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An evolved nonlinear thermodynamic theory is used to investigate the phase structures and electrome-
chanical properties of differently oriented Ko.5Nag.sNbOs thin films. It is revealed that notable distinc-
tions in the phase structure of Ky 5NagsNbOg thin films, with decreasing symmetry observed in the
order of (111), (001), and (110) orientations, and these microphase structural variances translate into
distinct electromechanical properties. Moreover, it is observed that the oriented Ko 5Nag sNbOgs thin
films exhibit commendable out-of-plane dielectric and piezoelectric properties around the specific phase
boundaries, such as Mgqc—Oaq and Te.~PE phase boundaries for (001) oriented films, Maac—Oqq and
Te.—PE phase boundaries for (110) oriented films, Rqae—PE phase boundary for (111) oriented films.
Specifically, near room temperature, the (001) and (110) oriented Ko 5NagsNbOg thin films outper-
form (111) oriented Ko.5Nag sNbOs thin films in terms of dielectric properties, featuring a dielectric
constant exceeding 2500. Furthermore, (001) oriented Ko.5Nag.5s NbOg thin films exhibit superior out-of-
plane piezoelectric properties compared to other orientations, with a remarkable piezoelectric coefficient
dss exceeding 1000 pm/V. These results underscore the significant impact of strain and temperature
regulation on electromechanical properties. Meanwhile, by strategically adjusting these parameters, it
becomes feasible to fabricate high-properties piezoelectric devices.
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1. Introduction

Ferroelectric materials are expected to become
candidates for the new generation of memory,
sensors, infrared detectors, and refrigerators due
to their excellent ferroelectric, piezoelectric, py-
roelectric, and electrothermal properties. Among
many ferroelectric materials, the lead-free mate-
rial potassium sodium niobate (K(;_,)Na,NbO3)
has attracted more attention [1]. With high piezo-
electric coefficients, dielectric constant, and Curie
temperature, the lead-free K(;_,)Na,NbO3 mate-
rials are expected to substitute mainstream ferro-
electric materials, such as lead zirconium titanate
(PbZr;Ti;—,03) [2]. In the process of producing de-
vices characterized by high efficiency, environmental
protection, lightweight, and miniaturization, ferro-
electric thin films have been widely used in micro-
electromechanical systems (MEMS), which mainly
rely on their excellent electromechanical proper-
ties. The effective methods to improve the elec-
tromechanical properties of the film mainly fo-
cused on strain engineering, domain engineering,
phase transition engineering, and doping [3]. Dur-
ing the growth process of thin films, the inter-
nal grains grow along certain specific orientations.
This type of growth is called preferred orientation
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growth, and commonly preferred orientations are
(001), (110), and (111). In thin films with differ-
ent preferred orientations, the misfit strain between
the substrate and the film is also different, lead-
ing to the discrepancy in electromechanical proper-
ties. Therefore, regulating the growth orientation
of thin films can change their electromechanical
properties, and it belongs to the category of strain
engineering.

The research on K(;_,)Na,NbOj thin films with
different preferred orientations mainly relies on ex-
perimental methods. Therefore, Kang et al. [4]
have fabricated K 5sNag 5sNabOj3 films with a thick-
ness of 320 nm on Pt (111)/SiO5/Si(100) sub-
strates by sol-gel method, and the crystal evo-
lution of thin films was studied by two different
annealing methods. The results showed that the
film prepared by K-excess precursor solutions ex-
hibits better ferroelectric properties than the Na-
excess solutions. Also, the K(;_;)Na,NbOj films
have been deposited by pulsed laser deposition
(PLD), and the electrical, dielectric, and ferroelec-
tric properties of K(;_;)Na;NbOs thin films were
investigated. The measured dielectric constant (~
531) of K(1_4)Na,NbO3 thin film was found to be
in agreement with the value reported in the lit-
erature [5]. Pradhan et al. [6] have investigated
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Fig. 1.

the time dependence of the domain relaxation
mechanism in K 5Nag sNbO3 thin films grown on
Lag.675r0.33MnO35/SrTiOs (001) substrates by a
scanning probe microscopy and observed that the
Ko.5Nag 5sNbOg3 thin films exhibit excellent charge
and domain retention.

