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ARTICLE INFO ABSTRACT

Keywords: Ferroelectric/antiferroelectric thin/thick films with large electrocaloric (EC) effect in a broad operational
Electrocaloric temperature range are very attractive in solid-state cooling devices. We demonstrated that a large positive
Antiferroelectric electrocaloric (EC) effect (maximum AT ~ 20.7 K) in a broad temperature range (~ 110K) was realized in
REI.aX?r Pbo.o7Lag.02(Zr0.65SN0.3Tig.05)03 (PLZST) relaxor antiferroelectric (AFE) thin film prepared using a sol-gel
Fsrzlllgglm method. The large positive EC effect may be ascribed to the in-plane residual thermal tensile stress during the

layer-by-layer annealing process, and the high-quality film structure owing to the utilization of the LaNiO3/Pt
composite bottom electrode. The broad EC temperature range may be ascribed to the great dielectric relaxor
dispersion around the dielectric peak because of the coexistence of nanoscale multiple FE and AFE phases.
Moreover, a large pyroelectric energy density (6.10 Jem %) was harvested by using an Olsen cycle, which is
much larger than those (usually less than 10~ Jem ™) obtained by using direct thermal-electrical, Stirling and
Carnot cycles, etc. These breakthroughs enable the PLZST thin film an attractive multifunctional material for

applications in modern solid-state cooling and energy harvesting.

1. Introduction

Recently, more and more research attentions have been drawn to
the electrocaloric (EC) refrigeration based on the EC effect in ferro-
electric/antiferroelectric (FE/AFE) thin/thick films [1-4], which is re-
garded as a potential competitive solid-state refrigeration technology
with wide applications in electronic devices such as computers and cell
phone [5-10], etc. EC effect is represented by an induced change in the
adiabatic temperature (AT) or isothermal entropy (AS) of a polarizable
dielectric material upon the application or withdrawal of an electric
field [2,3,11]. Compared to the rapid development of magnetic re-
frigeration based on the magnetocaloric (MC) effect [1,12], EC re-
frigeration is hardly progressed at all for a long time in the past since
only a small AT (2.5K) and AS (0.2JK™* kg~ ) can be observed [13]
due to the restriction of low dielectric breakdown strength (usually less
than 100 kVem ™ 1) in bulk ceramics. However, EC refrigeration has the

* Corresponding authors.

potential to be a more viable candidate as electric fields are easier to
achieve and contemporary known magnetocaloric materials require
substantial magnetic fields (> 1 T) to operate [14].

In 2006, Mischenko et al. reported a giant EC effect (AT = 12K and
AS =8JK ! kg™ 1) in the AFE PbZrg osTig 0505 (PZT) thin film [3],
which is near the AFE to paraelectric (PE) phase transition temperature
(Tc = 500K). Triggered by Mischenko's research work, a lot of theo-
retical and experimental studies in various FE/AFE bulk and film sys-
tems have been conducted and have revealed the existence of two EC
effects, i.e., the normal (positive) (AT > 0) and anomalous effects
(negative) (AT < 0). For positive EC effect, it is generally believed that
large AT can be obtained near the Curie temperature (Tc), as reported
by Mischenko et al. However, large positive EC effect can also be
achieved at a AFE/FE phase transition temperature rather than near the
Tc, such as large AT ~ 45.3K at 17°C and 598kV cm~ ! in
Pbg gBag »ZrO5 thin film (320 nm in thickness) [11], and 53.8K at 5°C
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in Pbg.g7Lag 02(Zro 755n0.18Tip.07)O3 thick film (2 pm in thickness) [4],
etc. Compared to the large AT values obtained in the positive EC effect,
the absolute value of the AT observed in negative EC effect is smaller,
such as AT -576K at 59°C and 338kVem™' in
PboA97LaoAoz(zroAgsTivos)o‘g thin film (650 nm thiCkneSS) [15], AT ~
—6.62K at 130°C and 709kVem ™! in PbgogEug 04ZrO; thin film
(550 nm thickness) [16], and AT ~ —10.8K at 175°C and 3260
kVem ™! in Hfy 5Zrq 50, thin film (9.2 nm thickness) [17], etc. Usually,
the origin of a negative EC effect can be traced to the non-collinearity
between the electric field and the polarization [15,18-21]. Researchers
also believe that a high cooling efficiency can be achieved upon the
combination of the positive and negative EC effects. For example, Li
et al. suggested that the 180° domain structure of PbTiO3 can be utilized
as a combined nano-laminate structure to include positive and negative
EC materials [22]. As a result, the combination of positive and negative
EC effects in thin films can complete the cooling process in one step
with a sustained applied electric field in the cooling process [17,23],
leading to a high cooling efficiency.

