-
ric heat capacity, and f is the modulation frequency of the
pump.27,28 Setting j ¼ 1.35 W m$ 1 K$ 1 and Cv ¼ 1.65
MJ m$ 3 K$ 1, the thermal penetration depth in SiO2 can be
estimated as 228 nm for a pump modulation frequency, f, of
5 MHz. More rigorous formalisms provide higher degrees of
accuracy for the actual thermal penetration depth;29–31 how-
ever, given that the thickness of the SiO2 films is 400 nm and
all modulation frequencies were above 5 MHz, it is safe to
assume that the thermal penetration depth is contained within
the SiO2 layer. As such, we utilize a four-layer model for

sensitivity calculations and when fitting for volumetric heat
capacity; the four layers consist of an 80 nm aluminum trans-
ducer layer, followed by the 20 nm Hf1–xZrxO2 films, fol-
lowed by 10 nm of TaN, on a SiO2 substrate.

For the four-layer model, we verify the aluminum thick-
ness through profilometry and picosecond ultrasonics32–35

(80 6 5 nm), calculate the thermal conductivity via the
Wiedemann-Franz law from four-point probe resistivity
measurements (110 W m$ 1 K$ 1), and assume a literature
value of 2.43 MJ m$ 3 K$ 1 for the volumetric heat capacity at
room temperature.36,37 For the SiO2 substrate, we apply a
thermal conductivity of 1.35 W m$ 1 K$ 1 and assume a litera-
ture value of 1.65 MJ m$ 3 K$ 1 for the volumetric heat capac-
ity of intrinsic silicon at 300 K.38 For the TaN layer, we
sputter a 10 nm layer of TaN on top of SiO2 and verify thick-
ness through profilometry (10 6 1 nm). We measure the
effective thermal conductivity in the same manner previ-
ously discussed, which is found to be 1.48 6 0.21
W m$ 1 K$ 1. For reference, Bozorg-Grayeli et al. have
reported values of 3.0 and 3.4 W m$ 1 K$ 1 as the intrinsic
thermal conductivity of TaN films of 50 and 100 nm, respec-
tively.25 We note that our measured effective thermal resis-
tance of the TaN layer also includes the interfacial resistance
between the aluminum transducer and the TaN layer;
however, we proceed under the assumption that the resis-
tance attributed to the TaN layer is the dominant resistance.
For the lattice heat capacity of TaN, we apply a literature
value of 2.94 MJ m$ 3 K$ 1.39 Given that the effective thermal
conductivities of the Hf1–xZrxO2 films were determined from
TDTR analyses of the Al/Hf1–xZrxO2/TaN/Si samples, the
only unknown of these Al/Hf1–xZrxO2/TaN/SiO2 samples is
the volumetric heat capacity of the Hf1–xZrxO2 film. To
decrease the uncertainty in our reported values of heat capac-
ity of the Hf1–xZrxO2 film, we analyze TDTR sensitivity cal-
culations.40,41 In summary, we find an increase in sensitivity
to the heat capacity of the Hf1–xZrxO2 layer when there is an
SiO2 layer and also by analyzing the data from the in-phase
signal. Therefore, we analyze the in-phase signal for samples
of Hf1–xZrxO2 concentrations of x¼ 0.5 and x¼ 0.7, fitting
only for the heat capacity of that layer. To enhance accuracy
further, we analyze data for pump frequencies of 5.82, 8.4,
and 12.2 MHz. Further details of the sensitivity analysis can
be found within the supplementary material.

A few observable trends in the effective thermal con-
ductivity and thermal resistance of the Hf1–xZrxO2 films
emerge from Fig. 2. First, it is of note that the effective
thermal conductivity is, in most cases, significantly higher
when subjected to a 30 s anneal at 600 %C. We attribute this
increase to an increase in crystallinity of the film, which
was verified through GIXRD. A second, more subtle result,
for the annealed samples, shown in Fig. 2, is a slight
decrease in the mean effective thermal conductivity for
alloys of HfO2 and ZrO2. While all effective thermal con-
ductivity values are within error, no definitive claims can
be made regarding trends in the data; however, it can be
observed that the nominal effective thermal conductivity
ranges from 5.8% to 25.7% higher for pure HfO2 or ZrO2

compared to alloys of the two. Similar results have been
shown in a number of other alloyed material systems owing
to alloy scattering of phonons.47–50 There are no signs of

FIG. 2. (a) The effective thermal resistance of the Hf1–xZrxO2 films as a
function of ZrO2 concentration, x. (b) recasts this resistance as an effective
thermal conductivity, jEff, which is the product of the film thickness and the
inverse of its associated thermal resistance. In both panels, the unannealed
samples are represented by solid blue squares, whereas the annealed samples
are represented by open red circles.
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• Increase in k due to crystallization
• Most likely boundary scattering limited
• Values similar to other ALD grown films
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TABLE I. Summary of thermal properties for the ALD high-k dielectrics investigated in this study along with relevant sample
details.  is the intrinsic thermal conductivity of the high-k dielectric film and TBR is the total interfacial resistance across
both interfaces of the film. Note: NM = not measurable (too thin). For these films, we assume the nominal thickness value
with 5% uncertainty.

Film  (W m 1 K 1) TBR (m2 K GW 1) Density (g cm 3) Nominal thickness (nm) Thickness (XRR) (nm)

Al2O3 1.50 ± 0.09 6.92 ± 0.50 3.33 ± 0.06

1 NM
3 NM
5 4.67
10 9.39

HfO2 1.00 ± 0.06 9.03 ± 0.66 10.33 ± 0.36

1 NM
3 3.11
5 5.07
10 9.74

TiO2 2.52 ± 0.07 8.01 ± 0.71 4.1 ± 0.14
1 NM
3 NM
10 10.11

deviation in the measurement of the thickness of the aluminum transducer and thickness of the ALD
film. By applying a series resistor model that treats the total resistance as a summation of the film
and interfacial resistances,47 the intrinsic film thermal conductivity and total interfacial resistance are
then deconvolved from the effective thermal conductivity with the following expression:

eff =
i

1 +
iRtot

d

, (1)

where i is the intrinsic thermal conductivity of the film, Rtot is the total interfacial resistance (i.e.,
the total TBR across both the Al/film and film/Si interfaces), and d is the film thickness. A non-linear
least squares model fit was applied to the experimental data with i and Rtot as the fitting parameters
for each film. The intrinsic thermal conductivities and thermal boundary resistances for the films
determined via Eq. (1) are listed in Table I. The corresponding uncertainties are obtained by fitting
for these parameters at the experimental upper and lower bounds for Eff .

We find good agreement between the model and experimentally measured values for effective
thermal conductivity. The resultant intrinsic thermal conductivities of the Al2O3 films are within the
range of previous measurements of amorphous ALD-grown Al2O3.8–11 While several reports on the
thermal conductivity of HfO2 thin films exist in the literature (for a review, see Ref. 8), they range
in deposition technique and crystallinity. We are only aware of one previous work on the thermal

FIG. 1. Measured effective thermal conductivities of TiO2 (triangles), Al2O3 (circles), and HfO2 (squares) films ranging from
1 to 10 nm. A series thermal resistor model [Eq. (1)] is applied to the data for which the intrinsic thermal conductivity and
total thermal boundary resistance are the fitting parameters. The best fits are shown as the lines in the plot.
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We report on the thermal resistances of thin films (20 nm) of hafnium zirconium oxide
(Hf1–xZrxO2) with compositions ranging from 0! x! 1. Measurements were made via time-
domain thermoreflectance and analyzed to determine the effective thermal resistance of the films in
addition to their associated thermal boundary resistances. We find effective thermal resistances
ranging from 28.79 to 24.72 m2 K GW"1 for amorphous films, which decreased to 15.81
m2 K GW"1 upon crystallization. Furthermore, we analyze the heat capacity for two compositions,
x¼ 0.5 and x¼ 0.7, of Hf1–xZrxO2 and find them to be 2.18 6 0.56 and 2.64 6 0.53 MJ m"3 K"1,
respectively. Published by AIP Publishing. https://doi.org/10.1063/1.5052244

