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Phase-transition induced giant negative electrocaloric effect in a lead-free relaxor ferroelectric thin film
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Abstract: Ferroelectric/antiferroelectric thin/thick films with large positive or negative electrocaloric (EC) effect
could be very useful in designing commercial refrigeration devices. Here, a giant negative EC effect (maximum
AT ~ — 42,5 K with AS ~ — 29.3 J K" kg') comparable to the best positive EC effects reported so far is
demonstrated for 0.5(BagsCay,)Ti03-0.5Bi(MgsTip5)O3 (BCT-BMT) lead-free relaxor ferroelectric thin films
prepared on Pt(111)/TiO,/SiO2/Si substrates using a sol-gel method. An electric-field induced structural phase
transition (nanoscale tetragonal and orthorhombic to rhombohedral) along the out-of-plane [111] direction plays
a very key role in developing the giant negative EC effect. This breakthrough will pave the way for practical
applications of next-generation refrigeration devices with high cooling efficiency in one cycle by ingeniously
utilizing and combining both the giant negative and positive EC effects. Moreover, a large energy density of 51.7
J ecm™ with a high power density of 1.15x10'° W kg at room temperature is also achieved in the thin film,

indicating that it is also an attractive multifunctional material for energy storage.
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Introduction

Recently, more and more research attention has been paid to the ferroelectric/antiferroelectric (FE/AFE)
thin/thick films rather than the bulk ceramic counterpart due to the higher electrocaloric (EC) performance.[1-3]
The poor EC performance in bulk ceramics could be attributed mainly to their low dielectric breakdown strength
(usually less than 100 kVem™). The adiabatic temperature change (AT) or isothermal entropy change (AS) of a
dielectric material induced by the application or withdrawal of an electric field is called the EC effect. The giant
EC effect (maximum AT ~ 12 K) obtained in the pyz0.9stio3 (PZT) AFE thin film by Mischenko et al. in 2006 has
evoked a wide EC research interest in lead-based materials in the past decade,*™ due to the potential
commercial application in integrated circuit cooling such as computer chips.3, 9]

So far, both normal (positive, AT > 0) and anomalous (negative, AT < 0) EC effects have been reported,
which can separately exist or co-exist in one material. Particularly, it is found that the combination of both
positive and negative EC effects in one cooling cycle would exhibit a higher efficiency in EC refrigeration devices
than the use of a single EC effect. However, compared with the great progress made in positive EC effect such as
AT ~ 453 K in PbyogBaj,ZrO; AFE/FE coexistence thin film (~ 320 nm thickness) and AT ~ 53.8 K in a
Pbo.97L.a0.02(Zr0.75Sn0.18Ti0.07)O3 AFE thick film (~ 2 pm thickness),[s,” the progress made in negative EC effect has
still remained at a relatively low level such as AT ~-5.76 K in Pbgg7Lag02(Zr0.95T10.,05)O3 AFE thin film (650 nm
thickness),'"” AT ~ - 6.62 K in PbgocEugZrO; AFE thin film (550 nm thickness) and AT ~ - 10.8 K in a
Hfy 571950, FE thin film (9.2 nm thickness).[11, 12]

In contrast to the extensive research on the positive EC effect, less attention has been paid to the negative
EC effect due to its elusive physical mechanism. Based on previous research work, the origin of the negative EC
effective may be ascribed to some factors such as the non-collinearity between the electric field and the
polarization (dipole & defect dipole).[10, 12-171 In general, the largest negative EC effect appears not at the largest
applied electric field but at a moderate one, under which the largest degree of non-collinearity yields the

maximum AT & AS.[i0," Therefore, increasing the possible maximum applied electric field by improving the
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dielectric breakdown strength of the materials, which is normally regarded as one of effective methods to
enhance the positive EC effect, might not be a valid method to enhance the negative EC effect. Chemical
element doping is usually chosen to be a simple and effective method to improve the performance of materials.
However, to our knowledge, the best result obtained so far in improving the AT of negative EC effect by
chemical element doping is only - 6.6 k[10, 11, 13) which is very unsatisfactory. Magneto-electric coupling was
also employed to enhance the negative EC effect and indeed it worked at low temperatures (150 - 210 K) such
as AT ~ - 52.2 K in the pyz0.53Ti00.47/CoFe204 ferroelectric/ferromagnetic multilayer nanolaminate.[18] However, the
negative EC effect degraded very sharply as the temperature increased, due to the more and more weakening
magneto-electric coupling effect. Therefore, new strategies and mechanisms need to be developed to enhance
the negative EC effect.