However, in addition to the required large AT value and high
cooling efficiency in positive/negative EC effects, a broad operational
temperature range is also required for practical commercial application
in cooling devices. Although the maximum AT value in EC effect is
large, the operational temperature range is usually narrow, such as the
full width at half maximum value of AT (FWHM,7;) ~ 10K in the
Pbg gBag »ZrO; thin films [11], and the FWHM,;r ~ 25K in the
Pby.g7Lag.02(Z1¢ 7551018 Tip.07)O03 thin films [4]. The refrigeration in-
dustry would require the FWHM, 7 to span over more than 50 K, which
is unlikely to ever be achieved in classical ferroelectrics [24].

In this work, we report a large positive electrocaloric (EC) effect
(the maximum AT ~ 20.7 K) in a broad temperature range (FWHMur ~
110 K) in relaxor Pbo'97L30'02(Zr0'658n0.3Ti0_05)03 (PLZST) thin film
deposited on a LaNiO3/Pt composite bottom electrode. The composition
of PLZST thin film is designed to locate at a morphotropic phase
boundary (MPB) with a coexistence of nanoscale tetragonal AFE and
orthorhombic AFE phases [25], as shown in Fig. 1a). The large AT and
FWHM, are attributed to the in-plane residual thermal tensile stress
produced during the layer-by-layer annealing process and the great
dielectric relaxor dispersion around the dielectric peak because of the
coexistence of nanoscale multiple FE and AFE high temperature phases,
respectively. Moreover, a large pyroelectric energy density
(6.10 Jem ~3) is also harvested by using an Olsen cycle. These break-
throughs make the materials very attractive for practical applications in
cooling devices and other multifunctional devices.

2. Materials and methods
2.1. Fabrication of PLZST

PLZST thin films were prepared by using a sol-gel method as shown
in Fig. Sla). Pb(CH3COO), with 20% excess Pb, Sn(CH3COO),4 and La
(OC,Hs)3 were dissolved in 110 °C glacial acetic acid. Simultaneously,
Zr(OC3H7)4 and Ti(OCH(CHj3),)4 were dissolved in a mixture of glacial
acetic and CH3COCH,COCHj3; at room temperature. The Pb/Sn/La and
Zr/Ti solutions were then mixed and stirred for 30 min at 80 °C. After
that, appropriate additives (lactic acid, 1-propyl alcohol and water)
were added into the mixed Pb/Sn/La/Zr/Ti solution. The final con-
centration of the PLZST precursor solution was 0.3 M. After the pre-
cursor solution was aged for 24 h, the PLZST thin films were deposited
on several different bottom electrodes that were rinsed with acetone
and ethanol. These electrodes include Pt(111)/TiO,/SiO5/Si(100) (ab-
breviated as Pt) electrode, LaNiO3/Pt(111)/TiO,/SiO5/Si(100) (abbre-
viated as LaNiO3/Pt) composite electrode and LaNiO3/Si(100) (abbre-
viated as LaNiOs) electrode. The PLZST thin films were prepared by
layer-by-layer (A-type) and multiple layer (B-type) annealing modes,
respectively. For the A-type mode (see the route guided by the red ar-
rows in Fig. Sla), each layer of film was spin-coated at 5000 rpm for
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Fig. 1. (a) The phase diagram of the Pbg g97Lag 02(Zr,Sn,Ti)O3 system [25]. (b) XRD
patterns of Pbg g7Lag 02(Zr.655n0.3Ti0.05)03 (PLZST) thin films with A-type and B-type
annealing modes on Pt, LaNiO3 and LaNiO3/Pt bottom electrodes. FE: ferroelectric, AFE:
antiferroelectric, T: tetragonal, O: orthorhombic, R: rhombohedral, HT: high temperature,
LT: low temperature.