Due to their unique ferroelectric behavior, ease of manu-
facture, and inherent silicon compatibility, HfO2-based sys-
tems have recently begun to garner attention as potential
candidates for non-volatile memory, negative differential
capacitance transistors, and energy harvesting applications,
among others.1–4 Since ferroelectric properties were first
demonstrated in 2011,5 various factors have been shown to
allow stability of the ferroelectric phase, including alloying
with Zr,6 depositing onto a nitride electrode layer such as
TaN,7 as well as tuning the grain size and film thickness.6,8,9

The ferroelectric response of HfO2-based films is attributed
to the polar crystalline structure inherent to the orthorhombic
Pca21 phase.1,7 When alloyed with ZrO2, ferroelectricity in
Hf1–xZrxO2 systems can be tuned with a field-induced phase
transition from the tetragonal to orthorhombic phase,10

which broadens the horizons for application in energy stor-
age devices as well as electronic memory devices and
architectures.1

While ample studies have focused upon the electrical
and structural properties of Hf1–xZrxO2 systems,1,5–11 there
exists a gap in the literature in terms of their thermal proper-
ties, particularly in thin-film form. Even for pure hafnia or
zirconia, the literature on thermal properties is limited, espe-
cially with regard to heat capacity.12 The preferred method
of fabrication for Hf1–xZrxO2 films is atomic layer deposition
(ALD),1,11 and though prior studies have reported measure-
ments of the thermal conductivity of ALD grown HfO2

13–16

films, there have been no studies investigating their thermal
properties when alloyed with ZrO2. Furthermore, given the
potential for HfO2-based materials to impact infrared sensing
and thermal energy harvesting applications, knowledge of

the thermal properties is vital to CMOS integrated device
development.17

In this study, we measure the thermal resistance and
effective thermal conductivity of Hf1–xZrxO2 films, grown
between TaN and aluminum electrodes, for nominal Zr dop-
ing concentrations of x¼ 0, 0.5, 0.7, and 1. As annealing
enables crystallization into the ferroelectric phase in
Hf1–xZrxO2, we report on the effective thermal conductivity
values for both annealed and unannealed films. Furthermore,
our use of time-domain thermoreflectance (TDTR) for ther-
mal metrology allows for determination of the volumetric
heat capacity of selected Hf1–xZrxO2 films when deposited
on thermally insulating substrates. Thus, we also report on
the measured volumetric heat capacity of films for nominal
Zr concentrations of x¼ 0.5 and x¼ 0.7, a thermophysical
parameter that is critical for further development of devices
based on this material, for example, devices leveraging pyro-
electric effects.17,18

Samples were fabricated by rf-magnetron sputtering a
10 nm thick TaN layer onto (001) silicon substrates. Thermal
atomic layer deposition (ALD) was then used to deposit
20 nm thick films of Hf1–xZrxO2 for compositions ranging
from 0! x! 1. The precursors for the HfO2 and ZrO2 cycles
included Tetrakis(dimethylamino) hafnium (TDMA Hf) and
Tetrakis(dimethylamino)zirconium (TDMA Zr), respec-
tively, at 75 $C, with H2O used as the oxidant for both. For
HfO2 and ZrO2, the growth per cycle (GPC) was 0.1086 and
0.0968 nm, respectively, measured via ellipsometry. To
control the composition of the Hf1–xZrxO2 films, the number
of cycles for each precursor was adjusted relative to the
other. For example, for x¼ 0.5 (5:5 Hf:Zr), 20 “supercycles”
of 5 ZrO2:5 HfO2 were utilized, and for x¼ 0.7 (3:7 Hf:Zr),
20 “supercycles” of 7 ZrO2:3 HfO2 were utilized. Thisa)Electronic mail: phopkins@virginia.edu
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In addition to thermal resistance, heat capacity is also of
interest for thin Hf1–xZrxO2 systems. For nominal composi-
tions of x¼ 0.5 and x¼ 0.7, a second set of samples were
fabricated and annealed in the same manner as previously
described, on top of a 400 nm layer of SiO2 on silicon in
order to increase sensitivity to the volumetric heat capacity
of the Hf1–xZrxO2 layer (sensitivity analysis in the supple-
mentary material). To a first approximation, the thermal
penetration depth, d, can be estimated as d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j=ðpCvf Þ

p
,

where j is the layer thermal conductivity, Cv is the volumet-
ric heat capacity, and f is the modulation frequency of the
pump.27,28 Setting j ¼ 1.35 W m$ 1 K$ 1 and Cv ¼ 1.65
MJ m$ 3 K$ 1, the thermal penetration depth in SiO2 can be
estimated as 228 nm for a pump modulation frequency, f, of
5 MHz. More rigorous formalisms provide higher degrees of
accuracy for the actual thermal penetration depth;29–31 how-
ever, given that the thickness of the SiO2 films is 400 nm and
all modulation frequencies were above 5 MHz, it is safe to
assume that the thermal penetration depth is contained within
the SiO2 layer. As such, we utilize a four-layer model for

sensitivity calculations and when fitting for volumetric heat
capacity; the four layers consist of an 80 nm aluminum trans-
ducer layer, followed by the 20 nm Hf1–xZrxO2 films, fol-
lowed by 10 nm of TaN, on a SiO2 substrate.

For the four-layer model, we verify the aluminum thick-
ness through profilometry and picosecond ultrasonics32–35

(80 6 5 nm), calculate the thermal conductivity via the
Wiedemann-Franz law from four-point probe resistivity
measurements (110 W m$ 1 K$ 1), and assume a literature
value of 2.43 MJ m$ 3 K$ 1 for the volumetric heat capacity at
room temperature.36,37 For the SiO2 substrate, we apply a
thermal conductivity of 1.35 W m$ 1 K$ 1 and assume a litera-
ture value of 1.65 MJ m$ 3 K$ 1 for the volumetric heat capac-
ity of intrinsic silicon at 300 K.38 For the TaN layer, we
sputter a 10 nm layer of TaN on top of SiO2 and verify thick-
ness through profilometry (10 6 1 nm). We measure the
effective thermal conductivity in the same manner previ-
ously discussed, which is found to be 1.48 6 0.21
W m$ 1 K$ 1. For reference, Bozorg-Grayeli et al. have
reported values of 3.0 and 3.4 W m$ 1 K$ 1 as the intrinsic
thermal conductivity of TaN films of 50 and 100 nm, respec-
tively.25 We note that our measured effective thermal resis-
tance of the TaN layer also includes the interfacial resistance
between the aluminum transducer and the TaN layer;
however, we proceed under the assumption that the resis-
tance attributed to the TaN layer is the dominant resistance.
For the lattice heat capacity of TaN, we apply a literature
value of 2.94 MJ m$ 3 K$ 1.39 Given that the effective thermal
conductivities of the Hf1–xZrxO2 films were determined from
TDTR analyses of the Al/Hf1–xZrxO2/TaN/Si samples, the
only unknown of these Al/Hf1–xZrxO2/TaN/SiO2 samples is
the volumetric heat capacity of the Hf1–xZrxO2 film. To
decrease the uncertainty in our reported values of heat capac-
ity of the Hf1–xZrxO2 film, we analyze TDTR sensitivity cal-
culations.40,41 In summary, we find an increase in sensitivity
to the heat capacity of the Hf1–xZrxO2 layer when there is an
SiO2 layer and also by analyzing the data from the in-phase
signal. Therefore, we analyze the in-phase signal for samples
of Hf1–xZrxO2 concentrations of x¼ 0.5 and x¼ 0.7, fitting
only for the heat capacity of that layer. To enhance accuracy
further, we analyze data for pump frequencies of 5.82, 8.4,
and 12.2 MHz. Further details of the sensitivity analysis can
be found within the supplementary material.