In this study, we report a giant negative electrocaloric (EC) effect (the maximum A7 ~—42.5 K and AS ~ —
293 JK'lkg'l) 1N 0.5(Ba0.8Ca0.2)Ti03-0.5Bi(Me0.5Ti0.5503 (BCT-BMT) lead-free relaxor ferroelectric thin film prepared on
Pt(111)/Ti04/S102/Si(100) substrate by a sol-gel method. The well-designed composition is based on the ¢ satios-
0.5Bi(Mg0.5Ti0.5)03 prototype ceramic which behaves as an antiferroelectric but in fact is not an antiferroelectric.[19,20]
The giant negative electrocaloric effect is attributed to the electric-field induced structural phase transition
(nanoscale tetragonal & orthorhombic to thombohedral) along the [111] direction (the out-of-plane of thin film).
Moreover, a large energy density with high power density at room temperature is also achieved. These

breakthroughs make the lead-free thin films very attractive for practical applications as multifunctional materials.

Results and discussions

Structure

A X-ray diffraction (XRD) pattern of the BCT-BMT thin film is shown in Figure 1(a). The thin film
exhibits good crystallinity and almost pure perovskite phase with a strong (111) preferential orientation. A tiny
amount of secondary phases (bismuth titanate or bismuth oxide) can be detected due to the excess of Bi. For the
Ti-coated substrate, it is believed that a thin layer of Pt3Ti intermediate is formed during ceramic film

crystallization, which favors the (111) texture in the BCT-BMT thin film."*"! In addition to the tetragonal
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ferroelectric (trg) phase, the orthorhombic and the rhombohedral ferroelectric (o and rrE) phases can also be
detected, as guided by the (1ymor and (11-1)or) in the right lower inset of Figure 1(a)) and the (002)r,
(200)ror and (020)o0. The Trr ™ ore phases can also be observed directly by the atom-scale high-resolution TEM
(HRTEM) image, as marked by the letters T and O in Fig. 1(b). With the assistance from the fast Fourier
transform (FFT) spectrum, the rpg phase with regular hexagonal diffraction pattern (inset of Fig. 1(b)) was
identified, as shown by the letter R. The coexistence of the Tre, Ore '« phases can also be further confirmed by
the characteristic modes in the subsequent Raman scattering spectra. In contrast to the coexistence of the Tre,
OrE ™ phases in the thin film, only g and ore phases coexist in the BCT-BMT bulk ceramic which was
prepared by using solid-state reaction process, as shown in the Figure S1. Similar to the case of single-domain
(111)-oriented PbTiOs3 (PT) thin films, due to the substrate effect, the phase transition changes its order from the
first to second one and leads to the formation of new ferroelectric phases,’” which do not exist in bulk PT. In
particular, when the substrate imposes biaxial compression on the film prototypic state, the rhombohedral single-
domain ferroelectric state is expected to form in (111)-oriented PT films,*? especially under the induction of an
applied electric field. Therefore, the appearance of the rrg phase in the (111)-oriented BCT-BMT thin film is
also possible and reasonable.

The cross section morphology of thin film was examined by scanning electron microscopy (SEM) (the left
upper inset of Fig. 1(a)). The film was smooth and free of micro-cracks, indicating a high quality film structure.
The surface morphology of thin film was characterized by atomic force microscopy (AFM) (Fig. 1(b)) and SEM
(Fig. S2). The thin film was well crystallized and nanocrystals with size of 20-50 nm were clearly visible. The
gas pores formed during the decomposition of organic matter were also uniformly distributed. The surface
roughness was small, and R, and Ry were ~ 3.54 nm and ~ 4.32 nm, respectively. Fig. 1(c) and Fig. S3 show the
vertical ([111] direction) phase image of the piezoresponse force microscopy (PFM) of the thin film.
Nanodomains with random orientation were clearly observed when the thin film was in its prepared state, as
shown in Fig. 1(c). Single-stripe-domain would be visible clearly in the second scanning cycle (dc bias voltage
withdrew) after the first scanning cycle (dc bias voltage applied), as shown in Fig. S3 (a), which indicated that

