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Table 1.  Corresponding material constants for the Landau free energy, the electrostrictive coefficients of three components

PZT thin films.

Coefficients PbZr,Tip 505

PbZr( 55Ti.4503 PbZr gTip 903

a1 /C2m*N 3.44 x 105(T — 456.38)
ai1 /C4mbN -3.05 x 107

a2 /C4mb-N 6.32 x 108

a111/C %m!N 2.47 x 108

ai12 /C SmO-N 9.68 x 108

aiz23 /CHmiO-N -4.90 x 107
Q11/C*m? 0.081
Q12/C*m* -0.024
Q44/C?*m* 0.032

1.45 x 105(T - 387.06)

2.71 x 105(T - 300.57)

5.83 x 107 3.13 x 108
1.82 x 108 -3.45 x 106
1.50 x 10® 4.29 x 108
6.88 x 108 1.81 x 10°
-3.24 x 10° —7.54 x 10°
0.094 0.056
-0.044 -0.017
0.040 0.026

K1 PZT BRI SRS MR I (a) S T7 A ARZE 15 (b) DUJ7 BREGARZE A ; (o) IEZSBRHIARSE M ; (d) 2507 gk A4 14

Fig. 1. Schematic of PZT ferroelectric structure: (a) Paraelectric cubic phase; (b) ferroelectric tetragonal phase; (c) ferroelectric

orthorhombic phase; (d) ferroelectric thombohedral phase.
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K2 (a)— (f) BT BE Ti R BEAR (2 = 0.8—0.2) PZT =4k A e, ¥ R m/ME, L OMRRERME; (99— () TH.

R/T IRAHH 5 R AH 4k H B s S BR8]

Fig. 2. (a)—(f) Free energy surface of PZT with the decrease of Ti composition (z = 0.8-0.2) at room temperature. Blue and red col-

or represents the minimum and maximum value respectively; (g)—(i) Schematic of double well potential of tetragonal phase (g),

mixed phase (h) and rhombohedral phase (i).
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x=0.48

K3 AL PZT W BETE A [) B i 2% B A2 R B W 45 44

Esub = —0.5%

(a)—(c) A MXFREF PZT (z = 0.8) MK ey, = 0, equ, = —0.5%,

Eqp = 0.5%; (d)—(f) 4 BIXF R T PZT (2 = 0.48) #ifif e, = 0, ey = 0. 5%, o = 0.5%; (g)—(h) 25 ¥ B T PZT (z =

0.2) Wi e, = 0, e = —0.5%, g, = 0.5%

Fig. 3. Domain structures of PZT (z = 0.8, z = 0.48, z = 0.2) thin film with different substrate biaxial misfit strain (e,
~0.5%, eqp, = 0.5%): (a)—(c) Domain structures of PZT (z = 0.8) thin films at ey, = 0, egp, = ~0.5%, e, = 0.5%; (d)—
structures of PZT (z = 0.48) thin films at ey, = 0, e, = ~0.5%, g, = 0.5%; (g)—(h) domain structures of PZT (z =

films at ey, = 0, g, = —0.5%, e, = 0.5%.
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Fig. 4. Hysteresis loops of PZT thin films with three Ti components at different substrate biaxial misfit strains (eg;, = + 0.1%,

+ 0.5%, + 1.0%), and P" and E" are normalized polarization and electric field: (a)—(c) The case of compressive strains; (d)—(f) the

case of tensile strains.
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Fig. 5. Normalized coercive field (E,"), saturation polariza-
tion (P,"), and remnant polarization (P,") as a function of
substrate misfit strain (gg,,), where three PZT ferroelectric
thin films with z = 0.8, 0.48 and 0.2 Ti component are con-
sidered: (a) Coercive field vs. strain; (b) saturation polariza-

tion vs. strain; (c) remnant polarization vs. strain.
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Table 2. Energy storage efficiency values of the
PZT thin films under different strains.

Energy storage efficienc n/%

sk PbZrysTipsO03 PbZr5Tip 4503 PbZrsTip»0;
-1.0 8.0 7.8 11.2
-0.5 12.0 17.4 18.7
-0.1 16.8 31.0 234
0.1 20.0 40.6 274
0.5 30.7 61.0 34.7
1.0 43.9 73.6 55.8
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Abstract

Ferroelectric domain structures and ferroelectric properties in the hetero-epitaxially constrained
ferroelectric thin films can be manipulated by substrate misfit strain. In this work, three kinds of phase
structures of PbZr(;_,Ti, O3 thin films, including tetragonal, tetragonal- rhombohedral-mixed and rhombohedral
phases, are investigated. Firstly, the ferroelectric domain structures at different substrate misfit biaxial strains
are obtained by the phase-field simulation. Then we calculate the polarization-electric field hysteresis loops at
different misfit strains, and obtain the coercive field, saturation polarization, and remnant polarization. In the
tetragonal PbZr;_,Ti,O3 (¥ = 0.8) thin film, compressive strain contributes to the formation of out-of-plane
cl/c2 domain, and tensile strain favors in-plane al/a2 domain formation. With the increase of compressive
strain, the tetragonal phase and the rhombohedral phase coexist in PbZry_,Ti,0O3 (z = 0.48) film near the
morphotropic phase boundary, while the tensile strain reduces the rhombohedral domain size. In the
rhombohedral PbZr;_,Ti,O3 (z = 0.2) film, the rhombohedral domains are steady states under compressive
strain and tensile strain. As the misfit strain changes from -1.0% to 1.0%, the value of the coercive field,
saturation polarization and remnant polarization decrease. Among them, for tetragonal-rhombohedral mixed
phase, the reductions of saturation field and remnant polarization are larger than for tetragonal phase and
rhombohedral phase. The coercive field of mixed phase decreases rapidly under the compressive strain, but
deceases slowly under the tensile strain. It is worth noting that the remnant polarization decreases faster than
the saturation polarization in three components of ferroelectric thin film. Due to the electromechanical coupling,
when z = 0.48 at the morphotropic phase boundary it is shown that the remnant polarization reduction is faster
than those of the other two types of ferroelectric thin films, and the small coercive field is obtained in the case
of large tensile strain. Therefore, tensile strain can effectively improve the energy storage efficiency in
ferroelectric thin films, and the efficiency of = 0.48 thin film increases significantly compared with that of z =
0.8 or 0.2 thin film. Both the ratio of rhombohedral/tetragonal phase and the domain size will play a significant
role in ferroelectric performance. Therefore, our results contribute to the understanding of the electromechanical
coupling mechanism of PbZr; ,Ti, O3, and provide guidance for the experimental design of ferroelectric

functional thin film materials.

Keywords: phase-field simulation, misfit strain, ferroelectric domain structure, hysteresis loops
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