A few observable trends in the effective thermal con-
ductivity and thermal resistance of the Hf1–xZrxO2 films
emerge from Fig. 2. First, it is of note that the effective
thermal conductivity is, in most cases, significantly higher
when subjected to a 30 s anneal at 600 %C. We attribute this
increase to an increase in crystallinity of the film, which
was verified through GIXRD. A second, more subtle result,
for the annealed samples, shown in Fig. 2, is a slight
decrease in the mean effective thermal conductivity for
alloys of HfO2 and ZrO2. While all effective thermal con-
ductivity values are within error, no definitive claims can
be made regarding trends in the data; however, it can be
observed that the nominal effective thermal conductivity
ranges from 5.8% to 25.7% higher for pure HfO2 or ZrO2

compared to alloys of the two. Similar results have been
shown in a number of other alloyed material systems owing
to alloy scattering of phonons.47–50 There are no signs of

FIG. 2. (a) The effective thermal resistance of the Hf1–xZrxO2 films as a
function of ZrO2 concentration, x. (b) recasts this resistance as an effective
thermal conductivity, jEff, which is the product of the film thickness and the
inverse of its associated thermal resistance. In both panels, the unannealed
samples are represented by solid blue squares, whereas the annealed samples
are represented by open red circles.
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conductivity increases with thickness, we can safely say that
the reduction is not due to film dislocations. Intriguingly,
the thermal conductivities of the alloy thin films measured
in this Letter are among the lowest of any of the previous
measurements on SiGe-based thin-film systems. We note
that the only previous data that approach our lowest mea-
sured value are those in which the authors admit that the
measured samples have poor crystal quality (black filled
squares in Fig. 2) [2].

To quantify this effect, we turn to a model originally
proposed by Wang and Mingo [31], in which thermal
conductivity ! is given by

! ¼
Z @!c=kBT

0

k4BT
3

2"2v@3 #ðT; yÞy4 exp ðyÞ
½exp ðyÞ % 1&2 dy; (1)

where kB is Boltzmann’s constant, @ is Planck’s constant
divided by 2", T is temperature, and y ¼ @!=kBT
is a dimensionless parameter. The average velocity v is
calculated by v ¼ ½ð1% xÞv%2

Si þ xv%2
Ge&%1=2, where x is

the Ge concentration and vSi and vGe are the average
speeds of sound in Si and Ge, respectively, as calculated
by Wang and Mingo [31]. The scattering time for a given
frequency, #, is related to the individual processes via
Mattheissen’s rule # ¼ ð#%1

U þ #%1
a þ #%1

b Þ%1, where #U,

#a, and #b are the umklapp, alloy, and boundary scattering
times, respectively. These are given by

#U ¼ ½ð1% xÞ#%1
U;Si þ x#%1

U;Ge&%1; (2)

#a ¼ ½xð1% xÞA!4&%1; (3)

and
#b ¼ d=v; (4)

where
#%1
U;SiðGeÞ ¼ BSiðGeÞ!

2 exp ð%CSiðGeÞ=TÞ: (5)

The constants A, B, andC are taken from Ref. [31], and d is
the film thickness.
Our model is thus identical to that in Ref. [31] except

for the cutoff frequency, which we define as !c ¼ 2"v=a,
with a being the lattice constant of the Si1%xGex film
approximated by Vegard’s law: a ¼ ð1% xÞaSi þ xaGe,
where aSi and aGe are the lattice constants of silicon and
germanium, respectively. Equation (1) assumes a disper-
sionless, Debye system. This is acceptable for Si1%xGex
systems with nondilute alloying compositions, since the
dispersive phonons scatter strongly with the alloy atoms
due to their high frequencies. This assertion is substanti-
ated by the reasonable agreement found between this
model, our data, and previously reported measurements
on thin-film alloys in Refs. [2,7,23] as shown in Fig. 2.
To first assess the role of alloy composition, Fig. 3

shows the measured thermal conductivity versus Ge
concentration and the predictions of the thermal conduc-
tivity for bulk and thin-film Si1%xGex of three different
thicknesses at room temperature using Eq. (1). For
Si1%xGex with 0:2< x< 0:8, we found that the thermal
conductivity is almost flat and in agreement with our
experimental results. This lack of dependence on the Ge
concentration is much more pronounced in thin films than
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FIG. 2 (color online). Thermal conductivity measurements on
Si0:8Ge0:2 of the thickness series along with previously reported
values of different Si/Ge superlattices, alloy-based superlattices,
and alloy films at room temperature. Closed symbols represent
superlattices; open symbols represent Si1%xGex films. The ther-
mal conductivity is plotted versus (a) period or film thickness
and (b) total sample thickness. The figure also shows the model
presented in Eq. (1).
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FIG. 3 (color online). Predictions of the thermal conductivity
as a function of Ge composition for bulk and thin-film Si1%xGex
of three different thicknesses calculated at room temperature
by using Eq. (1). The symbols correspond to experimental data
on the thickness series (down open triangles) and composition
series (up filled triangles). With decreasing film thickness,
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conductivity as size effects begin to dominate.
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compositions (x), which were calculated as a ratiometric
mixture of the room temperature heat capacities of PbZrO3

and PbTiO3.27

For this study, we amplitude-modulate the pump beam
with an 8 MHz sinusoid and monitor the ratio of the in-phase
to an out-of-phase signal of the probe beam with a lock-in
amplifier. We fit the TDTR model to the data by varying the
thermal conductivity of the PZT films and the thermal
boundary conductance between the top metal film and the
PZT samples. While the 1=e thermal penetration depth of
our pump beam at 8 MHz is less than or approximately equal
to the PZT film thickness for all the compositions in this
study (approximately 135 nm for 0<x < 0.7, increasing to
approximately 180 nm at x¼ 1), our analysis suggests that
the TDTR data could be sensitive to thermal transport across
the platinized-silicon stack (100 nm Pt/40 nm ZnO/300 nm
SiO2/Bulk Si), upon which the PZT films are deposited.
Therefore, the platinized-silicon samples were also charac-
terized via TDTR to eliminate the number of unknowns in
the thermal model for the PZT thin films.

For performing these calibrations, platinized-silicon
samples both with and without the 300 nm SiO2 were fabri-
cated for TDTR measurements. For these samples, a two-
layer model of a platinum thin film on either SiO2 or Si was
employed, where the thermal boundary conductance between
the layers (h1) was fit to the TDTR data (heat capacity, ther-
mal conductivity, and thickness of the platinum top layer are
all known, as are the heat capacity and thermal conductivity
of SiO2 and Si). This two-layer approach was used in order
to lump the thermal conductivity of the 40 nm ZnO layer in
with the conductances across the Pt/ZnO and ZnO/SiO2 or
ZnO/Si interfaces into a single total conductance. At 8 MHz,
the buried 300 nm SiO2 layer can be considered “thermally
thick,” and it is, therefore, reasonable to consider it as a
semi-infinite bottom layer in the model.

In practice, the measurements made on the sample with
300 nm SiO2 were unable to provide a reliable value for h1

due to the competing sensitivity of the thermal data to the
properties of the SiO2. Alternatively, fitting the data for the
sample without the SiO2 provided much more accurate
results due to the fact that the sensitivity to h1 is increased
because of the two order of magnitude increase in the j of
the semi-infinite layer (1.4 W m"1 K"1 for SiO2, 145 W m"1

K"1 for Si). Fitting this data resulted in a lumped conduc-
tance of the 40 nm ZnO film, along with its adjacent bound-
ary conductances of hZnO¼ 96 MW m"2 K"1.