In terms of theoretical research, the thermody-
namic theory has been widely used in simulat-
ing properties of ferroelectric thin films with pre-
ferred orientation. For example, Liu et al. [7] have
used the machine learning method to predict and
classify the temperature—misfit strain phase dia-
gram of (001) oriented K;_,Na,NbO3 (0 < z <
0.5) thin films, in which the prediction accuracy
has reached approximately 99%. Meanwhile, Bai et
al. [8] have investigated the electrocaloric effects
of (111) oriented Ko sNagsNbOs thin films and
found that the maximum electrocaloric AT ~ 18 K
appears near the phase boundary of ferroelectric—
paraelectric phase. Among the above research, it is
not difficult to find that there are few researchers us-
ing thermodynamic theory to study the electrome-
chanical properties of K(;_;)Na,;NbO3 thin films,
because the current research mainly focuses on sev-
eral materials, such as (1 —)Pb(Mg;/3Nby/3)O03 —
2PbTiO3, PbZr,Ti;_ .03, and BaTiO3 [9-12], how-
ever, its thermodynamic potential is limited to
sixth-order polynomials and not suitable for ma-
terials with eighth-order thermodynamic coeffi-
cients, such as BaZr,Ti;_,O3, Ba;_,Sr,TiO3, and
K(1-2)Na;NbO3, which greatly hinders the predic-
tion of the properties of K(;_,)Na;NbOj thin films.

In this article, the eighth-order thermodynamic
potential energy functions and the calculation
method for electromechanical properties of differ-
ently oriented ferroelectric thin films will be de-
rived by transforming order parameters, such as
stress, polarization, and electric field. Then, the
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The diagram of the thermodynamic theoretical framework for this research.

phase structures and electromechanical properties
of differently oriented K¢ 5Nag s NbOg3 thin films will
be studied. The results may provide a basis for the
experimental preparation of high-performance ca-
pacitors and sensors.

2. Thermodynamic theory

The thermodynamic potential energy and meth-
ods for the analysis of electromechanical properties
of (001) oriented ferroelectric thin films have been
established and well applied. So, in this study, the
phase structures and electromechanical properties
of (001) oriented Ko 5Nag 5NbOg thin films are ex-
plored using the methods described in [7]. Thus, we
only need to establish the thermodynamic potential
energy and method for calculating electromechani-
cal properties of (110) and (111) oriented ferroelec-
tric thin films. To achieve this purpose, we first es-
tablish the global coordinate system X (x1,x2,x3);
the z1, z2, and x3 in (110) oriented thin films are
along [001], [110], and [110] direction, while the x1,
x2, and x3 in (111) oriented thin films are along
[110], [112], and [111] direction, respectively. Note
that 1 and x5 are parallel to the film surface, and
x3 is perpendicular to the film surface.

2.1. Thermodynamic potential energies of (110)
and (111) oriented thin films

In this part, the potential energy of the (110)
and (111) oriented thin films will be deduced by
transforming the order parameters of the potential
energy of (001) oriented bulk materials and then
adding the misfit strain energy. To better explain
the subsequent derivation process, we have drawn
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a diagram of the thermodynamic theoretical frame-
work for this research, as shown in Fig. 1. The
specific description of the variables from Fig. 1 will
appear in the following text.

Based on Landau—Devonshire theory, considering
bulk ferroelectric material under isothermal condi-
tion, taking the polarization P, (1 = 1,2,3), stress

i
|

Substrate lattice

The schematic diagram of lattice mismatch for the film and substrate.

o, (n=1,2,...,6), and electric field E; (i = 1,2, 3)
as the order parameters, and using the crystal co-
ordinate system X'(x)2,24) as the reference frame
(where ] is along [100], zy is along [010], and xy is
along [001], respectively), the thermodynamic po-
tential energy of (001) oriented ferroelectric bulk
materials can be expressed as [13, 14]

G = oy (P{2+P2'2+P;2) Tony (P1'4+P2'4+P3:4> Toqo (P1’2P2’2+P2'2P;2+P1'2P;2)