nanodomains with random orientation can grow up into larger FE ones under the stimulus of dc electric field.
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However, the induced single-stripe-domain was extremely unstable and would fade immediately in the third
scanning cycle, as shown in Fig. S3 (b), indicating the relaxation behavior of the thin film. Moreover, the
butterfly curves observed in the voltage-strain response, and high strain value in the inset of Fig. 1(c) and Fig.
S3 also indicated the piezoelectric characteristics of thin film. The result of chemical analysis by energy
dispersive spectroscopy (EDS) in cross-sectional transmission electron microscopy revealed that the
composition of thin film is consistent with its chemical formula, except the excess Bi and Mg which are

purposely added to avoid the formation of pyrochlore phases, as shown in the inset of Fig. S4.
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Figure 1. | 0.5(BaosCa0.2)TiO3-0.5Bi(Mgo.sTio5)O3 (BCT-BMT) thin film. (a) XRD pattern (diffraction
intensity is in a logarithmic scale). A tiny amount (less than 1%) of secondary phases (BiTiOs3 or Bi203) can be
detected. Inset: cross-sectional SEM image. (b) Atom-scale HRTEM image. Inset: the fast Fourier transform
spectrum of the R region. (¢) Surface AFM micrograph. The average surface roughness of R, and Ry is about 3.54

and 4.32 nm, respectively. (d) PFM vertical phase image. Inset: butterfly curve of the amplitude & voltage.



The upper part of Figure S5(a) shows the cross-sectional TEM image of thin film. Nanocrystals are visible
clearly, and can also be identified by the discontinuous selected area electron diffraction rings as shown in the
lower part. The upper part of Fig. S5(b) shows the corresponding HRTEM image of ferroelectric domains in
Fig. S5(a). Lamellar nanodomains with ~ 0.9 nm width which intercrossed with each other can be visible
clearly. The lower part of Fig. S5(b) also gives the HRTEM image of the interface between the thin film and Pt
bottom electrode. The smooth interface as marked by the red dotted line reveals a good growth between
electrode and thin film. Fig. 2(a) - 2(d) and Fig. S5(c) — S5(h) show the evolution of lamellar nanodomains (~
0.9 and 1.8 nm in region A and ~ 1.8 nm in region B) as the temperature increased from 20 °C to 470 °C at a
step of 50 °C. The traces of most lamellar nanodomains were still visible up to 370 °C, except those domains
with 1.8 nm width in region A (Fig. 2(¢)). As the temperature increased again, all lamellar nanodomains almost
disappeared, as shown in Fig. 2(d) (420 °C) and Fig. S5(h) (470 °C). For the abnormal phenomenon, detailed

discussion will be carried out in the subsequent parts of this article.
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Figure 2. | Cross-sectional TEM images of the BCT-BMT thin film. (a) - (d) Evolution of ferroelectric

nanodomains as the temperature increased from 20 °C to 470 °C.

Dielectric properties

Figure 3(a) shows the temperature dependence of dielectric permittivity (e(7)) and dielectric loss (tan O(T))
of thin film. The peaks of dielectric permittivity are not obvious, and the ¢(7) curves look highly flattened and
dispersed. The dielectric permittivities around the peaks were fitted by a Lorentz-type empirical relation,
eA/e=1+(T-TA)2/2(OA)2,[23] where T4 (T4# T.) and es are the temperature of the dielectric permittivity peak and the
extrapolated value of e at 7= T4, respectively. The fitted parameters O4at 1, 10 and 100 kHz are 105.0, 106.4
and 121.9, respectively. They all are larger than that (103.6) of the prototypical relaxor Pb(Mgi/3Nb2/3)O3
ceramics, indicating a higher degree of relaxor dispersion.[23, 24] The extrapolated dielectric permittivities

decrease sharply and greatly deviate from the experimental data with increasing temperature, as plotted by the



colored solid lines. However, the variation of the values of experimental data at 1 kHz was within £ 1% over a
wide temperature range of 240 K (from 150 °C to 390 °C), indicating strong thermal insensitivity of dielectric
permittivities (TIDP). The thermal insensitivity of dielectric permittivities was also investigated at 100 kHz. At
this frequency, the tan 6 remained less than 0.025 from 250 °C to 390 °C, and the variation of the resulting ¢
was also within + 1%, indicating that the losses were not the dominant factor for the TIDP. Interestingly, the
TIDP and the lamellar domains (see Fig. 2(a) - 2(d) and Fig. S5(c) — S5(h)) almost disappear together at the
same temperature. Therefore, it can be inferred that the strong TIDP may be related to the behavior of lamellar
nanodomains.