30s. Every wet film was first dried at 150 °C for 3 min and then pyr-
olyzed at 450 °C for 3 min on hotplates, and finally was annealed in a
tube furnace at 700 °C for 3 min in air. The above process was repeated
for 8 times. In B-type mode (see the route guided by the blue arrows in
Fig. S1a), the coating, drying and pyrolyzing process were repeated for
8 times first. Then the PLZST thin film was obtained by annealing at
700 °C for 30 min (rather than 3 min) to ensure full crystallization. The
final film thickness was about 420-480 nm, depending on the types of
bottom electrodes and the annealing mode of deposition.
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2.2. Fabrication of LaNiO3/Pt and LaNiO3/Si bottom electrodes

LaNiO3/Pt and LaNiO3/Si bottom electrodes were prepared by using
a sol-gel method as shown in Fig. S1b). Ni(CH3COO), and La(NOs)3
were dissolved in a mixture of glacial acetic acid, water and formamide
(CH3NO) at room temperature. The final concentration of the LaNiO3
precursor solution was 0.3 M. After the precursor solution was aged for
24 h, LaNiO;3 thin film with 6 layers was deposited on Pt(111)/TiO,/
Si0,/Si(100) and Si(100) substrates by using A-type annealing mode.

2.3. Characterization

The crystallinity of the PLZST thin film was monitored by X-ray
diffraction (XRD; Rigaku 9kW Smartlab, Tokyo, Japan). The cross-
sectional morphology of the film was examined by scanning electron
microscopy (SEM, FEI Sirion 200). The microstructure of the film was
studied by transmission electron microscopy (TEM; JEOL JEM-2100F).
For measurement of the electrical properties, Au/Cr top electrodes with
a diameter of 150 um (Fig. S2) were deposited by RF magnetron sput-
tering using a shadow mask. Dielectric permittivity measurement was
carried out using an impedance analyzer (E4980A, Agilent) with a
perturbation voltage Vac = 100 mV. Polarization-electric field (P—E)
hysteresis loops were obtained by means of a ferroelectric tester (Pre-
cision Premier II, Radiant Technologies Inc., Alpharetta, GA). Electrical
resistivity of bottom electrode was measured by a four-point-probe
meter. All samples were measured with top-to-bottom electrode con-
figuration. The temperature of the sample was controlled by a thermal
controller (THMSG600, Linkam) with an accuracy of 0.1 °C.

3. Results
3.1. Structure

X-ray diffraction (XRD) patterns of Pbg g,Lag.02(Zrg.65510.3Ti0.05)03
(PLZST) thin films at a morphotropic phase boundary (MPB) with the
coexistence of AFEr and AFEq (red dots in Fig. 1la) are shown in
Fig. 1b). All thin films exhibit good crystallinity and pure perovskite
phase. For simplicity, the diffraction peaks are indexed using the
pseudo-cubic structure rather than the orthorhombic or tetragonal one.
The film deposited on Pt bottom electrode with A-type annealing mode
exhibits a weak (100)-preferred orientation (black curve). In addition to
the (100)-preferred peak, the (111) peak can also be observed, which is
broadened and split into two obvious peaks (0(042/202) and O(230/
212)) (see black arrows), indicating the existence of the orthorhombic
AFE phase. The thin film deposited on LaNiO3 bottom electrode with A-
type annealing mode exhibits a strong (100)-preferred orientation (red
curve). The (200) peak is broadened and split into two visible peaks
(T(002) and T(200)) (the ratio of c/a ~ 1.03), indicating the existence
of the tetragonal AFE phase. The thin film deposited on LaNiO3/Pt
composite bottom electrode with A-type annealing modes exhibits a
strong (100)-preferred orientation (blue curve) with a strong partner of
(111) peak. Different to the (100)-preferred orientation in those thin
films with A-type annealing modes, the thin film deposited on LaNiO3/
Pt composite bottom electrode with B-type annealing mode exhibits a
random orientation (green curve). The above results show that the
composition of PLZST thin film is indeed located at the MPB with a
coexistence of AFEr and AFEq [25].