+ai11 (P1,6+P2IG+P;;6) +o112 [Pl/g (P2/4+P3/,4) +P2,2 (P£4+P314) +P§;2 (P1/4+P2/4)} +a123P1/2P2/2P9:2
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oz (PP PP PP ) o (P PP+ P PP+ P PP

Sy

’ i

’ ’ ’
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2

2 (0;2+0é2+0232> — Q1 (0'/1P1/2+0'/2P2/2+0';P:;2)

~Quz [0 (P+P2) oy (PP+P2) 4o (PR2+P2)| - Qui (P Poos+ P Pic+PL Pior )

~P\E| ~ P,E, ~ P,

where Q7 are the electrostrictive coefficients, St
are the elastic coeflicients, a1, ayj, ovjk, and o
are dielectric stiffnesses. Note that the temperature-
dependent coefficient a; can be written as aq
(T — To)/(260C), in which Tj is the Curie temper-
ature, C' is the Curie constant, and ¢g is the per-
mittivity of free space. The corresponding thermo-
dynamic coefficients we used, such as a1, oj, ok
and k1, Qrs, and Sry, are shown in [15] and [16].

In order to calculate the thermodynamic poten-
tial of (110) and (111) oriented bulk materials, it
is necessary to transform the stress 0;, polarization
P/, and electric field E; under the crystal coordi-
nate system X’ in (1) to the corresponding global
coordinate system X. The conversion relationship
can be expressed as [9, 17]

P = (1% ' PE; = (T") "' B,

o, = (T" 1o, T",
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(1)

(

where the polarization P; (i = 1,2,3), stress o,
(n=1,2,...,6), and electric field E; (i = 1,2,3)
are in global coordinate system X, the superscript
“—1” represents the matrix inverse. The matrices
T* are as follows

0 0 1
o) _ | L _1
TOW = | 1], (3)
11
R
M1 1
v Y
am _ (1L 1 2
™U=1% % V| (4)
1 1 1
LV3 V3 VB

where T(119) and T represent the conversion
matrices of (110) and (111) orientation, respec-
tively. Then, substituting the converted polariza-
tion P;, stress 0,,, and electric field E; into (1), the
thermodynamic potential energy functions of (110)
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and (111) oriented bulk materials dependent on P;,
on, and E; can be obtained, denoted as G119 and
G | respectively.

For epitaxial thin films, the potential function is
also influenced by the misfit strain, resulting from
the lattice mismatch between the film and the sub-
strate, as illustrated in Fig. 2. Considering that the
thin film grows on a dissimilar cubic substrate and
the film surface is free, thus, the misfit strain is an
in-plane biaxial misfit strain, and the mechanical
boundary obeys the relationship: u; = us = Uy,
ug = 0, and o3 = 04 = o5 = 0, in which u,, =
(b — ag)/b, where ag and b are the lattice constants
of the thin films and substrate, respectively [18].
Thus, introducing the energy caused by the misfit

J

G(110)

strain, the thermodynamic potential energy of ori-
ented epitaxial thin films can be evolved by the Leg-
endre transformation [18-20]

GF =GF + U101 + U202 + UG, (5)

where k represents the orientation of (110) or (111),
respectively, while the stress o; (i = 1,2,6) and
strain u; (i = 1,2,6) can be derived by mechanical
boundary conditions: dG* /0o = —uy, OG* /0oy =
—ug, and OG¥/dog = —ug [21, 22]. Substituting
the solved oy, u;, and G* into (5), the thermo-
dynamic potential energy of (110) and (111) ori-
ented ferroelectric thin films can be derived, repre-
sented by G119 and GM'Y with the specific form as
follows

= ajP} + a3 Py + aiPE + i P!+ 3o Py + s Py + o PEPE + aj3s PEPE + a3, PEP3

+on11 PP + ogs (PS4 P§) + a112 Py (P5 + P5) + o33Py (Py + Ps) + 53 PEPY P}

u,zn (6511 — 6512 + 544)

+0‘§33P22P3?(P22+P32)+4

(S11 — S12) (S11 + 2512) + 2511544

+ G(8) — P E, — P,Ey, — P3E;3 (6)
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where G® represents the eighth order polynomial function of P;, P, and Ps, and its form is very cumber-
some and omitted, and

