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Abstract The thermal stress dependence of the physical
properties of polydomain PbTiO; films on different sub-
strates are investigated using a nonlinear Ginzburg—Lan-
dau-Devonshire thermodynamic model as a function of
deposition temperature Tg and thermal expansion coeffi-
cients. It is found that the thermal strain has a large impact
on the ferroelectric polarization states and other physical
properties for the thicker ferroelectric thin films. Extrinsic
contributions from 90° domain wall displacements are
found to dramatically impact the dielectric, pyroelectric,
and piezoelectric responses. Most importantly, the dielec-
tric and piezoelectric constants in the polydomain c/a/c/a
phase is much larger than that of the monodomain ¢ phase,
while the results are opposite for the ferroelectric polar-
ization and pyroelectric coefficient. Careful choice of
thermal stress and domain states allows one to harness the
intrinsic and extrinsic contributions to obtain large physical
responses. Our work is in good agreement with experi-
mental results and phase—field simulation.
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1 Introduction

Thin film ferroelectrics are of great technological interest
due to their potential applications in ferroelectric random
access memories, dynamic random access memory, solid
state cooling, etc. [1-5]. Prior studies are mostly focused
on the misfit strain effect on the physical properties of
monodomain ferroelectric thin films [6-9]. However,
monodomain structures are stable only in ultrathin thin
films, while thicker films possess the polydomain structures
[10-12]. And for thick films, the misfit strain can be
relaxed by the generation of misfit dislocations during film
growth and annealing. So thermal stresses arising from
different thermal expansion coefficients (TECs) between a
film and substrate begins to dominate in absence of lattice-
misfit strain in thicker films during cooling from growth
temperature to ambient conditions. Thermal stresses have
been minimally used to tune the physical properties of
monodomain ferroelectric thin films. For example, thermal
stresses result in c-axis-orientated PbTiO5; (PTO) thin films
grown on MgO (001) substrates despite the tensile nature
of lattice-misfit strains [13]. In addition, thermal stresses
can significantly impact the ferroelectric phase transition
[14], and even tune dielectric, pyroelectric, piezoelectric
and electrocaloric properties for epitaxial ferroelectric
films [15-25]. However, a systematic theoretical study of
thermal stress effects on the physical properties of poly-
domain ferroelectric thick films is still lacking. There is a
real need for a mutual understanding of thermal stress
dependence of the properties of polydomain ferroelectric
thick films, which is necessary to satisfy their applications
with improved design. In this paper, the Ginzburg—Lan-
dau—Devonshire thermodynamic theory is applied to
investigate the effect of thermal strain on the dielectric,
pyroelectric and piezoelectric properties in the polydomain
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PTO thin films. Theoretical analysis shows that the
dielectric, pyroelectric, and piezoelectric properties
strongly depends on the substrates and deposition temper-
ature Tg. The polydomain PTO thick films on MgO is
expected to experience high thermal in-plane compressive
strains due to the TECs mismatch, resulting in pyroelectric
coefficients (absolute value), dielectric permittivity lower
than the same thick films on Si, SrTiO;, c-Al,O3 and
LaAlOj; for which there is a in-plane tensile thermal stress.
Compared to the same monodomain films on the same
substrate, the polydomain PTO films have the higher
dielectric and piezoelectric properties, but a lower pyro-
electric response.

2 Thermodynamic analysis

Considering the formation of thermal strains during cool-
ing from the growth/processing temperature (7g) to room
temperature, the in-plane thermal strain uy due to different
TECs between films and substrates can be calculated by
[20]:

Tg
ur = / (o — og)dT, (1)
RT
where o, og are the in-plane TECs of films and substrates,
respectively. The TECs of the film materials PTO and the
substrates (001) MgO, Si, c-sapphire, SrTiO3, and LaAlO;
used in our calculations are given in Table 1 from Refs.
[20, 22].