The cross-sectional SEM of the thin film deposited on the Pt bottom
electrode with A-type annealing mode shows disordered growth of
nanocrystals (Fig. 2a)). Columnar-like texture which usually will ap-
pears in lead-based thin films deposited on Pt/TiOx/SiO5/Si substrate
with the layer-by-layer annealing mode [26] cannot be observed. In-
stead, a large number of micro cracks are visible on the corresponding
film surface (Fig. 2b)) because of the poor adhesion of the Pt electrode
to the TiOx/SiO,/Si substrate at high temperature (> 650 °C). Also a
large number of hillocks generated by the compressive stress [27] can
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also be detected (Fig. S2a)). The emerging of hillocks usually cause
large leakage current, resulting in a deterioration of the performance of
the thin film capacitor, especially at operating conditions of high
temperature and high electric field. Compared with the disordered
growth of nanocrystals in the thin film deposited on the Pt electrode, a
highly (100)-preferred ordered columnar-like texture is visible
(Fig. 2¢)) for the thin film deposited on the LaNiO; electrode with A-
type annealing mode. No obvious micro cracks except some ultra-fine
cracks can be observed on the surface (Fig. 2d)). A highly ordered co-
lumnar-like texture can also be obtained (Fig. 2e)) for the thin film
deposited on the LaNiO3/Pt composite electrode with A-type annealing
mode. Particularly, crack-free surface (Fig. 2f)) bearing an embryo ro-
sette structure [11,28] can be observed, which indicated that the
LaNiO3/Pt composite electrode is beneficial to obtain crack-free struc-
ture. However, only a random ordered rosette structure [11,28] is ob-
tained in the thin film deposited on the LaNiO3/Pt composite electrode
with B-type annealing mode (Fig. 2g) and h)). It should be noted that
the surface color filtered optical microscope images of the top elec-
trodes, no matter in the film deposited on LaNiOs; electrode or in those
deposited on LaNiO3/Pt composite electrode with A-type or B-type
annealing modes, all images look smooth and clear as shown in Fig.
S2b) rather than rough and fuzzy as shown in Fig. S2a), where the film
is deposited on Pt bottom electrode directly. It reveals that the utili-
zation of LaNiO3 oxide conductive layer can help inhibit the formation
of hillocks.

Fig. 3a) shows the cross-sectional TEM image of the PLZST thin film
deposited on the LaNiO3/Pt composite electrode with A-type annealing
mode. It can be found that the PLZST thin film with a thickness of about
430 nm is uniform, homogeneous, and crack-free. Nanocrystals with an
average grain size of 10 nm are clearly visible in an enlarged image
(inset of Fig. 3a)). Inside of some nanocrystals, lamellar nanodomains
with ~ 1 nm width (the red dotted circle) can be observed. Fig. 3b)
shows the corresponding cross-sectional high-resolution transmission
electron microscope (HRTEM) image of the enlarged part of the thin
film. Two adjacent laminar domains are clearly visible, as marked by
the letters A and B. The Fourier transform patterns of the HRTEM image
of the two adjacent laminar domains are shown in the inset of Fig. 3b).
It can be found that each of the fundamental reflections is satellited by
two superlattice reflections (the blue or red dots in pairs) with diffused
steaks, indicating the existence of the incommensurately modulated
polar structures [25]. These incommensurate modulated polar struc-
tures are believed to originate from the competition between anti-
ferroelectric and ferroelectric coupling [25], and such interaction can
be strengthened by doping of La. They often play an important role in
the electric and mechanical properties of materials.

3.2. Dielectric properties

Fig. 4 shows the temperature dependence of the relative dielectric
permittivity (¢(T)) and the dielectric loss (tan §(T)) of PLZST thin films.
The thin film deposited on the Pt electrode with A-type annealing mode
exhibits the highest value of dielectric permittivity (¢ = 465) with a
moderate value of dielectric loss (tan 8 = 0.023) at room temperature
(Fig. 4a)). By contrast, the thin film deposited on the LaNiO; electrode
with A-type annealing mode exhibits the highest value of dielectric loss
(tan 8 = 0.052) with a moderate value of dielectric permittivity (¢ =
391) (Fig. 4b)). By using the LaNiO3/Pt composite electrode, the thin
film with A-type annealing mode exhibits a moderate value of dielectric
permittivity (¢ = 423) with a moderate value of dielectric loss (tan &
= 0.026) (Fig. 4c)). In view of the XRD analysis, the difference in di-
electric permittivity among these thin films may be resulted from their
different spontaneous polarization directions ([110] and [001] for
AFEq and AFEr phases, respectively). The thin film deposited on the
LaNiO3/Pt composite electrode with B-type annealing mode exhibits
both the lowest value of dielectric permittivity (¢ = 226) and the
lowest value of dielectric loss (tan § = 0.019) (Fig. 4d)). Differences in
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Fig. 2. Cross-sectional and the corresponding surface SEM images of PLZST thin films. (a), (b) A-type on Pt electrode. (c), (d) A-type on LaNiOj electrode. (e), (f) A-type on LaNiO3/Pt

composite electrode. (g), (h) B-type on LaNiO3/Pt composite electrode.