To gain further insight into the TIDP, the temperature dependence of the Raman scattering spectra of thin
film was investigated (Fig. 3(b)). Neither did any new band appear, nor did any old band disappear, indicating
that a relatively stable phase structure. To reveal the possible variation of each Raman mode with increasing
temperature, the Raman spectra were well fitted by using eight characteristic peaks. The peaks 1 to 8, except peak
2, correspond to the A1(LO3)/E(LO4), AiTO3/E(TO), E(TO3+LO)/B1, A1(TO2), A1(TO1), E(TO1), and E(TO2)
modes, respectively.”>?” The peak 2 (~ 605 - 609 cm™) is a new mode which only appears in the Raman spectra
of Ba-based relaxor ferroelectric ceramics under high-pressure.”® The peak 1 (~ 754 - 759 cm™) is attributed to
the vibrations of polar [(Ti/Mg)Os] clusters, and its appearance is often regarded as a relaxor-characteristic
signature. The peak 3 (~ 501 - 508 cm™) is due to the vibrations of the O-Ti/Mg-O symmetric stretching in
tetragonally distorted polar [(Ti/Mg)Os] octahedral clusters. The peaks 4 (~ 311 - 325 cm™) is ascribed to the
vibrations of asymmetric (Ti/Mg)-O phonon in tetragonal/orthorhombic phases. The peaks 5 (~ 212 - 223 cm™) is
not only ascribed to the vibrations of asymmetric (Ti/Mg)-O phonon in tetragonal/orthorhombic phases but also
in rhombohedral phase. The peaks 6 (~ 144 - 146 cm™), 7 (~ 96 - 97 cm™) and 8 (~ 68 - 69 cm™) are due to the

(] Especially, the appearance of the peak 6 also indicates the

vibrations of A-site atoms in perovskite structure.
existence of a local thombohedral structure in the BCT-BMT thin film.[2s, 30) However, the peak 6 (namely the

A1(TO1) mode) is Raman inactive in its bulk ceramics, as shown in



Fig. S6, indicating the absence of thombohedral phase. Compared with the thin film, the A1, mode looks more
active in its bulk ceramics, indicating that some of Ca resides on the B-site rather than A-site.[31]

The variations of the peak position, the full width at half maxima (FWHM) and the integrated intensity of
each characteristic peak are summarized in Fig. 3(c), 3(d) and Fig. S7. All peaks except the peak 8 in Fig. 3(b)
almost linearly shift toward lower frequency regions with increasing temperature. The amounts of red-shift
referred to room temperature for peaks 1, 2, 3, 4, 5, 6 and 7 at 300 °C were 4.5, 3.4, 5.6, 12.9, 9.4, 1.9 and 0.32
cm’, respectively. A weak blue-shift of 0.29 cm™ was exerted to the peak 8. Similar to the variation of the peak
position, the FWHMs of all peaks except peak 3 also change linearly with increasing temperature. Compared
with the FWHM at room temperature, the variations of the FWHM for peak 1, 2, 4 and 5 at 300 °C are 9.9, 1.5,
19 and -11 cm™, respectively. The variations of the FWHM for peaks 6, 7 and 8 at 300 °C were almost
negligible. Different to the linear variations of the FWHMs of peaks 4, 5 and 6, the FWHM of peak 3 oscillates
slightly with a small amplitude (less than 4.5 cm™) with increasing temperature. The integrated intensity of peak
3 also follows a similar variation trend with increasing temperature, as shown in the Fig. S7(I). These results
indicate that the distorted polar nanoclusters in thin film may be in a dynamic and thermally stable state by
interacting with each other with increasing temperature, especially for the tetragonal phase. They will bring

benefit to the high thermal stability of lamellar nandomains, and finally resulting in the strong TIDP.
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Figure 3. | &(T), tan 6(T) and Raman scattering spectra of the BCT-BMT thin film. (a) &(7) and tan o(7). (b)

Raman scattering spectra at selected temperatures. Changes of Raman shift (¢) and FWHM (d) as a function

of temperature of peaks 1-8. Peak 1 : A1(LO3)/E(LO4) mode (~754 - 759 cm™), Peak 2 : unknown mode (~

605 - 609 cm™), Peak 3 : A1TO3/E(TO) mode (~ 501 - 508 cm™), Peak 4 : E(TO3+LO)/Bi mode (~ 311 - 325

cm™), Peak 5 : A1(TO2) mode (~ 212 - 223 cm™), Peak 6 : A1(TO1) mode (~ 144 - 146 cm™), Peak 7 : E(TO1)

mode (~ 96 - 97 cm™), Peak 8 : E(TO2) mode (~ 68 - 69 cm™).