GUY = o (P12+P22)+Q§P32+04T1 (P12+P22)2+0‘§3P§1+0‘T3P32(P12+P22)+0‘§233P2P3(P22*3P12)

6u?
+GO4+G® 4 —m P FE, — P,Ey — PE 8
4811 +8815+ 8y, bAoA (®)
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where the omitted G® is also an eighth order poly- where g9 = 8.85 x 10712 C2/Nm?. The relationship

nomial function. between 1 and the potential energy G* of the thin
films is [21]
2.2. The calculation method of electromechanical 592Gk 82k 52¢k 9L
properties OP,0P, 0P,0P, 0P,0P;
82ék a2ék 82@1\“
_ . . 1= |oP,0P, 29P0P;, 9P,0P; : (11)
_ Notice that the thermodynamic potential energy 92k 923k 92k
G* of oriented thin films is a function of the polar- OP30P, OPs0P; 0OP30P3
ization P7 mlsﬁt strain Um s electric ﬁeld FE and tem- The piezoelectric Coeﬁicients dzn (’L = ]_7 27 3 and
perature T'. According to the principle of minimiz- n=1,2,...,6) can be written as [22]
ing potential energy, the equilibrium polarization . de,  Oe, de,, de,, .
components can be solved by setting appropriate n =98, ~ P, =5 N1 + OP, — i + aP;s —nig. (12)

external conditions, such as misfit strain u,,, tem-
perature T', and electric field F;. Thus, the phase
structures of the thin films can be predicted and
classified by the equilibrium polarization compo-
nents. Furthermore, its electromechanical proper- 3.1. Tnvestigating the phase structure

ties can be simulated, including dielectric and piezo- of differently oriented Ky 5Nag sNbO3 thin films
electric properties modulated by misfit strain. With
the determining equilibrium polarization compo-
nents, the dielectric constants ¢;; (¢, j = 1,2, 3) can

3. Results and discussion

Ferroelectric materials undergo significant
changes in their physical properties due to vari-

be evaluated by [21, 22 ations in their phase structure. Consequently,
gy =1+ @7 (10)  this study was initiated by examining the ph?use
€0 structure of Ky 5NagsNbOj3 films with varying
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Phase structure and polarization characteristics of differently oriented Ko.5Nag.sNbOs thin films.

TABLE I

Polarization components
Phase (001) orientation (110) orientation (111) orientation
Global system X
( tal Y ¢ X/)* Global system X Crystal system X’ Global system X Crystal system X’
or crystal system
PE P =Py =Py =0 P =Py=P3=0 P{:P;:Pé:o Pl =Py =P3=0 pl/:p;:P,;:o
Tec Py =Py =0,P3#0 Py #0, Pp=P3 =0 P{:Pé:o,\P;|7£0 - -
Raaa - - - Py} = Py =0, |Pg| #0 Pl/:Pé:P‘,;;éO
/ ’ ’7
Oua |Pl =Py #0], P3 =0 PL=Py=0,|P3| #0 ||Py|=|Py| #0, Py =0 -
P 0, Py =0, |P- 0 ’ ’ ’ ’ ’ /
Maac | 1P = P3| # 0, [Pg] #0 }Pﬂ Y 2 ;é'O‘T }js‘io [Pl = Py #£0, Py #£0| Py =0, [Pyl £0, [Pl 20 | |P|| = [Pyl #0, Py #0
7 T 7
[Pyl # [Py #0, |P | #0
Mapa - - - [Pyl #0, Pyl #0, [Pg] #0| 3 3 )
IP| # |Py| # 0, [Pyl #0
7 ’ ’
Trape - |PUI# |Pol # P3| #0 | [Py # [Pyl # [Pyl #0 - -

7
*Note that the (001) oriented thin films have the same polarization components in global system X and crystal system X .