dielectric properties between the A-type and B-type thin films are
possibly ascribed to their preferred orientations and the phase struc-
tures which will be discussed later. It can be seen that all thin films
exhibit prototypical relaxor characteristics, namely, both the

temperature (Ty,) of dielectric permittivity maximum and the tem-
perature (T2) of maximum dielectric loss shift towards higher tem-
perature with increasing frequency [29,30]. Meanwhile, dielectric
dispersion appears around the T,,, whereas the maximum values of
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Fig. 3. (a) Cross-sectional TEM image of the PLZST thin film with A-type annealing mode
on LaNiO3/Pt composite bottom electrode. Inset: magnified part of the thin film. (b)
Cross-sectional HRTEM image of two adjacent laminar domains. Inset: the corresponding
Fourier transform pattern. The blue or red dots in pairs: superlattice reflections.

Nano Energy 47 (2018) 285-293

dielectric loss increases with increasing frequency. The dielectric re-
laxation behavior of thin films around the T, can be well described by
the Lorentz-type empirical relation, g4/e=1+(T-T4)?/28,% [31,32], as
shown by the colored dotted lines in Fig. 4a) to d). The parameter §,
reflects the relaxor diffuseness of the dielectric peak. The greater the
relaxor dispersion, the larger the &,. The Lorentz fitting parameters 5,
around Ty, (at 10 kHz) for the thin films deposited on the Pt, LaNiOs,
and LaNiO3/Pt composite electrodes with the A-type annealing mode
are 107.9, 143.1 and 120.2 respectively. It is found that the 4 of thin

films are negatively linked to their electrical conductivity
LaNiO3,119Q LaNiO3/Pt, 5.0Q Pt 150 : ;
(Gelectric < electric < O electric ) by comparison with the

electrical resistivity chart (Fig. S3d)) of the bottom electrodes. The
smaller the electrical conductivity is, the larger the &, is. It has been
well known that the electrical conductivity of the LaNiO3 oxide elec-
trode tends to decrease with increasing temperature and the Ohm
contact between the bottom electrode and the thin film will get worse.
Therefore, it can be inferred that the worse Ohm contact may be re-
sponsible for the large relaxor dispersion of the thin film deposited on
the LaNiO;3 electrode, and also the large frequency dispersion of the
dielectric permittivity (& ku,-€1muz), as well as the upward shift of the
permittivity on the high temperature side of the weak dielectric peak, as
shown in Fig. 4b). The &4 of the thin film deposited on the LaNiO3/Pt
composite electrode with the B-type annealing mode is only 101.1,
which is smaller than that (120.2) of the A-type thin film. The smaller
04 in the B-type thin film may be ascribed to its random orientation and
the unique phase structure (coexistence of AFE and FE phases induced
by thermal stress during the process of deposition). Detailed discussion
about the phase structure will be available in the subsequent parts of
this article. The deviations between experimental and theoretical values
(Lorentz extrapolation) on the low-temperature sides of all dielectric
peaks may be attributed to the coexistence of AFEy and AFEq phases in
PLZST thin films, similar to the case of (Pbg gBag )ZrO5 thin films [26].
The coexisted AFEt and AFEq phases in the PLZST thin films at room

a) 900 =10 P)ooo =10
| f | [Zommimo |
700 r 700 -
L 1 ] L 1
Ew F
w 500 [ c 500+ . w0
10 kHz to 1M Hz P8 10 kHz to 1M Hz - <
] 0.1 ] L 0.1 +
300 E 300 E
100 +————1——7——7——7——7—+ 0.01 100 +————1—+——1——1—+—7——7+ 0.01
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T(°C) T (°C)
©) 900 =10 9 ooo - 10
] A-type on LaNiO /Pt ' F J ‘ B-type on LaNiO /Pt ' 3
700 + r 700 -
i E 1 i E 1
S F
500 C e w 500+ f =
] "™ 10 kHz to 1M Hz 8 1 a
0.1 L 0.1+
300 E 300 E
100 +————7—+—1——7—+—1——7—+ 0.01 100 +————1—+—7——1—+—7——7+ 0.01
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (°C) T(°C)
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temperature transform gradually into the FEr phase with increasing
temperature (Fig. S4 and Fig. 1a)), and finally evolved into Pseudo-
cubic or cubic phases. As a result, the AFEt, AFEq and FER phases are
believed to coexist around the diffused dielectric peak. The coexistence
of multiple phases may be responsible for the large relaxor dispersion in
the PLZST thin films.