For fitting the PZT thin film data, a three-layer model is
used; layer 1 is the aluminum thin film, layer 2 is the PZT
thin film, and layer 3 is SiO2 (semi-infinite). Due to the large
conductances of the platinum and ZnO thin films
(hPt ¼ jPt=dPt¼ 41 W m–1 K"1/100 nm¼ 410 MW m"2 K"1;
hZnO¼ 96 MW m"2 K"1) compared to the effective conduc-
tance of the PZT thin films (hPZT ¼ jPZT=dPZT¼ 1.3 W m"1

K"1/300 nm¼ 4.33 MW m"2 K"1), it is reasonable to com-
bine hPt and hZnO into a single conductance for use in the
three-layer model between the PZT and SiO2 layers
(h2¼ 77.8 MW m"2 K"1) via h2 ¼ ðhPt þ hZnOÞ"1. With h2

thoroughly characterized, the thermal conductivity of the

PZT thin films can be extracted from the TDTR data with
the three-layer model to a high degree of confidence.

III. RESULTS

Figure 3 shows the measured thermal conductivities of
the PZT thin films as a function of their solid solution com-
position fabricated with pyrolysis temperatures of 350 &C
(blue squares) and 400 &C (red circles). Starting with the
PbTiO3 thin film (x ¼ 1.00), we measure a thermal conduc-
tivity of 2.24 W m"1 K"1. This value is 55.7% lower than
the single crystal value of 5.06 W m"1 K"1 reported in Ref.
28, which we attribute to phonon scattering at the film and
grain boundaries in our samples. As the molar fraction of
PbZrO3 increases (x decreases), we observe a decrease in the
thermal conductivity compared to the PbTiO3 (x¼ 1.00)
end-member. Over the range 0.80<x < 1.00, the thermal
conductivity drops from 2.24 W m"1 K"1 to 1.40 W m"1

K"1, a reduction of 37.5%. Such a steep reduction in the
thermal conductivity of an initially stoichiometrically pure
material system with the addition of an additional species
has been shown to occur in several systems15,16 and is often
explained in the context of alloy/impurity phonon scattering.
In this case, the fraction of B-sites in the ABO3 perovskite
system populated with zirconium instead of titanium atoms
increases as x decreases and these zirconium atoms serve as
mass-impurity scattering sites for phonons. We do not
believe that this reduction between the x¼ 1.0 and x¼ 0.80
to be due to an increase in phonon scattering caused by phys-
ical boundaries because of the fact that the x¼ 0.80 sample
is thicker and has larger grains than the x¼ 1.0 sample.

Across the range for x < 0.80, the trend in thermal
conductivity remains largely flat with the exception of an
apparent discontinuity in the vicinity of the MPB (0.45 <x <
0.54). This discontinuity is present in both of the finer com-
position sets that were pyrolyzed at temperatures of 350 &C

FIG. 3. Thermal conductivity (j) of PZT thin films with various solid-
solution compositions, x, fabricated with pyrolysis temperatures of 350 &C
(blue squares) and 400 &C (red circles). The black dashed vertical lines
denote the locations of the phase boundaries from Fig. 1 at 20 &C. The blue
and red dashed vertical lines highlight the observed discontinuities in j
around the MPB for the 350 &C (fine-grained) and 400 &C (large-grained)
pyrolysis sample sets.
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We report on the thermal resistances of thin films (20 nm) of hafnium zirconium oxide
(Hf1–xZrxO2) with compositions ranging from 0! x! 1. Measurements were made via time-
domain thermoreflectance and analyzed to determine the effective thermal resistance of the films in
addition to their associated thermal boundary resistances. We find effective thermal resistances
ranging from 28.79 to 24.72 m2 K GW"1 for amorphous films, which decreased to 15.81
m2 K GW"1 upon crystallization. Furthermore, we analyze the heat capacity for two compositions,
x¼ 0.5 and x¼ 0.7, of Hf1–xZrxO2 and find them to be 2.18 6 0.56 and 2.64 6 0.53 MJ m"3 K"1,
respectively. Published by AIP Publishing. https://doi.org/10.1063/1.5052244

Due to their unique ferroelectric behavior, ease of manu-
facture, and inherent silicon compatibility, HfO2-based sys-
tems have recently begun to garner attention as potential
candidates for non-volatile memory, negative differential
capacitance transistors, and energy harvesting applications,
among others.1–4 Since ferroelectric properties were first
demonstrated in 2011,5 various factors have been shown to
allow stability of the ferroelectric phase, including alloying
with Zr,6 depositing onto a nitride electrode layer such as
TaN,7 as well as tuning the grain size and film thickness.6,8,9

The ferroelectric response of HfO2-based films is attributed
to the polar crystalline structure inherent to the orthorhombic
Pca21 phase.1,7 When alloyed with ZrO2, ferroelectricity in
Hf1–xZrxO2 systems can be tuned with a field-induced phase
transition from the tetragonal to orthorhombic phase,10

which broadens the horizons for application in energy stor-
age devices as well as electronic memory devices and
architectures.1

While ample studies have focused upon the electrical
and structural properties of Hf1–xZrxO2 systems,1,5–11 there
exists a gap in the literature in terms of their thermal proper-
ties, particularly in thin-film form. Even for pure hafnia or
zirconia, the literature on thermal properties is limited, espe-
cially with regard to heat capacity.12 The preferred method
of fabrication for Hf1–xZrxO2 films is atomic layer deposition
(ALD),1,11 and though prior studies have reported measure-
ments of the thermal conductivity of ALD grown HfO2

13–16

films, there have been no studies investigating their thermal
properties when alloyed with ZrO2. Furthermore, given the
potential for HfO2-based materials to impact infrared sensing
and thermal energy harvesting applications, knowledge of

the thermal properties is vital to CMOS integrated device
development.17

In this study, we measure the thermal resistance and
effective thermal conductivity of Hf1–xZrxO2 films, grown
between TaN and aluminum electrodes, for nominal Zr dop-
ing concentrations of x¼ 0, 0.5, 0.7, and 1. As annealing
enables crystallization into the ferroelectric phase in
Hf1–xZrxO2, we report on the effective thermal conductivity
values for both annealed and unannealed films. Furthermore,
our use of time-domain thermoreflectance (TDTR) for ther-
mal metrology allows for determination of the volumetric
heat capacity of selected Hf1–xZrxO2 films when deposited
on thermally insulating substrates. Thus, we also report on
the measured volumetric heat capacity of films for nominal
Zr concentrations of x¼ 0.5 and x¼ 0.7, a thermophysical
parameter that is critical for further development of devices
based on this material, for example, devices leveraging pyro-
electric effects.17,18

Samples were fabricated by rf-magnetron sputtering a
10 nm thick TaN layer onto (001) silicon substrates. Thermal
atomic layer deposition (ALD) was then used to deposit
20 nm thick films of Hf1–xZrxO2 for compositions ranging
from 0! x! 1. The precursors for the HfO2 and ZrO2 cycles
included Tetrakis(dimethylamino) hafnium (TDMA Hf) and
Tetrakis(dimethylamino)zirconium (TDMA Zr), respec-
tively, at 75 $C, with H2O used as the oxidant for both. For
HfO2 and ZrO2, the growth per cycle (GPC) was 0.1086 and
0.0968 nm, respectively, measured via ellipsometry. To
control the composition of the Hf1–xZrxO2 films, the number
of cycles for each precursor was adjusted relative to the
other. For example, for x¼ 0.5 (5:5 Hf:Zr), 20 “supercycles”
of 5 ZrO2:5 HfO2 were utilized, and for x¼ 0.7 (3:7 Hf:Zr),
20 “supercycles” of 7 ZrO2:3 HfO2 were utilized. Thisa)Electronic mail: phopkins@virginia.edu
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this trend for the unannealed samples. As the unannealed
samples are amorphous and because the measured effective
thermal conductivities of the pure hafnia and zirconia
films are nearly identical, compositions of the two would
yield a negligible change in thermal conductivity. We re-
emphasize, however, that these observations are based upon
the nominal values of the measurements, and overall trends
within the two different datasets (as-deposited and
annealed) cannot be concluded with high certainty due to
the relatively large uncertainties in these effective thermal
conductivities. However, our results do conclusively show
that annealing the Hf1–xZrxO2 films increases the thermal
conductivity, which we attribute to crystallization of the
as-deposited amorphous film.