orientations. Utilizing strain u,, (—2% < u,;, < 2%)
and temperature T (0 < 7' < 1000 K) as vari-
ables within the potential energy function, we de-
termined the polarization components in an equi-
librium state under the condition E; = 0. Subse-
quently, the equilibrium polarization components
were transformed into the crystal coordinate system
X', facilitating the classification of phase structures
based on their polarization characteristics. The re-
sultant strain—temperature phase diagram of dif-
ferently oriented Ky 5NagsNbOs films is depicted
in Fig. 3. Our findings revealed that the differently
oriented Kg 5Nag 5NbO3 thin films exhibited seven
distinct phase structures: paraelectric phase (PE),
tetragonal phase (Te.), rhombohedral phase (Raqa),
orthorhombic phase (O,,), two monoclinic phases
(Maae and Mgp,), and triclinic phase (T,qpc). The
specific polarization components in global system X
and crystal system X’ associated with these phase
structures are detailed in Table I. Note that the
same phase structures of differently oriented films
may not have the same polarization components in
the global system, resulting in differences in elec-
tromechanical properties.

Based on observations from Fig. 3a, it was in-
dicated that the (001) oriented Ko 5Nags;NbOs
thin films primarily featured a symmetrical phase
with equal in-plane polarization components, which
arises from the two-dimensional clamping effect re-
sulting from biaxial strain in the films. At ele-
vated temperatures, the phase structure of the (001)
oriented Ky 5Nag5NbOj3 film exhibited a paraelec-
tric phase. In the vicinity of room temperature,
the phase structures exhibited twice phase tran-
sitions, i.e., Te,~Mgqe and Myqe—Ogqq, and the in-
creased compressive strain led to the formation of
a stable orthogonal O,, phase, while tensile strain
induced the films to assume a stable tetragonal
Te. phase. Notably, Yang et al. [23] have con-
ducted the first-principles research on (001) ori-
ented Ko 5Nag 5 NbOg thin films and obtained phase
structures consistent with our findings. Moving on
to Fig. 3b, aside from the phase structures ob-
served in (001) oriented Ko 5NagsNbOs films, an

asymmetric phase with unequal polarization com-
ponents in the crystal coordinate system was iden-
tified as the triclinic Trg,. phase. The dissimilarity
in the impact of biaxial strain on the crystal axis
under the crystal coordinate system, despite the
similar biaxial strain under the global coordinate
system, gave rise to this asymmetric phase struc-
ture. At elevated temperatures, the (110) oriented
Ko.5Nag sNbO3 thin films still exhibited the PE
phase, while near room temperature, it underwent
the phase transition sequence of Ogq—Maae—Trape—
Mgyqc. Comparatively, the tetragonal Te. phase and
the orthogonal O, phase of (110) oriented thin
films occur in the opposite strain region, contrasting
with the (001) oriented Ky 5Nag sNbO3 thin films.
Furthermore, Gui et al. [24] conducted the first-
principles research on (110) oriented BaTiOg thin
films, which also identified the existing Oy, Trape,
and Mg, phases. Figure 3c highlights that the
(111) oriented Ko 5NagsNbOs film predominantly
exhibited three symmetric phases with interchange-
able polarization components in the crystal coordi-
nate system X', driven by the identical impact of
biaxial strain on all three crystal axes. Notably, the
Mgqe and My, phases coexisted in the strain region
and have equivalent energies. At elevated tempera-
tures, the (111) oriented Ko 5NagsNbOj film also
adopted a paraelectric phase. Additionally, it only
appears once a phase transition occurs near room
temperature, namely Rgaa—Maqe (0r Mypg). Inter-
estingly, the Curie temperature Ty of (111) oriented
Ko.5Nag sNbO3 thin films was substantially lower
than that of (001) and (110) oriented thin films.
For example, when the misfit strain u,, = —0.25%,
the Curie temperatures Tp of (111), (110), and (001)
oriented films are 692 K, 760 K, and 950 K, respec-
tively. Consequently, (111) oriented Kg 5Nag s NbO3
films are better suited for applications in ferroelec-
tric electronic components operating at lower tem-
peratures.

Generally speaking, differences in the phase
structure of Ky 5Nag 5sNbO3 thin films with varying
orientations exist, with symmetry decreasing in the
order of (111), (001), and (110). These differences
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stem from the distinct strain symmetries experi-
enced by the crystal axes when subjected to biaxial
strains, resulting in varying phase structures among
Ko.5Nag sNbOj3 films with different orientations.