3.3. Electrocaloric effect

To assess the EC effect in PLZST thin films, the P-E loops at 10 kHz
were measured at a step of ten degrees in the temperature range be-
tween 20 and 270 °C. To avoid dielectric breakdown, a safety electric
field playing an important role in obtaining a large AT is applied
[33,34], which is far below the mean dielectric breakdown strength
(DBS) estimated by the Weibull distribution, as shown in Fig. S5. For
example, the DBS of the thin film deposited on the LaNiOs;/Pt compo-
site electrodes with the A-type annealing mode is about 2436 kVem ™ ?,
much higher than 1092 kVem ™! (the safety electric field applied). Re-
presentative P-E loops are shown in Fig. 5a), c), 5e), and g). It is noted
that the polarizations of the thin films are related to the films’ or-
ientations depended on the types of the bottom electrodes and the
annealing modes. The temperature dependences of the polarizations (P
(7)) at selected electric fields were extracted from the upper branches of
the P-E loops in E > 0 and presented in the upper left insets of Fig. 5a),
c), e) and g). The color solid lines in these insets represent cubic-spline
interpolations of the raw experimental data. The curves of pyroelectric
coefficients versus temperature ((0P/0T)g(T)) at selected electric field
were derived from the differential values of P(T) curves and plotted in
the lower right insets of Fig. 5a), c), e) and g).

Based on the Maxwell relationship (8S/0E)r = (0P/dT)g, reversible
adiabatic changes in temperature (AT) and entropy (AS) of a dielectric
material can be determined by [2,3,11]:

AT:—l_/'EZZ(a—P) dE
pYE C\dT )g

as=-1 " (a—P) dE
n \oT), @

I3
where T is the operation temperature, P is the maximum polarization at
the applied electric field E, p is the density, C is the heat capacity that is
assumed to be constant in the whole temperature range studied, and E;
and E; are the initial and final applied electric fields, respectively. The p
(calculated from the XRD) and C in the temperature range studied are
8.7gem ™2 and 0.33JK™! g1 [4], respectively. The adiabatic tem-
perature change AT and entropy change AS of PLZST thin films are
plotted in Fig. 5b), d), ), and h). It can be seen that two fake negative
ECs were observed in thin films deposited on the Pt and LaNiO3 elec-
trodes around their dielectric peaks. The AT for the two thin films at
1092kV/cm are —7.7 and — 6.8 K, respectively, and the corresponding
AS are —4.8 and —4.2 JK~ ! kg7, respectively. It has been well known
that defects (cracks and hillocks, etc.) in thin films may cause a large
leakage current, especially at high temperature and high electric field.
Therefore, based on the analysis results of Fig. 2, Fig. S2, and Fig. S3, it
can be inferred that the fake negative EC in thin film deposited on the Pt
electrode may be ascribed to the surface micro cracks and the hillocks,
and the fake negative EC in thin film deposited on the LaNiO3 electrode
may be related to the surface ultra-fine cracks and the low electrical
conductivity of the LaNiOj electrode. In contrast with the two fake
negative ECs, a large positive EC (AT > 10K) in a broad temperature
range (about 110 K) was achieved in thin film deposited on the LaNiO3z/
Pt composite electrode with A-type annealing mode around its di-
electric peak, as marked by the green vertical lines in Fig. 5f). The
maximum AT which is located at the left side of the dielectric peak Ty, is
about 20.7K at 192°C, and the corresponding AS is about 14.7
JK kg~ ’. In addition to the large positive EC around the dielectric
peak, a small intrinsic negative EC (AT ~ 1K) in a broad temperature
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range (from 20 °C to 150 °C) can also be observed at a moderate electric
field (143 kVem ™ 1), as marked by the black vertical lines in Fig. 5f).
With a further increase of the applied electric field, the small negative
EC transferred into a positive EC, indicating an occurrence of field-in-
duced phase transition (AFE to FE). According to previous research
work [15,19,20], the origin of the small negative EC may be ascribed to
some factors such as the noncollinearity between polarization and
electric field, the subtle coupling between AFEs, induced FEs and
oxygen octahedron tilting instabilities, and so on. Compared with the
large positive EC in the A-type thin film, the positive EC in B-type thin
film is small, as marked by the green vertical lines in Fig. S5h). The
maximum AT is only about 6.4 K at 198 °C, and the corresponding AS is
only about 4.5JK™! kg~'. Moreover, the weak negative EC near the
room temperature is almost invisible, and the absolute value (< 0.1 K)
of AT is far below that (~ 1K) of the A-type thin film, indicating that
there is a small amount of AFE phases existing in the B-type thin film, as
shown by the low current peaks (1 & 3) in Fig. S6h).