Negative electrocaloric effect

Figure S8 shows the P-E loops and corresponding /-E curves of the BCT-BMT thin film at selected applied

electric fields and frequencies (10 kHz and 10 Hz). With the increasing frequency and the applied electric field,

the double-like P-E loops with four I-E peaks gradually degenerated into single P-£ loops with two /-E peaks.

According to previous research work, the double-like P-E loops at a lower electric field and frequency (see Fig.

S8a and Fig. S8c¢) could be ascribed to the pinning and depinning of the domain walls by defects such as
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bismuth vacancies and oxygen vacancies."” To avoid the interference and impact of defect dipoles on the

['7) the P-E loops at 10 kHz were adopted and collected at a step of

evaluation of the EC effect of thin film,
ten degrees in the temperature range between 20 and 170 °C. The value of applied electric field plays an
important role in obtaining a large AT > **): here a conservative electric field, well below the mean

dielectric strength (DBS) estimated by the Weilbull distribution,[34, 35] Fig. S9 was applied to avoid
electrical breakdown.
To avoid dielectric breakdown, a safety electric field playing an important role in obtaining a large AT is
applied,(32, 331 which is well below the mean dielectric strength (DBS) estimated by the Weilbull
distribution,[34, 351 as shown in Fig. S9. The DBSs obtained at 10 kHz, 1k Hz, 100 Hz and 10 Hz are 2991
kV/em, 2981 kV/cm, 2677 kV/em and 2041 kV/cm, respectively, which are all much higher than 1798
kV/cm (the safety electric field applied in Fig.S10). Representative plots of P-E loops are shown in Fig.
S10, respectively. The shape of P-E loops always keeps slim in the whole temperature range studied,
indicating that the leakage current is low (Fig. S11) and the corresponding Joule heating is negligible to the
AT. The temperature dependence of the polarization (P(7)) at selected electric fields was extracted from
the upper branches of the P-E loops in £ > 0 and presented in the lower right inset of Fig. S10, where the
red solid lines represent cubic-spline interpolations of the raw experimental data. The temperature
dependence of pyroelectric coefficients ((0P/0T)&(T)) at selected electric fields was derived from the P(7)
curves and plotted in Fig. S12.

Based on the Maxwell relationship (aS / eE)r= (@ P / o T )g , reversible adiabatic changes in

temperature (A7) and entropy (AS) of dielectric materials can be indirectly estimated by:[2, 5, 6]

12T fOF
Py _,(f ) dE (1)
ple, C\OT J ¢
AS, = flj'ﬁl (")P dE (2)
Semwors = — | A 57)

where T is the temperature, P the maximum polarization at the applied electric field E, p the density, C the

heat capacity, and £1 and E2 the initial and final applied electric field, respectively. The p and C in the



temperature range studied are 5.7 gem™ and 0.3 JK'g”, respectively. Some may question the validity of the
applicability of Eq. (1) and Eq. (2) to a relaxor. As presented by Smolensky for relaxor ferroelectrics,” a
statistical model is adopted in this work to illustrate the permittivity and temperature relationship because the
nanoscale domains are distributed throughout the polycrystalline unit, resulting in compositional fluctuation,
which leads the polarization versus temperature response to be similar but slightly different to that of a
second-order phase transition. Thus, the Maxwell relation sometimes can be approximately used for relaxor
ferroelectrics.*”) According to Eq. (1) and Eq. (2), the adiabatic temperature change AT and entropy change
AS of thin films are obtained and plotted against temperature T in Fig. 4(a) and its inset. Negative AT and AS
peaks are observed. They shift significantly toward lower temperatures with increasing electric field from
247 to 1798 kV/cm as guided by the colored arrows, similar to those reported in antiferroelectric thin films
and ceramics.[10, 11, 13] However, the AT and AS peaks in positive effect shift to higher temperatures with
increasing electric field, as reported by previous experimental and theoretical works.[38, 39 The maximum AT
which is near the right part of the Lorentz extrapolated peak (Ta) (see Fig. 3(a)) of dielectric permittivity is
about — 42.5 K at ~ 163 °C and at 1632 kVem'1, and the corresponding AS is about — 29.3 JK'kg™.
According to the Dulong-Peti law limit,*” for perovskite relaxor ferroelectric thin films, the permitted
ultimate upper bound of Armax 1 about — 60 K at this temperature. Therefore, the giant AT ~ — 42.5 K of
BCT-BMT thin film can be acceptable. As far as we know, the giant negative EC effect obtained in this work
is the best result among pure perovskite materials reported to date. Although the maximum AT ~ -52.2 K was
obtained at low temperature (182 K) in the PbZro.53TiO0.47/CoFe204 ferroelectric/ferromagnetic multilayered