Here, we consider a polydomain single crystalline
PbTiO; film grown on some thick (001)-oriented cubic
substrates. During cooling from the growth/processing
temperature (7g) to room temperature the paraelectric-to-
ferroelectric and ferroelectric-to-ferroelectric phase transi-
tions will take place, ferroelectric films can form complex
domain structures to minimize electrostatic and elastic
energies at lower temperatures. To identify the equilibrium
state of the polydomain films, Koukhar and coworkers
developed a thermodynamic theory of dense domain fer-
roelectric thin films [26, 27]. They think that the polar-
ization and strain fields inside the domain bulk are
homogeneous and the domain wall energies are negligible
when the film thickness is much more than the domain wall

width [28, 29]. The results are solid for thick films where
the theoretically predicted domain structures have been
observed experimentally [30, 31].

We use the generalized Helmholtz free-energy density F'
for a ferroelectric thin film to obtain the equilibrium
physical properties. F can be written as a function of the
polarization P;, stresses a; and electric field E; [26, 27]

F = a1(P% —l—P% —&-P%) —s—all(P‘l1 —|—P‘2‘ +P§) +a33P‘3‘
+an(PiP; + PiP; + P3P3) +aimn (P} + P + PS)
+ap[PH(P2 + P2) + PA(P? + P3) + PA(P} + P2)]

1
+ aisPIP3P; + ESII(O'% + 05+ 03)

1
+ s12(0102 + 6203 + 0301) + 5944(05 + og + oé)

1
- ESQ(E% + E3 + E3) — E\P| — ExP; — E3P3,

(2)

where ¢; are the internal mechanical stresses in the film, aj,
a;, and a; are the dielectric stiffness and higher-order
stiffness coefficients at constant stress, s; are the elastic
compliances at constant polarization, and Q;; are the elec-
trostrictive constants of the paraelectric phase. The phe-
nomenological coefficients used in this calculations can be
obtained in Table 2.

For the polydomain states, the mean free-energy density
(F) can be written as (F) = ¢F' + (1—¢)F", where ¢ is
the domain fraction of the first domain type and F’ and F”
are the energy densities within the domains of the first and
second type, respectively. The free energy is supplemented
by the mechanical boundary conditions for the polydomain
phases [26, 27] and is minimized to obtain the equilibrium
polarizations and domain populations.

For PTO thick films, the equilibrium domain structure
can possess any of three different phases as a function of
strain and temperature: one monodomain ¢, two polydo-
main (c/a/c/a and a,/a»/a,/a,) phases [26, 27]. The mon-
odomain ¢ phase is stable at compressive strains as in
monodomain films. The c/a/c/a polydomain structure (a
mixture of ¢ and a; or a, domains), has been observed
experimentally for thick films (>10 nm) [32] when the
effective misfit strain is tensile [33, 34].

For the c/a/c/a domain structure, the average out-of-
plane polarization is (P3) = ¢.P3, where ¢, is the fraction

Table 1 Thermal expansion

coefficients of thin film and PbTiO; 11.86
substrates (x107%/°C) MgO 13.47
Si 3.725 x {1 — exp[—5.88 x 10° (T + 149)]} + 5.548 x 107* (T + 273)
c-AlL,O5 8.026 + 8.17 x 107* T — 3.279 exp (—=2.91 x 107> T)
StTiO; 11
LaAlO; 10
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Table 2 Data for PTO

T, 479 °C

aj 3.8 (T — Tp) x 10° J m/C?
an —7.3 x 10" J m*/C*

an 2.6 x 108 T m°/C®

S 8.0 x 1072 m¥N

S12 —2.5 x 1072 m*N

O 0.089 m*C?

O —0.026 m*/C?

of ¢ domains. P; is the spontaneous polarization in ¢

domain which has the same magnitude in @ domain. The

equilibrium domain fraction of ¢ domains upon application

of an electric field and thermal strain field can be calculated

as

E5(si) — s1)

2511(Q11 — le)ng

(3)

The mean pyroelectric coefficient can be calculated as

_ d({P3) _,dP; do,
) =S = 6. 2 P, )
where

(s11 — s12) (ur — leP%)
s11(01 — 012)P3

¢c:1_

dP3 —P3 [ao —%(OCS —OCF)}

dT [al—%—'fur+6<a11—}—%)P%—I—lSamPé]

(5)

df. _ 2(su —sw)ur dPs  (su —si2)(%s — o)
dT  s11(Q11 — Qn2)P3 dT su(Qu — 0n)P;
3E3 (S%] — S%z) 8P3

- 2511(Q11 — le)ngﬁ.