For the results of the heat capacity measurements in
Table I, we note that, with their associated uncertainties, the
measurements are within error of previously reported
measurements for the heat capacity of pure hafnia or pure
zirconia. For Hf0.58Zr0.42O2, we report a volumetric heat
capacity of 2.18 6 0.56 MJ m!3 K!1, which is slightly lower
than prior measurements of pure HfO2, and 2.64 6 0.53 for
Hf0.36Zr0.64O2. Of the existing measurements for the room-
temperature heat capacity measurements of HfO2, all are of
the monoclinic phase.12,42–44 Because compositions of
x" 0.5 for Hf1–xZrxO2 have been shown to also include
tetragonal and orthorhombic crystalline phases,1,11 it could
serve to explain why we measure a slightly lower heat capac-
ity. We also note relatively large error bars in our measure-
ment of approximately 30% for the two measurements.
While all the fits for the heat capacity have a low mean
square error [as can be seen in Fig. 3(a)], we gain further
insight into the accuracy of the TDTR data fit for heat capac-
ity by generating a contour in Fig. 3(b), which illustrates
uncertainty in the interplay between the effective thermal
conductivity and heat capacity of a Hf1–xZrxO2 film. We
utilize a similar uncertainty contour calculation as has been
previously outlined in the literature,51–54 which calculates
the sum of the standard deviation between the fitted thermal
model and the measured data, according to the following
equation:52

r ¼ 1

n

Xn

i¼1

Xm;i ! Xd;i

Xd;i

! "2

; (1)

where Xm,i and Xd,i represent the in-phase values from the
thermal model and the measured TDTR data, respectively, at
time delay, i, and n is the total number of time delays in a
particular TDTR scan. The best fit of the thermal model to
the TDTR data provides the lowest value of r, which we

denote as rmin. Therefore, a contour with a constant value of
2rmin would correspond to a 95% confidence interval for
combinations of thermal conductivity and heat capacity
which produce a standard deviation less than or equal to
2rmin. As an example, we use Eq. (1) to calculate a r contour
plot for a Hf0.36Zr0.64O2 sample measured with TDTR at a
modulation frequency of 8.4 MHz [shown in Fig. 3(b)]. The
best fit to the data in this example provides a rmin of
5.05$ 10!5, and therefore, a 95% confidence interval can be
generated by outlining a contour of r values equal to
1.1$ 10!4. Therefore, for a given thermal conductivity of
1 W m!1 K!1, heat capacity values ranging from 2.1 to
2.5 MJ m!3 K!1 could be obtained within a 95% confidence
interval. As the thermal conductivity of the Hf1–xZrxO2 layer
is not the only parameter with uncertainty in the thermal
model, we utilize propagation of error to take into account
uncertainty in the thickness of all films in the stack (Al,
Hf1–xZrxO2, and TaN), as well as uncertainty in the
Hf1–xZrxO2 and TaN effective thermal conductivity to obtain
the error displayed in Table I.

In summary, we report on the effective thermal resis-
tance of thin films of Hf1–xZrxO2 for compositions ranging
from 0% x% 1, in addition to the heat capacity of two
different film compositions. Ultimately, we find the
effective conductivity of the films to be the highest for
pure concentrations (in this case, hafnia and zirconia) and
slightly decreased for alloys of the two. Furthermore, we
note an increased thermal conductivity when films are
subjected to a 30 s anneal at 600 &C, which is attributed to
the formation of the monoclinic crystalline phase for films
consisting primarily of hafnia and tetragonal/orthorhombic
crystalline phases for samples alloyed with zirconia. Given
the limited nature of literature regarding the thermody-
namic properties of hafnia-zirconia systems, and the
promise that Hf1–xZrxO2 has demonstrated as a ferroelec-
tric material, characterization of its thermal properties in

TABLE I. Room temperature volumetric heat capacities for Hf1–xZrxO2. For
reference, specific heat values are also provided for x¼ 0 and x¼ 1 and are

displayed as volumetric capacities assuming the materials are fully dense.

Hf1–xZrxO2 (x) Cv (MJ m!3 K!1) References

0 2.63–2.77 12 and 42–44

0.5 2.18 6 0.56 This study

0.7 2.64 6 0.53 This study

1 2.56–2.60 42, 43, 45, and 46

FIG. 3. (a) Representative TDTR data which have been fit for the heat
capacity of the Hf0.36Zr0.64O2 film at frequencies of 5.82, 8.4, and
12.2 MHz. The open symbols display measured data, and the solid lines rep-
resent their associated fits. (b) A contour plot which displays the standard
deviation, r, between the thermal model and measured TDTR data for the
Hf0.36Zr0.64O2 sample at a modulation frequency of 8.4 MHz. The black
dashed contour provides a boundary outlining a 95% confidence interval,
defined as 2rmin, for a given thermal conductivity.
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this trend for the unannealed samples. As the unannealed
samples are amorphous and because the measured effective
thermal conductivities of the pure hafnia and zirconia
films are nearly identical, compositions of the two would
yield a negligible change in thermal conductivity. We re-
emphasize, however, that these observations are based upon
the nominal values of the measurements, and overall trends
within the two different datasets (as-deposited and
annealed) cannot be concluded with high certainty due to
the relatively large uncertainties in these effective thermal
conductivities. However, our results do conclusively show
that annealing the Hf1–xZrxO2 films increases the thermal
conductivity, which we attribute to crystallization of the
as-deposited amorphous film.

For the results of the heat capacity measurements in
Table I, we note that, with their associated uncertainties, the
measurements are within error of previously reported
measurements for the heat capacity of pure hafnia or pure
zirconia. For Hf0.58Zr0.42O2, we report a volumetric heat
capacity of 2.18 6 0.56 MJ m!3 K!1, which is slightly lower
than prior measurements of pure HfO2, and 2.64 6 0.53 for
Hf0.36Zr0.64O2. Of the existing measurements for the room-
temperature heat capacity measurements of HfO2, all are of
the monoclinic phase.12,42–44 Because compositions of
x" 0.5 for Hf1–xZrxO2 have been shown to also include
tetragonal and orthorhombic crystalline phases,1,11 it could
serve to explain why we measure a slightly lower heat capac-
ity. We also note relatively large error bars in our measure-
ment of approximately 30% for the two measurements.
While all the fits for the heat capacity have a low mean
square error [as can be seen in Fig. 3(a)], we gain further
insight into the accuracy of the TDTR data fit for heat capac-
ity by generating a contour in Fig. 3(b), which illustrates
uncertainty in the interplay between the effective thermal
conductivity and heat capacity of a Hf1–xZrxO2 film. We
utilize a similar uncertainty contour calculation as has been
previously outlined in the literature,51–54 which calculates
the sum of the standard deviation between the fitted thermal
model and the measured data, according to the following
equation:52

r ¼ 1

n

Xn

i¼1

Xm;i ! Xd;i

Xd;i

! "2

; (1)

where Xm,i and Xd,i represent the in-phase values from the
thermal model and the measured TDTR data, respectively, at
time delay, i, and n is the total number of time delays in a
particular TDTR scan. The best fit of the thermal model to
the TDTR data provides the lowest value of r, which we

denote as rmin. Therefore, a contour with a constant value of
2rmin would correspond to a 95% confidence interval for
combinations of thermal conductivity and heat capacity
which produce a standard deviation less than or equal to
2rmin. As an example, we use Eq. (1) to calculate a r contour
plot for a Hf0.36Zr0.64O2 sample measured with TDTR at a
modulation frequency of 8.4 MHz [shown in Fig. 3(b)]. The
best fit to the data in this example provides a rmin of
5.05$ 10!5, and therefore, a 95% confidence interval can be
generated by outlining a contour of r values equal to
1.1$ 10!4. Therefore, for a given thermal conductivity of
1 W m!1 K!1, heat capacity values ranging from 2.1 to
2.5 MJ m!3 K!1 could be obtained within a 95% confidence
interval. As the thermal conductivity of the Hf1–xZrxO2 layer
is not the only parameter with uncertainty in the thermal
model, we utilize propagation of error to take into account
uncertainty in the thickness of all films in the stack (Al,
Hf1–xZrxO2, and TaN), as well as uncertainty in the
Hf1–xZrxO2 and TaN effective thermal conductivity to obtain
the error displayed in Table I.

