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Abstract: Ferroelectric/antiferroelectric thin/thick films with largesitive or negative electrocalorie@) effect
could be very useful in designing commercial refrigeratievices. Here, it is demonstrated that a giant negative
ECeffect (maximum AT ~—42.5 K with AS ~ — 29.3 JK*g™?) which is comparable to the best reported positive
EC effects so far was realized d@(sa0.8ca0.2)Ti03-0.58i(Mg0.5Ti0.506BCT-BMT) lead-free relaxor ferroelectric thin
film prepared on Pt(111)/TiZ5i0/Si substrates using a sol-gel method. Electric-field iedwstructural phase
transition (nanoscale tetragonal & orthorhombic to rhombohealcang the out-of-plane of thin film (the [111]
direction) plays a very key role in the giant negati@edffect. This breakthrough will pave the way for practical
applications of next-generation refrigeration deviagtt high cooling efficiency in one cycle by ingeniously
utilizing and combining both the giant negative and pasii® effects. Moreover, a large energy density of 51.7
Jem?® with a high power density of 1.15x#0Wkg? at room temperature is also achieved in the thin film,
indicating that it is also an attractive multifunctional engt for

1


mailto:q.zhang@cranfield.ac.uk
mailto:aphhuang@polyu.edu.hk
mailto:zhong.wang@mse.gatech.edu

energy storage.

Introduction

Recently, more and more research attention has beengthe ferroelectric/antiferroelectric (FE/AFE)
thin/thick films rather than the bulk ceramic counterparttdube higher electrocalori€(C) performance.-s The
poor EC performance in bulk ceramics could be attributed mainly éo tow dielectric breakdown strength
(usually less than 100 kVchh The adiabatic temperature change (AT) or isothermal entropy change (AS) of a
dielectric material induced by the application or withdib@f an electric field is called tHeC effect. The giant
EC effect (maximum AT ~ 12 K) obtained in theyzo.951io3(PZT) AFE thin film by Mischenko et al. in 2006 has
evoked a wid&C research interest in lead-based materials in thedpaatié*® due to the potential commercial
application in integrated circuit cooling such as compch@yis, 9

So far, both normal (positive, AT > 0) and anomalous (negative, AT < 0) ECeffects have been reported, which
can separately exist or co-exist in one material. Pantiguiais found that the combination of both positive and
negative EC effects in one cooling cycle would exhibit a higher efficiem EC refrigeration devices than the use
of a singleEC effect. However, compared with the great progress made in positive EC effect such as AT ~ 45.3 in
Pbo.8Ba0.2z703AFE/FE coexisted th film (~ 320 nm thickness) and AT ~ 53.8 K in Pbe7_a0.04Zro.755rv.18Ti0.07) O3
AFE thick film (~ 2 um thickness),is,7 the progress made in negatis@ effect has still remained at a relatively low
level such as AT ~ - 5.76 K in pbo.971a0.02(z0.95Ti0.05)0AFE thin film (650 nm thicknes8f) AT ~ - 6.62 K in
Pb0.96Eu0.04zr0AFE thin film (550 nm thickness) and AT ~ - 10.8 K innfo.5z10.502FE thin film (9.2 nm thicknesg),

12]

In contrast to the extensive research on the pogitBeffect, less attention has been paid to the negatve
effect due to its elusive physical mechanism. Based on pev@search work, the origin of the negati@
effective may be ascribed to some factors such astheallinearity between the electric field and theapaétion
(dipole & defect dipolejuo, 12-171In general, the largest negatiz€ effect appears not at the largest applied electric
field but at a moderate one, under which the largest defnemaollinearity yields the aximum AT & ASji0,u

Therefore, increasing the possible maximum applied eldigtidcby improving the
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dielectric breakdown strength of the materials, which isnadly regarded as one of effective methods to enhance
the positiveEC effect, might not be a valid method to enhance the neda@\edfect. Chemical element doping
is usually chosen to be a simple and effective method t@imaghe performance of materials. However, to our
knowledge, the best result obtained so far in impgpttie AT of negativeEC effect by chemical element doping
is only- 6.6« [10, 11, 13which is very unsatisfactory. Magneto-electric coupling vies @mployed to enhance the
negativeEC effect and indeed it worked at low temperatures (150 - 210 K) suaT ~ - 52.2 K in the
Pbzr0.53Ti00.47/CoFe20d€rroelectric/ferromagnetic multilayer nanolaminateHowever, the negativ&C effect
degraded very sharply as the temperature increased, duertmtbeand more weakening magneto-electric
coupling effect. Therefore, new strategies and mechanisatstoebe developed to enhance the neg&ite
effect.