To evaluate the dielectric and piezoelectric response, the
film average polarization (P3) and out-of-plane strain (us)
should be computed as a function of the external electric
field (Eyg — 0). The small-signal dielectric constants &s3
(Ey — 0) and piezoelectric constants (d33) can be calcu-
lated as

(P3)(E3 = Ep) — (P3)(E3 = 0)

(6)

&3 = woEe (7)
() = {220 =) — (s =0) )
0
2512 2012812 ) ”
(u3) s b7 (Qll P b.P3
O12511 — Q11512 "

pepsnmluse gy ypn 9
MO (g ©)

where P} and P} are the polarization within the domains of
the ¢ domain and a domain, respectively.

3 Results and discussion

As seen in Fig. 1, TECs of Si, c-sapphire, and LaAlOj3,
SrTiO5 are smaller than that of the PTO films in the tem-
perature range of our analysis, so the in-plane thermal
strains for PTO films on those substrates are tensile (see
Fig. 2), and the tensile thermal strain is increased with
increasing Tg. Because of ag (MgO) > o (PbTiO3), us at
room temperature is compressive for PTO on MgO, and its
magnitude also increases with increasing 7.

In the thermal strain range of our analysis, PTO films
form the c/a/c/a domain structure. Figure 3 plots the
average out-of-plane polarization of PTO films on different
substrates as functions of 75 in 25-800 °C range. With
increasing Tg, the fraction of the ¢ domain increases at
compressive thermal strains for MgO substrate, but
decreases at tensile thermal strains for Si, SrTiO3, LaAlOs3,
c-Al,Oj5 substrates. At compressive thermal strains, both P5
and the fraction @, increase, so the mean polarization (P3)
is enhanced. At tensile strains, Pz decreases and the frac-
tion @, also decreases, therefore the mean polarization (P3)
also decreases. As expected, the mean polarization (Ps) is
greater for PT on MgO (compressive) compared to PT on
other substrates (tensile). The TECs mismatch between the
film and the substrate is more pronounced for PT films on
Si. Accordingly, the mean polarization of PT films on Si is
found to be even more sensitive to T due to a build-up of a
larger amount of tensile strain.

In Fig. 4, we plot the deposition temperature depen-
dence of the out-of-plane pyroelectric coefficient of poly-
domain (a) and monodomain (b) PTO films on five kinds of
substrates at room temperature. The pyroelectric coefficient
for polydomain structure is calculated via Egs. (4)—(6),
taking into account the (thermal) strain, electric field, and

14 T T T T T T T
—PbTiO,

12 —MgO
c-AI203 L

—SrTio,
—Si
LaAIO3

L

0 100 200 300 400 500 600 700 800
T, (°C)

Fig. 1 Temperature dependence of the TECs of the substrates and
ferroelectric material considered in this study
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Fig. 3 Dependence of the mean polarization on 7 for PTO films on
different substrates

piezoelectric effect (the difference of TECs between sub-
strates and films). In the previous works, we provided the
analytical description of the out-of-plane pyroelectric
coefficient for single-domain ferroelectric thin films,
including the primary and secondary contributions [35, 36].
The primary contribution arises from a temperature-de-
pendent change in the polarization of the bulk ferro-
electrics. Since pyroelectric materials are also
piezoelectrics, thermal expansion results in pyroelectricity
which is referred to as a secondary contribution. In thin
film ferroelectrics, this secondary contribution is related to
the difference in TECs between the film and substrate. As a
quantitative comparison with single-domain state, besides
the above two effect, an extrinsic contribution to the pri-
mary pyroelectric coefficient is considered as shown in

@ Springer

Fig. 4 The deposition temperature 7 dependence of pyroelectric
response for polydomain (a) and monodomain (b) PTO films on Si,
c-Al,03, LaAlOj3, SrTiO; and MgO substrates