In summary, we report on the effective thermal resis-
tance of thin films of Hf1–xZrxO2 for compositions ranging
from 0% x% 1, in addition to the heat capacity of two
different film compositions. Ultimately, we find the
effective conductivity of the films to be the highest for
pure concentrations (in this case, hafnia and zirconia) and
slightly decreased for alloys of the two. Furthermore, we
note an increased thermal conductivity when films are
subjected to a 30 s anneal at 600 &C, which is attributed to
the formation of the monoclinic crystalline phase for films
consisting primarily of hafnia and tetragonal/orthorhombic
crystalline phases for samples alloyed with zirconia. Given
the limited nature of literature regarding the thermody-
namic properties of hafnia-zirconia systems, and the
promise that Hf1–xZrxO2 has demonstrated as a ferroelec-
tric material, characterization of its thermal properties in

TABLE I. Room temperature volumetric heat capacities for Hf1–xZrxO2. For
reference, specific heat values are also provided for x¼ 0 and x¼ 1 and are

displayed as volumetric capacities assuming the materials are fully dense.

Hf1–xZrxO2 (x) Cv (MJ m!3 K!1) References

0 2.63–2.77 12 and 42–44

0.5 2.18 6 0.56 This study

0.7 2.64 6 0.53 This study

1 2.56–2.60 42, 43, 45, and 46

FIG. 3. (a) Representative TDTR data which have been fit for the heat
capacity of the Hf0.36Zr0.64O2 film at frequencies of 5.82, 8.4, and
12.2 MHz. The open symbols display measured data, and the solid lines rep-
resent their associated fits. (b) A contour plot which displays the standard
deviation, r, between the thermal model and measured TDTR data for the
Hf0.36Zr0.64O2 sample at a modulation frequency of 8.4 MHz. The black
dashed contour provides a boundary outlining a 95% confidence interval,
defined as 2rmin, for a given thermal conductivity.
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Thermal conductivity of ferroelectric HZO shows strong 
influence from boundary scattering for 20 nm films
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We report on the thermal resistances of thin films (20 nm) of hafnium zirconium oxide
(Hf1–xZrxO2) with compositions ranging from 0! x! 1. Measurements were made via time-
domain thermoreflectance and analyzed to determine the effective thermal resistance of the films in
addition to their associated thermal boundary resistances. We find effective thermal resistances
ranging from 28.79 to 24.72 m2 K GW"1 for amorphous films, which decreased to 15.81
m2 K GW"1 upon crystallization. Furthermore, we analyze the heat capacity for two compositions,
x¼ 0.5 and x¼ 0.7, of Hf1–xZrxO2 and find them to be 2.18 6 0.56 and 2.64 6 0.53 MJ m"3 K"1,
respectively. Published by AIP Publishing. https://doi.org/10.1063/1.5052244

Due to their unique ferroelectric behavior, ease of manu-
facture, and inherent silicon compatibility, HfO2-based sys-
tems have recently begun to garner attention as potential
candidates for non-volatile memory, negative differential
capacitance transistors, and energy harvesting applications,
among others.1–4 Since ferroelectric properties were first
demonstrated in 2011,5 various factors have been shown to
allow stability of the ferroelectric phase, including alloying
with Zr,6 depositing onto a nitride electrode layer such as
TaN,7 as well as tuning the grain size and film thickness.6,8,9

The ferroelectric response of HfO2-based films is attributed
to the polar crystalline structure inherent to the orthorhombic
Pca21 phase.1,7 When alloyed with ZrO2, ferroelectricity in
Hf1–xZrxO2 systems can be tuned with a field-induced phase
transition from the tetragonal to orthorhombic phase,10

which broadens the horizons for application in energy stor-
age devices as well as electronic memory devices and
architectures.1

While ample studies have focused upon the electrical
and structural properties of Hf1–xZrxO2 systems,1,5–11 there
exists a gap in the literature in terms of their thermal proper-
ties, particularly in thin-film form. Even for pure hafnia or
zirconia, the literature on thermal properties is limited, espe-
cially with regard to heat capacity.12 The preferred method
of fabrication for Hf1–xZrxO2 films is atomic layer deposition
(ALD),1,11 and though prior studies have reported measure-
ments of the thermal conductivity of ALD grown HfO2

13–16

films, there have been no studies investigating their thermal
properties when alloyed with ZrO2. Furthermore, given the
potential for HfO2-based materials to impact infrared sensing
and thermal energy harvesting applications, knowledge of

the thermal properties is vital to CMOS integrated device
development.17

In this study, we measure the thermal resistance and
effective thermal conductivity of Hf1–xZrxO2 films, grown
between TaN and aluminum electrodes, for nominal Zr dop-
ing concentrations of x¼ 0, 0.5, 0.7, and 1. As annealing
enables crystallization into the ferroelectric phase in
Hf1–xZrxO2, we report on the effective thermal conductivity
values for both annealed and unannealed films. Furthermore,
our use of time-domain thermoreflectance (TDTR) for ther-
mal metrology allows for determination of the volumetric
heat capacity of selected Hf1–xZrxO2 films when deposited
on thermally insulating substrates. Thus, we also report on
the measured volumetric heat capacity of films for nominal
Zr concentrations of x¼ 0.5 and x¼ 0.7, a thermophysical
parameter that is critical for further development of devices
based on this material, for example, devices leveraging pyro-
electric effects.17,18

Samples were fabricated by rf-magnetron sputtering a
10 nm thick TaN layer onto (001) silicon substrates. Thermal
atomic layer deposition (ALD) was then used to deposit
20 nm thick films of Hf1–xZrxO2 for compositions ranging
from 0! x! 1. The precursors for the HfO2 and ZrO2 cycles
included Tetrakis(dimethylamino) hafnium (TDMA Hf) and
Tetrakis(dimethylamino)zirconium (TDMA Zr), respec-
tively, at 75 $C, with H2O used as the oxidant for both. For
HfO2 and ZrO2, the growth per cycle (GPC) was 0.1086 and
0.0968 nm, respectively, measured via ellipsometry. To
control the composition of the Hf1–xZrxO2 films, the number
of cycles for each precursor was adjusted relative to the
other. For example, for x¼ 0.5 (5:5 Hf:Zr), 20 “supercycles”
of 5 ZrO2:5 HfO2 were utilized, and for x¼ 0.7 (3:7 Hf:Zr),
20 “supercycles” of 7 ZrO2:3 HfO2 were utilized. Thisa)Electronic mail: phopkins@virginia.edu
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In addition to thermal resistance, heat capacity is also of
interest for thin Hf1–xZrxO2 systems. For nominal composi-
tions of x¼ 0.5 and x¼ 0.7, a second set of samples were
fabricated and annealed in the same manner as previously
described, on top of a 400 nm layer of SiO2 on silicon in
order to increase sensitivity to the volumetric heat capacity
of the Hf1–xZrxO2 layer (sensitivity analysis in the supple-
mentary material). To a first approximation, the thermal
penetration depth, d, can be estimated as d ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
j=ðpCvf Þ

p
,

where j is the layer thermal conductivity, Cv is the volumet-
ric heat capacity, and f is the modulation frequency of the
pump.27,28 Setting j ¼ 1.35 W m$ 1 K$ 1 and Cv ¼ 1.65
MJ m$ 3 K$ 1, the thermal penetration depth in SiO2 can be
estimated as 228 nm for a pump modulation frequency, f, of
5 MHz. More rigorous formalisms provide higher degrees of
accuracy for the actual thermal penetration depth;29–31 how-
ever, given that the thickness of the SiO2 films is 400 nm and
all modulation frequencies were above 5 MHz, it is safe to
assume that the thermal penetration depth is contained within
the SiO2 layer. As such, we utilize a four-layer model for

sensitivity calculations and when fitting for volumetric heat
capacity; the four layers consist of an 80 nm aluminum trans-
ducer layer, followed by the 20 nm Hf1–xZrxO2 films, fol-
lowed by 10 nm of TaN, on a SiO2 substrate.