In this study, we report a giant negative electrocal@®@) ¢ffect (the maximum AT ~ —42.5 K and AS~ —
29.3 JK%kg?) in 05(8a0.8ca0.2)Ti03-0.58i(Mg0.5Ti0.50BBCT-BMT) lead-free relaxor ferroelectric thin filmgpared on
Pt(111)/TiG/SIO/Si(100) substrate by a sol-gel method. The well-desigoatposition is based on thgzaTios-
0.5Bi(Mg0.5Tio.5)03prototype ceramic which behaves as an antiferroeldaitiah fact is not an antiferroelectrie. 20]
The giant negative electrocaloric effect is attributed to dleetric-field induced structural phase transition
(nanoscale tetragonal & orthorhombic to rhombohedral) alom@l11] direction (the out-of-plane of thin film).
Moreover, a large energy density with high power deraityoom temperature is also achieved. These

breakthroughs make the lead-free thin films very attmdbivpractical applications as multifunctional matserial

Results and discussions

Structure

X-ray diffraction (XRD) pattern of the BCT-BMT thin filns shown inFigure 1(a). The thin film exhibits
good crystallinity and almost pure perovskite phase with a sfidri) preferential orientation. A tiny amount
of secondary phases (bismuth titanate or bismuth oxiddjecdatected due to the excess of Bi. For the Ti-coated
substrate, it is believed that a thin layer aTPihtermediate is formed during ceramics film crytation, which

favors the (111) texture in the BAMT thin film.?! In addition to the tetragonal
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ferroelectric(ree) phase, the orthorhombic and the rhombohedral ferroelesttié" ree) phases can also be
detected, as guided by the)riorand (111)or) in the right lower inset dfigure 1(a)) and the (002) (200)or

and (0209. Thetre®"ore phases can also be observed directly by the atomksghleesolution TEM (HRTEM)
image, as marked by the letters T and ®im 1(b). With the assistance from the fast Fourier transforifT)F
spectrum, there phase with regular hexagonal diffraction pattern {iné€ig. 1(b)) was identified, as shown by
the letter R. The coexistence of the, Ore= phases can also be further confirmed by the charadenstes

in the subsequent Raman scattering spectra. In contrtéigt toexistence of the-d” Ore == phases in the thin
film, only tre®"%ore phases coexist in the BCT-BMT bulk ceramic which was peejday using solid-state reaction
process, as shown in thégure S1. Similar to the case of single-domain (111)-orientedi®s (PT) thin films,

due to the substrate effect, the phase transition changaslatsfrom the first to second one and leads to the
formation of new ferroelectric phasédwhich do not exist in bulk PT. In particular, when the sabstmposes
biaxial compression on the film prototypic state, the rhdreldoal single-domain ferroelectric state is expected to
form in (111)-oriented PT film&? especially under the induction of an applied electat fiTherefore, the
appearance of thee phase in the (111)-oriented BCT-BMT thin film is afszssible and reasonable.

The cross section morphology of thin film was examibgdhe Scanning electron microscopy (SEM) (the
left upper inset dFig. 1(a)). The film was smooth and free of micro-cracks, indicagitggh quality film structure.
The surface morphology of thin film was characterizedtoynic force microscopy (AFMHg. 1(b)) and SEM
(Fig. S2). The thin film was well crystallized and nanocrystalth size of 20-50 nm were clearly visible. The gas
pores formed during the decomposition of organic mattee alep uniformly distributed. The surface roughness
was small, and Rand R were ~ 3.54 nm and ~ 4.32 nm, respectivelg. 1(c) andFig. S3 show the vertical
([111] direction) phase image of the piezoresponse foic®secopy (PFM) of the thin film. Nanodomains with
random orientation were clearly observed when the thirviias in its prepared state, as showFigi1(c). Single-
stripe-domain would be visible clearly in the secorahetg cycle (dc bias voltage withdrew) after the first
scanning cycle (dc bias voltage applied), as showAgrS3 (a), which indicated that nanodomains with random