Eq. (6). The extrinsic contribution depends on domain wall
motion driven by temperature, (thermal) strain and electric
fields. However, in this work, we also analyze the contri-
bution from piezoelectric effect to primary and extrinsic
pyroelectric coefficient as shown in the second term of
Egs. (5) and (6), respectively. Since the fraction @, is much
lower than one, the magnitude of the mean out-of-plane
pyroelectric coefficient of c/a/c/a structure is lower than
that of monodomain ¢ state. As the Tg increases, i.e., an
increase in tensile thermal strain for Si, SrTiOs, LaAlOs,
and c-Al,O5 substrates leads to the enhancement of the
mean pyroelectric coefficients (p). For MgO substrate, the
magnitude of the mean pyroelectric coefficients (p) is
reduced since compressive thermal stain is enhance with
increasing 7.
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Fig. 5 Dependence of the mean dielectric (a) and piezoelectric
(b) coefficients on Tg for polydomain PTO films on Si, c-Al,O3,
LaAlOj;, SrTiO5; and MgO substrates

Using Egs. (7)—(9), we have performed numerical cal-
culations of the out-of-plane permittivity &35 and the out-of-
plane piezoelectric constant (ds3), as shown in Fig. 5a, b.
In the c¢/a/c/a structure the 90° domain wall contribution to
the permittivity and piezoelectric responses are large. The
out-of-plane polarization component Pj differs in sign in
the ¢ (nonzero) and a domains (zero), so the electric field
brings considerable driving force acting on the 90° domain
walls. The electric field E5 moves the 90° domain wall to
a domain, which alters volumes and polarizations of a and
¢ domains, so the extrinsic contribution from the 90°
domain wall displacements also supports the mean polar-
ization (P3) and strain (uz). Therefore, compared to the
PTO monodomain films on the same substrate [20], the
polydomain PTO films have the higher dielectric and
piezoelectric properties due to the 90° domain wall dis-
placements. For Si, StTiOs, c-Al,O3 and LaAlO; substrates
inducing in-plane tensile thermal stresses, which suppress

the polarization and the fraction of ¢ domains, with the
increase of Tg the dielectric and piezoelectric responses of
PTO films are enhanced. Whereas for PTO films on MgO,
compressive thermal stresses worsen the dielectric and
piezoelectric responses with increasing 7.

In the above calculations, we assume that the movement
of the domain walls are free without any energy barriers.
However, in reality the domain walls are pinned by the lattice
imperfections or defects, which hinder their movement and
reduce the extrinsic contribution [37, 38]. We also note that
the polydomain microstructures can relax thermal stresses
due to the TECs mismatch. So the extrinsic contribution to
physical responses will be zero in the case of completely
pinned domain walls, and in theory, our calculation places an
upper bound on the extrinsic contribution to the physical
properties. Beyond the motional extrinsic contribution from
domain walls, various reports have highlighted the potential
importance of a stationary or frozen contribution arising
from the response of the volume of the ferroelectric material
within the finite width of the domain walls to an applied
stimulus irrespective of any lateral displacements or defor-
mations of the wall [39-43]. The non-motional or stationary
domain wall contribution to ferroelectric susceptibility has
been proved to enhance the response [43]. Recent experi-
mental results have demonstrated that the 90° domain walls
displacements may extrinsically enhance the dielectric per-
mittivity for low defect density ferroelectric films [44]. And
phase—field simulations indicated that the dielectric constant
&33 has a larger value in tetragonal epitaxial ferroelectric
films subjected to tensile biaxial strain with a large volume
fraction of 90° domains [45]. These works are in good
agreement with our model.

4 Conclusion

The dependence of the physical properties on thermally
induced internal stress in polydomain PTO films on various
substrates was analyzed via Landau-Devonshire thermo-
dynamic model. Calculated results showed that the thermal
stress can tune the mean polarization, dielectric and
piezoelectric behaviors of polydomain PTO films remark-
ably. Compared to monodomain PTO films on the same
substrate, the polydomain ferroelectric films have higher
dielectric and piezoelectric properties due to the 90°
domain wall displacements. This model shows the power
of extrinsic contributions in enhancing dielectric and
piezoelectric responses.
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