For the four-layer model, we verify the aluminum thick-
ness through profilometry and picosecond ultrasonics32–35

(80 6 5 nm), calculate the thermal conductivity via the
Wiedemann-Franz law from four-point probe resistivity
measurements (110 W m$ 1 K$ 1), and assume a literature
value of 2.43 MJ m$ 3 K$ 1 for the volumetric heat capacity at
room temperature.36,37 For the SiO2 substrate, we apply a
thermal conductivity of 1.35 W m$ 1 K$ 1 and assume a litera-
ture value of 1.65 MJ m$ 3 K$ 1 for the volumetric heat capac-
ity of intrinsic silicon at 300 K.38 For the TaN layer, we
sputter a 10 nm layer of TaN on top of SiO2 and verify thick-
ness through profilometry (10 6 1 nm). We measure the
effective thermal conductivity in the same manner previ-
ously discussed, which is found to be 1.48 6 0.21
W m$ 1 K$ 1. For reference, Bozorg-Grayeli et al. have
reported values of 3.0 and 3.4 W m$ 1 K$ 1 as the intrinsic
thermal conductivity of TaN films of 50 and 100 nm, respec-
tively.25 We note that our measured effective thermal resis-
tance of the TaN layer also includes the interfacial resistance
between the aluminum transducer and the TaN layer;
however, we proceed under the assumption that the resis-
tance attributed to the TaN layer is the dominant resistance.
For the lattice heat capacity of TaN, we apply a literature
value of 2.94 MJ m$ 3 K$ 1.39 Given that the effective thermal
conductivities of the Hf1–xZrxO2 films were determined from
TDTR analyses of the Al/Hf1–xZrxO2/TaN/Si samples, the
only unknown of these Al/Hf1–xZrxO2/TaN/SiO2 samples is
the volumetric heat capacity of the Hf1–xZrxO2 film. To
decrease the uncertainty in our reported values of heat capac-
ity of the Hf1–xZrxO2 film, we analyze TDTR sensitivity cal-
culations.40,41 In summary, we find an increase in sensitivity
to the heat capacity of the Hf1–xZrxO2 layer when there is an
SiO2 layer and also by analyzing the data from the in-phase
signal. Therefore, we analyze the in-phase signal for samples
of Hf1–xZrxO2 concentrations of x¼ 0.5 and x¼ 0.7, fitting
only for the heat capacity of that layer. To enhance accuracy
further, we analyze data for pump frequencies of 5.82, 8.4,
and 12.2 MHz. Further details of the sensitivity analysis can
be found within the supplementary material.

A few observable trends in the effective thermal con-
ductivity and thermal resistance of the Hf1–xZrxO2 films
emerge from Fig. 2. First, it is of note that the effective
thermal conductivity is, in most cases, significantly higher
when subjected to a 30 s anneal at 600 %C. We attribute this
increase to an increase in crystallinity of the film, which
was verified through GIXRD. A second, more subtle result,
for the annealed samples, shown in Fig. 2, is a slight
decrease in the mean effective thermal conductivity for
alloys of HfO2 and ZrO2. While all effective thermal con-
ductivity values are within error, no definitive claims can
be made regarding trends in the data; however, it can be
observed that the nominal effective thermal conductivity
ranges from 5.8% to 25.7% higher for pure HfO2 or ZrO2

compared to alloys of the two. Similar results have been
shown in a number of other alloyed material systems owing
to alloy scattering of phonons.47–50 There are no signs of

FIG. 2. (a) The effective thermal resistance of the Hf1–xZrxO2 films as a
function of ZrO2 concentration, x. (b) recasts this resistance as an effective
thermal conductivity, jEff, which is the product of the film thickness and the
inverse of its associated thermal resistance. In both panels, the unannealed
samples are represented by solid blue squares, whereas the annealed samples
are represented by open red circles.
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this trend for the unannealed samples. As the unannealed
samples are amorphous and because the measured effective
thermal conductivities of the pure hafnia and zirconia
films are nearly identical, compositions of the two would
yield a negligible change in thermal conductivity. We re-
emphasize, however, that these observations are based upon
the nominal values of the measurements, and overall trends
within the two different datasets (as-deposited and
annealed) cannot be concluded with high certainty due to
the relatively large uncertainties in these effective thermal
conductivities. However, our results do conclusively show
that annealing the Hf1–xZrxO2 films increases the thermal
conductivity, which we attribute to crystallization of the
as-deposited amorphous film.

For the results of the heat capacity measurements in
Table I, we note that, with their associated uncertainties, the
measurements are within error of previously reported
measurements for the heat capacity of pure hafnia or pure
zirconia. For Hf0.58Zr0.42O2, we report a volumetric heat
capacity of 2.18 6 0.56 MJ m!3 K!1, which is slightly lower
than prior measurements of pure HfO2, and 2.64 6 0.53 for
Hf0.36Zr0.64O2. Of the existing measurements for the room-
temperature heat capacity measurements of HfO2, all are of
the monoclinic phase.12,42–44 Because compositions of
x" 0.5 for Hf1–xZrxO2 have been shown to also include
tetragonal and orthorhombic crystalline phases,1,11 it could
serve to explain why we measure a slightly lower heat capac-
ity. We also note relatively large error bars in our measure-
ment of approximately 30% for the two measurements.
While all the fits for the heat capacity have a low mean
square error [as can be seen in Fig. 3(a)], we gain further
insight into the accuracy of the TDTR data fit for heat capac-
ity by generating a contour in Fig. 3(b), which illustrates
uncertainty in the interplay between the effective thermal
conductivity and heat capacity of a Hf1–xZrxO2 film. We
utilize a similar uncertainty contour calculation as has been
previously outlined in the literature,51–54 which calculates
the sum of the standard deviation between the fitted thermal
model and the measured data, according to the following
equation:52

r ¼ 1

n

Xn

i¼1

Xm;i ! Xd;i

Xd;i

! "2

; (1)

where Xm,i and Xd,i represent the in-phase values from the
thermal model and the measured TDTR data, respectively, at
time delay, i, and n is the total number of time delays in a
particular TDTR scan. The best fit of the thermal model to
the TDTR data provides the lowest value of r, which we

denote as rmin. Therefore, a contour with a constant value of
2rmin would correspond to a 95% confidence interval for
combinations of thermal conductivity and heat capacity
which produce a standard deviation less than or equal to
2rmin. As an example, we use Eq. (1) to calculate a r contour
plot for a Hf0.36Zr0.64O2 sample measured with TDTR at a
modulation frequency of 8.4 MHz [shown in Fig. 3(b)]. The
best fit to the data in this example provides a rmin of
5.05$ 10!5, and therefore, a 95% confidence interval can be
generated by outlining a contour of r values equal to
1.1$ 10!4. Therefore, for a given thermal conductivity of
1 W m!1 K!1, heat capacity values ranging from 2.1 to
2.5 MJ m!3 K!1 could be obtained within a 95% confidence
interval. As the thermal conductivity of the Hf1–xZrxO2 layer
is not the only parameter with uncertainty in the thermal
model, we utilize propagation of error to take into account
uncertainty in the thickness of all films in the stack (Al,
Hf1–xZrxO2, and TaN), as well as uncertainty in the
Hf1–xZrxO2 and TaN effective thermal conductivity to obtain
the error displayed in Table I.