[18]

thin films due to the magneto-electric coupling, ™ the negative EC effect reduced sharply at higher working

temperatures (e.g., 230 K), due to the weaker magneto-electric coupling.

The mechanism underlying the negative EC effect in relaxors and AFEs is still elusive. Nevertheless,
the entropy change stimulated by the change of electric field-induced ordering or disordering states of dipoles
is the widely accepted phenomenological physical explanation. To understand the origin of the negative EC
effect in relaxors and AFEs, some theoretical insightful models based on the first-principles have been

developed, such as the subtle coupling between AFE, FE and oxygen tilting instabilities, defect dipoles, and



so on.[10, 13-17) However, these models could not provide a comprehensive solution to the giant negative EC
effect in this study.

To get insight into the giant negative EC effect in the BCT-BMT lead-free thin film, the dc bias
electric field dependence of Raman scattering spectra was investigated (Fig. S13 and Fig. S14). The
Agilent 4294A was used as the dc bias source, it also acted as a monitor to alert if the voltage applied to
the thin film was close to electrical breakdown, in order to ensure reliable experimental data. A highly
conductive and transparent ITO thin film with ~ 1 mm diameter was used as the top electrode, as shown in
the inset of Fig. 4(b) which shows the Raman scattering spectra at selected dc bias electric fields. The Raman
scattering spectra at each selected dc bias electric field was well fitted by using a multi-peak fitting method.
The variation of the peak position, the FWHM and the integrated intensity of each characteristic peak were
summarized in Fig. S15 and Fig. 4(c). All peaks except peak 2 shifted toward lower frequencies with the
increase of dc bias electric field. Meanwhile, the corresponding FWHM increased with increasing electric
field except that of peak 1. The increased FWHM of peak 3 is the biggest one among all peaks, indicating an
increased anharmonicity of the O-Ti/Mg-O symmetric stretching vibrations in tetragonally distorted polar
[(Ti/Mg)Os] octahedral clusters. As a result, the degree of disorder for the tetragonal phase in the BCT-BMT
thin film was enhanced with increased dc bias electric field.*!! Physically, the greater the disorder increase,
the larger the entropy increase. Accordingly, a negative EC effect could be induced. Therefore, it is inferred
that the giant negative EC effect in the BCT-BMT thin film may be related to the phase transition induced by
electric field, especially for the tetragonal phase. In order to further reveal the phase transition induced by an
electric field, the dc bias electric field dependence of XRD patterns was also investigated (Fig. S16). As
shown in the inset of Fig. 4(c), when the dc bias electric field increased from 0 kV/cm to 375 kV/cm, the split
diffraction peaks around 31.5 °260 had merged into one peak, indicating an electric-field induced structural
phase transition (nanoscale tetragonal & orthorhombic to rhombohedral).