3.2. The electromechanical properties of differently
oriented thin films

In this part, we will examine electromechanical
properties, including polarization, dielectric, and
piezoelectric properties of differently oriented thin
Ko 5Nag 5sNbO3 thin films under the misfit strain,
through the above-established potential functions
and calculation methods. Notice that the following
polarization components, dielectric constants, and
piezoelectric coefficients are in global coordinates
system X, which will facilitate the analysis of in-
plane and out-of-plane electromechanical coupling
properties.

In scenarios where the external electric field F; is
absent, the polarization components of differently
oriented Ky 5NagsNbOg thin films varying with
misfit strain at 7" = 300 K are displayed in Fig. 4.
As indicated in Fig. 4a, the in-plane polarization
components of (001) oriented Ko 5Nag sNbO3 thin
films obey the relationship P; = P», and there exist
only Te., Myqe, and Oy, phases in the strain range
of —2% < uy, < 2%. During the application of ten-
sile strain, the in-plane polarization components Py
and P, gradually increase while the external polar-
ization component P3; diminishes, while compres-
sive strain has the contrary effect. As can be seen
in Fig. 4b, the polarization vector of (110) oriented
Ko.5Nag sNbOj3 thin films gradually shifts from the
(110) direction to (110) plane during the transfor-
mation of misfit strain from compressive strain to
tensile strain. Especially the strain-induced phase
transformation of Mgqc—Trepe IS associated with
a mutation of the polarization component P; at
Uy, = —0.06%, indicating that it is of first-order.
Figure 3c underscores that M,,. and My, coexist
within the (111) oriented Ko 5Nag s NbOg3 thin films.
In order to effectively simulate the electromechan-
ical properties, we focused on the M,,. phase and
its polarization components in subsequent research,
as illustrated in Fig. 4c. At room temperature, the
(111) oriented Ko 5Nag s NbOg3 films experience the
Riuaa—Maace phase transition, constituting first-order
phase transition. Note that the polarization com-
ponent P, appears and gradually increases with
the increasing tensile strain, while the Ps; decreases
with the increase in tensile strain, which confirms
that tensile strain facilitates the in-plane polariza-
tion component and reduces the out-of-plane com-
ponent P3. Within the range of compressive strain,
the (111) oriented K¢ 5Nag s NbO3 thin films achieve
an improved out-of-plane polarization value, and
the (111) oriented K 5Nag sNbOj thin films consis-
tently exhibit a more stable out-of-plane polariza-
tion value compared to those with (001) and (110)
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Fig. 3. Strain-temperature phase diagram of dif-

ferently oriented Ko.5NagsNbOs thin films: (a)
phase diagram of (001) oriented films; (b) phase di-
agram of the (110) oriented film; (c) phase diagram
of the (111) oriented film.