3.4. Energy harvesting performance

The energy harvesting of the PLZST thin film can be realized by
using an Olsen cycle [35], as schematically guided by the red arrows in
Fig. 6. Process 1 — 2 is an isothermal increase of the electric field at low
temperature (T). Process 2 — 3 is the heating of the thin film from T,
to high temperature (Ty) at high electric field (Ey). Process 3 — 4 is an
isothermal decrease of the electric field at Ty. Process 4 — 1 is the
cooling of the material at low electric field (E;), which completes one
cycle. The harvested pyroelectric energy density in a closed cycle is
equal to the area of the cycle 1 — 2 — 3 — 4, and can be expressed as
[35-40],

W= ¢ Edp 3)
where E is the electric field, and P is the polarization. The maximum
harvested pyroelectric energy density between the Ty, (20°C) and Ty
(260 °C) for the A-type thin film deposited on the LaNiO3/Pt composite
electrode is 6.10Jcm ™3, which is about 7.3 times larger than that
(0.84Jem ™ %) of the B-type thin film, and much larger than those
(usually less than 1072 Jem™®) harvested by using direct thermal-
electrical cycle, Stirling cycle or Carnot cycle [41]. It should be pointed
out that 6.10 Jem ™2 is only an ideal value. Some Wjgges should be in-
cluded. The Wigsses is the sum of a variety of energy losses (per cycle
including hysteresis and conduction loss in the pyroelectric material
and control and pumping and other losses in the system)[41].

on LaNiO4/Pt '
1

P(uCcm?)

T T
600 900

E(kvem™)

Fig. 6. Olsen cycle diagram of pyroelectric energy harvesting of the PLZST thin film on
LaNiO3/Pt composite electrode.
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4. Discussion

To gain insight into the effect of annealing mode on the EC per-
formance of the PLZST thin films, two schematic models about the re-
lationship between the thermal stress and phase structure are proposed,
as shown by the upper right insets in Fig. 5f) and h). Due to the lower
thermal expansion coefficients (o) of the Si substrate (o
0.2—5 x 107° K~ ! from room temperature to 700 °C) than that of the
PLZST thin film (af ~ 0.5 ~ 2 x 107> K~ ') [42,43], in the A-type
annealing mode, an in-plane tensile stress in the thin film was devel-
oped during cooling down of the film after its fully crystallization at the
annealing temperature [44]. For the PLZST thin films with the A-type
annealing mode, the tensile stress was established in each PLZST layer
during repeated annealing processes (crystallization at high tempera-
ture and cooling down) [44] (see the upper right inset in Fig. 5f), which
can be estimated to be ~ 500MPa according to the formula:
o= RT;”” 1fvx(ocf(T) — Agp(T))dT, where a;(T) and ay,,(T) are the
temperature dependence of the thermal expansion coefficient (ay ~
5.4 x 107% K1) of the PLZST films and the Si substrate (au, ~
3.6 x 107 ® K1), respectively, and Y Young's modulus and v Poisson's
ratio of the films [45]. Accordingly, the AFE phases (see the double P-E
loops in Fig. 5a), c¢) and e) will be well kept since the in-plane tensile
stress is helpful to stabilize them in the PLZST thin films [46]. It should
be noted that the residual stress also depends on the film orientation
due to the anisotropic thermal expansion of the PLZST thin film [44].
Stress relaxation however, depends on the film microstructure. Dif-
ferent to the uniform distribution of the in-plane residual tensile
thermal stress in the A-type annealing process (the upper right inset in
Fig. 5f), a gradient distribution of the in-plane residual tensile thermal
stress (the upper right inset in Fig. 5h) was developed in the B-type
annealing process. The in-plane residual tensile thermal stress was well
kept in the first layer which is adjacent to the substrate. However, the
in-plane residual tensile stress was released gradually as the number of
the layers increases. Accordingly, only those AFE phases in the first
layer were well preserved, and the AFE phases in those layers which
were far away from the substrate were gradually transformed into FE
phases due to the degradation or relaxation of the in-plane residual
tensile thermal stress. Previous studies reported that PZT film orienta-
tion such as (111) depended on residual stress [47], where the (111)
peak increased as the tensile stress increased. The analysis results of the
XRD and Cross-section SEM images of the PLZST thin films indicate that
the A-type thin film deposited on the LaNiO3/Pt composite electrode
exhibits a strong (100)-preferred orientation (blue curve) with a strong
partner of (111) peak (see the Fig. 1b) and Fig. 2e)), while the B-type
thin film exhibits a random orientation with a very weak (111) peak
(see the Fig. 1b) and Fig. 2g). Therefore, it seems reasonable to say that
the decrease in (111) peak may be related to the degradation or re-
laxation of the in-plane residual tensile thermal stress when the thin
film was deposited by the B-type mode. To unveil the case of the re-
sidual thermal stress in PLZST thin films, further investigations are
made by the Raman spectra [48], the XRD sin2\|1 methods [45], and the
strain mappings of the cross-sectional TEM images by using aberration-
corrected high-angle annular dark-field (HAADF) Z-contrast STEM
imaging [49]. As a result, the B-type thin film behaved as a FE rather
than an AFE, and the P-E loops with a slight shrunk waist were obtained
in Fig. 5g) and Fig. S6g). Therefore, it is believed that the EC effect in
the PLZST thin film may be related to the amount of AFE phases and can
be controlled by the distribution of the in-plane residual tensile thermal
stress. The more the amount of the AFE phases, the larger the EC effect,
as shown by the A-type thin film.