The electric field induced structural phase transition in the (111)-oriented BCT-BMT lead-free thin

film can also be confirmed by thermodynamic method. According to previous research work, the



quadratic in polarization terms of the thermodynamic potential,[42, 431 which control the polarization

response, can be rewritten as:

T — Ty, — A u 5 T — T, — A4 ¥ 5
AT — 0 s n &y (Plz s P.'!_] T L1] l ot “m P3_
25‘] C 28:]( [3]

+ high order



Where, for (001)-oriented films,

Ay — 28“(.Qll + iz (4)
S+ Sz
. 2o

A = 260C—2 )
s11 + sz

And, for (111)-oriented films,

4 20> 2
A, = 26, C (O + 202 + Qs /2)
4sy; + 8512 + 54g

(6)

AQn + 2000 — Qaa)

A = 2eaC
ot o A5y + Bsyo + sqa

()

where P1and P2 stand for two in-plane components of the polarization while P3 the out-of-plane component of

the polarization, respectively. The & is the permittivity of free space, 7o the Curie-Weiss temperature and C the
Curie-Weiss constant. Q11, Q12, and o044 are the relevant cubic electrostrictive coefficient and Si1, S12 ¢y, are the
cubic elastic compliances at constant dielectric displacements. The values of parameters i, and Aout fOr some
perovskite ferroelectrics are listed in Table S"1*>#! The parameters given in Table S1 clearly suggest that the
polarization response of the strained films is anisotropic. Obviously, (111)-oriented ferroelectric films have a
weaker anisotropic property than (001)-oriented ferroelectric films. So the R phase can be more easily
produced, especially by applying an electric field £ in [111] direction.

As shown in Fig. 4(d), when the electric field E is applied along the [111] direction, namely the out-of-plane
of the BCT-BMT thin film, the 7 phase is transformed into the R phase, and the O phase is also induced into the R
phase. Although the overall polarizations proor; and popiiop of 7 and O phases decrease as the temperature
increases, the component polarizations 111 and pori11)) in the [111] direction increase due to the electric field
induced 7-R and O-R phase transitions as confirmed by the results of Raman spectra and XRD pattern under the
dc bias electric fields. During the two phase transitions, as the polarization direction changes, a' or /3' will
decrease with the increasing temperature, but cos (a') and cos (/3') will increase, so the polarization (Pri11) in the

[111] direction will increase with the increasing temperature. As a result, the value of the



pyroelectric coefficient (0P[;11)/0T) will be positive, as shown in the inset of Fig. 4(d), leading to a negative
EC effect in the (111)-oriented BCT-BMT lead-free thin film.

The giant negative EC effect of the BCT-BMT thin film shows the high feasibility of this material for
next-generation chip-cooling applications, in addition to its other merits, such as its lead-free, inorganic, and
highly Si-compatible nature compared to conventional Pb-based materials and organic ferroelectrics.
Furthermore, the giant negative EC effect of the BCT-BMT thin film could in future be further improved by
various strategies. Firstly, doping the thin film with other dopants, such as Sr and La which can lower and
extend the working temperature, > *' is an effective pathway to meet practical applications around room
temperature. Secondly, increasing the thickness of thin film to micrometer scale by spin-coating can be easily
realized by the sol-gel method. The sol-gel thin films with thickness in the micrometer range can increase the
total cooling capacity by several orders of magnitude compared to thin films with thickness in the nanometer
range. Moreover, the combination of positive and negative EC effects can complete the cooling process in one

%61 which might

step with a sustained applied electric field in the cooling process, as suggested by Li et al.,
enable a more efficient refrigeration process. As a result, designing the solid-state refrigerators without any
moving parts and without the need for the periodic application and withdrawal of an electric field by using

lead-free film materials with giant positive and negative EC effects will be a highly attractive strategy for
next-generation green chip cooling.[12, 46]

Moreover, a large recoverable energy density (Wenergy) ~ 51.7 Jem™ at 2879 kVem™ (green shaded area in
Fig. 5(a)) can also be obtained in the lead-free BCT-BMT thin film. It is comparable to the best lead-containing
thin films such as the PLZT (53 Jem™ at 3500 kVem™) and also the best lead-free compounds such as the
terpolymer nanocomposite with doped boron nitride nanosheets (20.3 Jem™ at 6500 kVem-1),i47, etc. As a thin
film capacitor, the charging/discharging time is about 0.8 us (Fig. S17a and S17b). Correspondingly, the power
density is ~ 1.15x10" Wkg"'. As shown by the Ragone plot in Figure 5b, it can be found that high power
density and large energy density (51.7 J cm™ & 2.5 Whkg™") can be achieved simultaneously in the BCT-BMT
thin film capacitor. These results indicate that the BCT-BMT thin film is also a very promising, environmentally
friendly, low cost (compared with niobium-based and scandium-based materials),[49, s0] and thermally stable

(compared with polymers) ceramic capacitor material for potential applications in electric energy storage.
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Figure 4. | Electrocaloric effect of the BCT-BMT thin films. (a) A7(7) at selected electric fields. Inset:
AS(T). (b) Raman scattering spectra at selected electric fields. Inset: ITO top electrode bridged by silver
paster. (¢) Change of FWHM as a function of dc bias electric field. Inset: XRD patterns at dc electric fields.
(d) Phase transition diagram of tetragonal/orthorhombic to rhombohedral under the electric field. Inset:

positive pyroelectric coefficient along [111] direction.
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Figure 5. | Energy density and power density measurements of the BCT-BMT thin film. (a) P-E loops.