In summary, we report on the effective thermal resis-
tance of thin films of Hf1–xZrxO2 for compositions ranging
from 0% x% 1, in addition to the heat capacity of two
different film compositions. Ultimately, we find the
effective conductivity of the films to be the highest for
pure concentrations (in this case, hafnia and zirconia) and
slightly decreased for alloys of the two. Furthermore, we
note an increased thermal conductivity when films are
subjected to a 30 s anneal at 600 &C, which is attributed to
the formation of the monoclinic crystalline phase for films
consisting primarily of hafnia and tetragonal/orthorhombic
crystalline phases for samples alloyed with zirconia. Given
the limited nature of literature regarding the thermody-
namic properties of hafnia-zirconia systems, and the
promise that Hf1–xZrxO2 has demonstrated as a ferroelec-
tric material, characterization of its thermal properties in

TABLE I. Room temperature volumetric heat capacities for Hf1–xZrxO2. For
reference, specific heat values are also provided for x¼ 0 and x¼ 1 and are

displayed as volumetric capacities assuming the materials are fully dense.

Hf1–xZrxO2 (x) Cv (MJ m!3 K!1) References

0 2.63–2.77 12 and 42–44

0.5 2.18 6 0.56 This study

0.7 2.64 6 0.53 This study

1 2.56–2.60 42, 43, 45, and 46

FIG. 3. (a) Representative TDTR data which have been fit for the heat
capacity of the Hf0.36Zr0.64O2 film at frequencies of 5.82, 8.4, and
12.2 MHz. The open symbols display measured data, and the solid lines rep-
resent their associated fits. (b) A contour plot which displays the standard
deviation, r, between the thermal model and measured TDTR data for the
Hf0.36Zr0.64O2 sample at a modulation frequency of 8.4 MHz. The black
dashed contour provides a boundary outlining a 95% confidence interval,
defined as 2rmin, for a given thermal conductivity.
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As-deposited – amorphous
Annealed – Monoclinic or mixed tetragonal/orthorhombic
HfO2 – Monoclinic, ZrO2 - tetragonal

process yielded films with a nominal thickness of 20 nm
with a variance of 0.068–1.72 nm, depending on the compo-
sition. Actual film compositions are Hf0.58Zr0.42O2 for the
5:5 Hf:Zr film and Hf0.36Zr0.64O2 for the 3:7 Hf:Zr film, as
determined by x-ray photoelectron spectroscopy on identi-
cally prepared samples.11 To facilitate the thermal property
analysis, control samples were also fabricated without a
Hf1–xZrxO2 layer on both Si and SiO2 substrates. For further
details of fabrication processes, we direct readers to a prior
study.11

Following fabrication, a subset of the samples were sub-
jected to a 30 s anneal at 600 !C using a rapid thermal
annealer in a nitrogen atmosphere. To analyze crystallinity,
grazing incidence x-ray diffraction (GIXRD) was performed
for samples of each composition. An x angle of 2! was
utilized, and measurements were taken over a range of
26!–33! of 2h. We find that in the unannealed state, the films
are amorphous, in agreement with prior findings for unan-
nealed films.6 As shown in Fig. 1, after annealing,
Hf1–xZrxO2 films crystallize into either monoclinic or mixed
tetragonal/orthorhombic phases depending upon the concen-
tration of zirconia. For films containing primarily hafnia, the
!111 and 111 reflections of the monoclinic phase are readily
apparent at 28.4! and 31.6! in 2h, respectively.5,6,11,19 For
films with zirconia concentrations greater than or equal to
50%, the intensity of the monoclinic phase reflections is
reduced, and 011 and 111 reflections associated with a
mixture of the orthorhombic/tetragonal phase are intensified,
which occur at approximately 30.4! in 2h.1,11,19 Film phase
fractions were quantified via the ratios of the integrated peak
intensities20 for the monoclinic and tetragonal/orthorhombic
phases. Intensities of the pure HfO2 (monoclinic) and ZrO2

(tetragonal) reflections and atomic scattering factor
differences with composition were used in normalization to
account for structural and compositional dependences of
peak intensity, respectively. Volumetric phase fractions of
0.08 monoclinic and 0.92 tetragonal/orthorhombic were
calculated for the 3:7 Hf:Zr film and 0.59 monoclinic and

0.41 tetragonal/orthorhombic were calculated for the 5:5
Hf:Zr film.

To verify ferroelectric responses in the Hf1–xZrxO2

films, polarization electric field responses were measured for
nominal compositions of x ¼ 0.5 and x ¼ 0.7 and contrasted
against pure hafnia. To make these measurements, contacts
were fabricated on the surface of the Hf1–xZrxO2 films: a
10 nm electrode layer of TaN was sputtered onto the surface
followed by a 70 nm layer of platinum which was
rf-magnetron sputtered through a shadow mask in order to
create square contacts with side lengths of approximately
635 lm, separated by 2 mm in a two dimensional array. A
reactive ion etch was then used to etch the TaN layer in
between the platinum contacts leaving isolated electrodes
atop the exposed Hf1–xZrxO2 layer. Polarization-field
measurements were collected with voltage biases ranging
from 61 to 66 V, as displayed in Figs. 1(b)–1(d). For all
as-deposited Hf1–xZrxO2 films, we measure a linear dielectric
response (not shown). For the annealed HfO2 sample, as
shown in Fig. 1(b), the same linear response can be seen. For
annealed samples of Hf0.58Zr0.42O2 and Hf0.36Zr0.64O2,
hysteresis is displayed in the polarization-field response,
confirming ferroelectric behavior in the films.8,11

Following an alcohol clean (five minute sonications in
isopropanol, acetone, and methanol, respectively), the sam-
ples were then coated with an 80 nm aluminum layer via
electron beam evaporation to prepare them for thermal prop-
erty measurements via time-domain thermoreflectance
(TDTR).21 We utilize a repetition rate of 80 MHz and a cen-
tral wavelength of 800 nm (bandwidth of 10.5 nm) and spot
sizes of 18 and 11 lm in diameter for the pump and probe
beams, respectively. The thermal properties of the samples
were measured by fitting the ratio of the in-phase to out-of-
phase lock-in signals to a thermal model, the particulars of
which have been thoroughly detailed in the literature.21–24

Due to the thinness of the Hf1–xZrxO2 and TaN layers,
we do not directly fit for the intrinsic thermal conductivity of
the Hf1–xZrxO2 layer since we cannot explicitly separate the
thermal conductivity of the layer from the interfaces using a
single measurement on a single sample.13,26 Rather, we treat
the two layers as an effective resistive interface between the
aluminum transducer and the silicon substrate. As such,
when modeling the TDTR data, we treat each sample as a
two layer system and fit for the effective thermal boundary
conductance. In order to quantify the thermal resistance asso-
ciated with the Hf1–xZrxO2 layer (REff), we take the inverse
of the measured thermal boundary conductance and subtract
the thermal resistances measured from the sample without an
Hf1–xZrxO2 layer (complete calculations are detailed in the
supplementary material). The error in the measurement is
attributed to measurement repeatability, uncertainty in
aluminum thickness, and uncertainty in the interfacial resis-
tance between aluminum and TaN, which has been taken
from the literature.25 For the effective film thermal conduc-
tivity, jEff, we take the product of the film thickness and the
inverse of the thermal resistance. An additional source of
uncertainty is introduced here for film thickness variation in
the ALD Hf1–xZrxO2 films. The results for REff and jEff are
displayed in Figs. 2(a) and 2(b), respectively.

FIG. 1. (a) GIXRD measurements of annealed samples for various composi-
tions of Hf1–xZrxO2. (b)–(d) The polarization field responses for the
annealed Hf1–xZrxO2 films with nominal concentrations of x ¼ 0, 0.5, and
0.7, respectively. The black, innermost curves display polarization field
responses for an applied voltage of 1 V; the lighter shades, moving outward,
display voltage increases in 1 V increments, ending with an applied voltage
of 6 V (light orange) for the outermost curve.
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