orientation. These observations underscore the piv-
otal role of strain in regulating the polarization com-
ponents of differently oriented Ky 5Nag sNbO3 thin
films. The strain-induced deformation within the
crystal structure of the films results in a shift of
the charge center within the crystal, thereby en-
gendering changes in polarization. These changes
in polarization, in turn, manifest as variations in
electromechanical properties.
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The properties of dielectrics significantly impact
the energy storage capabilities of thin film devices,
with the effectiveness of dielectric properties hing-
ing on the magnitude of the dielectric constant.
Thus, we calculate the dielectric constant £33 for
differently oriented Ky 5Nag 5NbOg thin films as a
function of misfit strain and temperature, as shown
in Fig. 5a—c. Simultaneously, the dielectric constant
curves of differently oriented Kg5NagsNbOg thin
films varying with the misfit strain at 7' = 300 K
are displayed in Fig. 5d—f. Figure 5a highlights that
the (001) oriented K¢ 5NagsNbOs thin films ex-
hibit a superior out-of-plane dielectric response at
the phase boundary of M,,.—0O,, and Te.—PE. Near
room temperature, the in-plane dielectric constants
€11 and e99, along with the out-of-plane dielectric
constant £33 of the Ky 5NagsNbOgs thin films, at-
tain their maximum values at the phase transfor-
mation points of Te.~Mg4. and Myq.—Oqq, respec-
tively, as shown in Fig. 5d. The resulting slope of Ps
is discontinuous at the M,,.—O,, phase boundary,
while the slopes of P; and P, are discontinuous at
the Te.—M,q. phase boundary, as shown in Fig. 4a.
In Fig. 5b, the (110) oriented Ky 5Nag sNbO3 thin
films demonstrate a superior out-of-plane dielectric
response at the phase boundary of O,,—PE and
Trope—Mgae.- On the other hand, the in-plane di-
electric constants €17 and €99, alongside the out-
of-plane dielectric constant e33 of (110) oriented
Ko.5Nag5sNbO3 thin films, reach their maximum
values at u,, = —1.1%, u, = —0.06%, and wu,, =
0.7%, respectively, as depicted in Fig. 5e. Similarly,
these maximal dielectric responses are also obtained
at discontinuous phase transition points. Figure 5c
reveals that the (111) oriented Ko 5Nag 5NbO3 thin
films show a commendable out-of-plane dielectric
response at the R,,,—PE phase boundary. Near
room temperature, due to the existence of only
one phase transition, the in-plane dielectric con-
stants €11 and €99, along with the out-of-plane di-
electric constant £33, exhibit the enhanced dielectric
responses near the phase boundary of Ryue—Maac,
as indicated in Fig. 5f. It is indicated that dielec-
tric peaks appear at u,, = —0.07%, and there is
inconspicuous dielectric response within the tensile
strain range, resulting from the lack of phase tran-
sitions. Comparing the dielectric constant e33 of
the three differently oriented Ky 5Nag 5NbOg thin
films, it is noted that the dielectric values range
from 100 to 500 in most regions, which closely align
with experimental measurements [25]. Further com-
parison shows that the (001) and (110) oriented
Kg.5Nag sNbO3 thin films exhibit excellent dielec-
tric properties near the phase transition point at
room temperature, featuring a dielectric constant
exceeding 2500, surpassing the dielectric constant
of (111) oriented Ko 5NagsNbOgs thin films. These
are also caused by the large variation in the po-
larization slopes of the (001) and (110) oriented
thin films near the phase transition boundary. In
Fig. 5ef, it is demonstrated that (001) and (110)
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Fig. 4. The polarization components of differently

oriented Ko 5NagsNbOgs thin films varying with
misfit strain at 7' = 300 K; (a) polarization compo-
nents of (001) oriented films; (b) polarization com-
ponent of the (110) oriented films; (c) polarization
component of the (111) oriented films.

oriented K 5Nag sNbOj3 thin films generally exhibit
enhanced in-plane dielectric properties within the
compressive strain and improved out-of-plane di-
electric properties within the tensile strain. These
findings underscore the effectiveness of strain reg-
ulation in modulating the dielectric properties of
differently oriented Ko 5Nag 5NbOg thin films.

In the following analysis, we explore piezoelectric
properties of differently oriented KgsNagsNbOg
thin films, thus, the gradient diagrams of the
piezoelectric coefficient ds3 concerning strain and
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(a—c) The dielectric constant €33 of differently oriented Ko.5Nag.sNbO3 thin films as a function of

misfit strain and temperature. (d—f) The dielectric constant curves of differently oriented K¢.5Nag.sNbOg thin
films varying with the misfit strain: (a) and (d) for (001) orientation; (b) and (e) for (110) orientation; (c¢) and

(f) for (111) orientation.