Moreover, the coexistence of multiple FE and AFE phases (Fig. S4
and Fig. 1a)) are believed to be responsible for not only the dielectric
relaxor dispersion but also the EC effect in a broad temperature range
(the green vertical lines in Figs. 5f) and 5h)). For practical applications,
a large EC effect around room temperature is desired. One effective way

292

Nano Energy 47 (2018) 285-293

to achieve this goal is doping with elements such as Sr and Ca, which
not only can lower the temperature of the dielectric peak but also can
stabilize the AFE phases [50]. Another feasible way is to shift the large
EC effect to room temperature by modifying the composition of the thin
film along the MPB line, as guided by the red arrows in Fig. 1la).
Combining the two ways is believed to realize a large EC effect near
room temperature.

In practical applications, the maximum operating electric field is
usually confined to the 1/3 of the safety applied electric field so that a
large EC cooling sustainability can be ensured. In fact, it can be seen
that the A-type thin film deposited on the LaNiO3/Pt composite bottom
electrode has exhibited a good EC cooling sustainability in a broad
temperature range, as demonstrated by the well-developed ¢(E) and
tan 8 (E) curves in Fig. S4. Where a large dc bias operating electric field
is about 500 kV/cm, which is far higher than the 1/3 (364 kVem 1) of
the EC safety applied electric field (1092 kVem ™).

Similar to the analysis of the EC effect, it is believed that the large
pyroelectric energy harvesting performance in the A-type thin film
deposited on the LaNiO3/Pt composite electrodes is also related to the
in-plane residual tensile thermal stress. All in all, it is believed that
designing the composition near the MPB with two or multiple AFE
phases coexisting, utilizing the metal/oxide composite electrode, and
controlling the thermal stress are effective ways to make multi-func-
tional ferroelectric materials with large EC effect and high pyroelectric
energy density.

5. Conclusions

A large positive EC effect with AT > 10K, and the maximum AT ~
20.7K in a broad temperature range (about 110K) was realized in
PLZST relaxor antiferroelectric thin films. The in-plane residual thermal
tensile stress during the layer-by-layer annealing process and the high
quality film structure deposited on the LaNiO3/Pt composite bottom
electrode are responsible for the large EC effect. The great dielectric
relaxor dispersion around the dielectric peak due to the coexistence of
multiple FE and AFE phases results in the broad EC temperature range.
Meanwhile, a large pyroelectric energy density (6.10 Jem ™~ 3) was also
harvested by using an Olsen cycle. The large EC effect in a broad
temperature range and high pyroelectric energy harvesting perfor-
mance make the PLZST thin film an attractive multifunctional material
for applications in modern solid state cooling and energy harvesting.
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