Inset: Wenergy, Wioss, and # versus E. (b) Energy density & power density diagram.

Conclusion

A giant negative EC effect with maximum AT ~—42.5 K and AS ~—29.3 J K" kg which are comparable
to the best reported positive EC effects so far was realized in BCT-BMT lead-free relaxor ferroelectric thin films.
An out-of-plane electric-field induced structural phase transition (nanoscale tetragonal and orthorhombic to
rhombohedral) is responsible for the giant negative EC effect. Meanwhile, a large energy density of 51.7 J cm™
with a high power density of 1.15x10'° W kg at room temperature is also achieved in the thin film. These
breakthroughs indicate that the BCT-BMT thin film is not only a promising material for application in next-

generation green chip refrigeration devices but also an attractive multifunctional material.

Methods:

Fabrication:

BCT-BMT thin films were grown by using a sol-gel method as shown in Fig. S18. Bi(CH3COO)3 with
20% excess Bi, Ca(CH3COO)2 and Ba(CH3COO)2 were dissolved in glacial acetic at 80 °C. Simultaneously,
Mg(OC2CHs)2 with 20% excess Mg and Ti(OCH(CH3)2)s were dissolved in a mixture of CH3OCH2CH20H
and CH3COCH2COCH:3s. The Bi/Ca/Ba and Mg/Ti solutions were then mixed and stirred for 30 min at room

temperature. The final concentration of the BCT-BMT precursor solution was 0.2 M. After aging of the
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precursor solution for 24 h, the BCT-BMT thin film was deposited on Pt(111)/Ti04/Si02/Si(100) substrate
that were rinsed with acetone and ethanol prior to the deposition. Each layer of BCT-BMT film was spin-
coated at 4000 rpm for 30 s. To eliminate the formation of cracks, every wet film was first dried at 150 °C for
3 min and then pyrolyzed at 450 °C for another 3 min on a hotplate. After the deposition of 8 layers, the film
was annealed in a chamber furnace at 700 °C for 30 min in air. The final thickness of the film was about 320
nm, as determined by the cross-sectional micrographs.

Characterization:

The crystallinity of the BCT-BMT thin film was monitored by X-ray diffraction (XRD; Rigaku 9 KW
Smartlab, Tokyo, Japan). The cross-sectional morphology of the film was examined by scanning electron
microscopy (FEI Sirion 200). The microstructure of the film was studied by transmission electron microscopies
(TEMs; Titan Cubed Themis G2300 and JEOL JEM-2100F). The out-of-plane feature of the film was
investigated by scanning probe microscopies (Bruker Multimode 8 and Asylum Research MFP-3D). The
Raman scattering spectra were acquired by a Raman spectrometer (Horiba HR800) with an excitation laser
wavelength of 488 nm. For measurement of the electrical properties, square Au/Cr top electrodes with an edge
length of 90 um (inset of Fig. S2) were deposited by RF magnetron sputtering 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 and leakage currents were obtained by
means of a ferroelectric tester (Precision Premier II, Radiant Technologies Inc., Alpharetta, GA). The
charge/discharge experiment (Fig. S17) was carried out using a versatile signal source (81150A, Agilent) and a
digital oscilloprobe (HDO4104, leCroy). The injected pulse voltage, duty cycle and the load impedance are set
to 5V, 50% and 50 Q, respectively. Raman scattering spectra and XRD patterns as a function of dc bias electric
field were investigated (Fig. S13, S14, S15 and S16) using the Agilent 4294A as the dc bias source. The ITO
with high transparency and electro-conductivity was used as the top electrode with ~ I1mm diameter (Fig. S14).
All samples were measured with top-to-bottom electrode configuration. The temperature of the sample was

controlled by a thermal controller (THMSG600, Linkam) with an accuracy of 0.1 °C.
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