temperature variations are presented in Fig. 6a—c.
Additionally, the piezoelectric coefficients di5 and
dssz of differently oriented K 5Nag 5sNbO3 thin films
varying with the misfit stain at 7' = 300 K are
shown in Fig. 6d—f. Figure 6a reveals that the
(001) oriented Kg5NagsNbOjs films exhibit su-
perior out-of-plane piezoelectric response at the
boundary of Myu.—O4 and Te.~PE. Near room
temperature, the (001) oriented Kg5NagsNbOs
thin film displays a substantial in-plane piezoelec-
tric response near the Te.~M,,. phase boundary
and a more pronounced out-of-plane dielectric re-
sponse near the M,,.—O., phase boundary, as in-
dicated in Fig. 6d. In Fig. 6b, the (110) oriented
Ko 5NagsNbO3 film demonstrates an enhanced
out-of-plane piezoelectric response near O,,—PE,
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Maac—Trape, and Trgpe—Mgqe phase boundaries. At
T = 300 K, the piezoelectric coeflicient dq5 of
(110) oriented Kg5NagsNbOj3 thin films exhibits
a substantial piezoelectric response near the Ogq—
Mgqe phase boundary and an improved piezoelec-
tric coefficient dsz near the Tr,p.—Mgq. phase tran-
sition point, as shown in Fig. 6e. In Fig. 6c, it is
indicated that the (111) oriented Ko 5NagsNbOs
thin films achieve a robust external piezoelec-
tric response at the transition boundary Rgqq—
PE. Near room temperature, the (111) oriented
Ko.5Nag 5sNbOj3 thin films experience only one phase
transition Ryqq—Maae, and their piezoelectric coef-
ficients dy5 and dsz exhibit substantial piezoelec-
tric responses, as depicted in Fig. 6f. Upon com-
paring the piezoelectric properties of three oriented
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for (111) orientation.

thin films, we observed that the piezoelectric co-
efficients ds3 in most regions varying with misfit
strain and temperature fall within the range of
25-75 pm/V, which closely align with experimen-
tal measurements [26—-28|. Notably, near room tem-
perature, the out-of-plane piezoelectric properties
of (001) oriented K¢ 5NagsNbOg3 thin films signifi-
cantly outperform that of (110) and (111) oriented
Ko.5Nag sNbO3 thin films, with the piezoelectric
coefficient ds3 exceeding 1000 pm/V. Both (110)
and (001) oriented Ko 5NagsNbOj3 thin films ex-
hibit superior in-plane piezoelectric properties com-
pared to (111) oriented Ky 5Nag sNbO3 thin films,
with the piezoelectric coefficient dy5 surpassing
2000 pm/V. Similarly, the (001) and (110) oriented
Ko.5Nag sNbO3 thin films generally exhibit superior
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in-plane piezoelectric properties within the com-
pressive strain region and enhanced out-of-plane
piezoelectric properties within the tensile strain
area. Thus, this underscores the significant influence
of strain and temperature regulation on piezoelec-
tric properties, paving the way for the fabrication
of devices with high piezoelectric properties by ma-
nipulating these parameters.

4. Conclusions

In summary, the eighth-order thermodynamic po-
tential energy function and the method of elec-
tromechanical properties for differently oriented
Ko.5Nag sNbO3 thin films have been deduced by
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using the thermodynamic theory, and then the
phase structures and electromechanical proper-
ties of differently oriented Ky s5NagsNbOs thin
films have been investigated. Our findings re-
veal notable distinctions in the phase structure of
Ko.5Nag sNbO3 thin films, with decreasing sym-
metry observed in the order of (111), (001), and
(110) orientations, and these microphase structural
variances translate into distinct electromechanical
properties among the orientations. Moreover, it is
observed that differently oriented Ky sNagsNbO3
thin films exhibit commendable dielectric and piezo-
electric properties within specific phases. Specif-
ically, (001) and (110) oriented K0,5Na0,5Nb03
thin films consistently demonstrate superior in-
plane dielectric and piezoelectric properties within
the reasonable compressive strain and enhanced
out-of-plane dielectric and piezoelectric proper-
ties within the reasonable tensile strain. Near
room temperature, the (001) and (110) oriented
Ko.5Nag sNbO3 thin films outperform (111) ori-
ented Ko 5Nag 5sNbOg3 thin films in terms of dielec-
tric properties, featuring a dielectric constant ex-
ceeding 2500. Furthermore, (001) and (110) ori-
ented Ko 5NagsNbOj3 thin films excel in in-plane
piezoelectric properties, with their piezoelectric
coefficient di5 reaching a peak value exceeding
2000 pm/V. Notably, (001) oriented Ko 5Nag s NbO3
thin films exhibit superior out-of-plane piezoelec-
tric properties compared to other orientations, with
a remarkable piezoelectric coeflicient dz3 exceed-
ing 1000 pm/V. These results underscore the sig-
nificant impact of strain and temperature regula-
tion on electromechanical properties. Meanwhile, by
strategically adjusting these parameters, it becomes
feasible to fabricate devices with high piezoelectric
properties.
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