orientation can grow up into larger FE ones under the sigwafldc electric field.
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However, the induced singlripe-domain was extremely instable and would fade imneddiat the third
scanning cycle, as shown kg. S3 (b), indicating the relaxation behavior of the thin filmohover, the
butterfly curves of the amplitude & voltage with large siraalue in the inset dfig. 1(c) andFig. S3 also
indicated the high piezoelectric characteristics ioffibm. The analysis result of the energy disperspecsrum
(EDS) of the cross-sectional transmission electromastpy revealed that the composition of thin film is
consistent with its chemical formula except the exd&sand Mg which are purposely added to avoid the

formation of pyrochlore phases, as shown in the insEig $4.
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Figure 1. | 0.5(BaosCan2)TiO3-0.5Bi(M gosTios)Os(BCT-BMT) thin film. (&) XRD pattern (diffraction intensity
is in a logarithmic scale). A tiny amount (less than d¥gecondary phases (BiTiOr BOs) can be detected.
Inset: cross-sectional SEM image. (b) Atom-scale HRTiERYE. Inset: the fast Fourier transform spectrum of the
Rregion.(c) Surface AFM micrograph. The average surface roughneRsafd R is about 3.54 and 4.32 nm,

respectively(d) PFM vertical phase image. Inset: butterfly curve of thpliume & voltage.



The upper part dfigure S5(a) shows the cross-sectional TEM image of thin film. Naystels are visible
clearly, and can also be identified by the discontinuelected area electron diffraction rings as shown in the
lower part The upper part dfig. S5(b) shows the corresponding HRTEM image of ferroelectric domaifg.
S5(a). Lamellar nanodomains with ~ 0.9 nm width which intesseal with each other can be visible clearly. The
lower part ofFig. S5(b) also gives the HRTEM image of the interface betweerthinefilm and Pt bottom
electrode. The smooth interface as marked by the reeddate reveals a good growth between electrode and
thin film. Fig. 2(a) - 2(d) andFig. S5(c) — S5(h) show the evolution of lamellar nanodomains (~ 0® B8 nm
in region A and ~ 1.8 nm in region B) as the tempeeaincreased from 2UC to 470°C at a step of 50C. The
traces of most lamellar nanodomains were still visibleoug70°C, except those domains with 1.8 nm width in
region A Fig. 2(c)). As the temperature increased again, all lamellard@mains almost disappeared, as shown
in Fig. 2(d) (420°C) andFig. S5(h) (470°C). For the abnormal phenomenon, detailed discussion wikiied

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 frohC26 470°C.

Dielectric properties

Figure 3(a) shows the temperature dependence of dielectric permitt&(if}) @nd dielectric loss (tabd(T))
of thin film. The peaks of dielectric permittivity are radivious, and the(T) curves look highly flattened and
dispersed. The dielectric permittivities around the peake Vitded by a Lorentz-type empirical relation,
enle= 1+(T-Ta)%/2(0n)%, 2% whereTa (Ta# T.) andeaare the temperature of the dielectric permittivity peak had t
extrapolated value @fat T = Ta, respectively. The fitted parametésat 1, 10 and 100 kHz are 105.0, 106.4 and
121.9, respectively. They all are larger than that (3G#.6he prototypical relaxor Pb(MgNbz/3)Os ceramics,
indicating a higher degree of relaxor dispersien4 The extrapolated dielectric permittivities decrease sharply

and greatly deviate from the experimental data witlemsing temperature, as plotted by the



colored solid lines. However, the variation of theueal of experimental data at 1 kHz was withid% over a
wide temperature range of 240 K (from 18D to 390°C), indicating strong thermal insensitivity of dieléctr
permittivities (TIDP). The thermal insensitivity of dietec 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 ariation of the resulting € was
also withint 1%, indicating that the losses were not the dominant fémtdhe TIDP. Interestingly, the TIDP
and the lamellar domains (s€e. 2(a) - 2(d) andFig. S5(c) — Sb(h)) almost disappear together at the same
temperature. Therefore, it can be inferred that the strobd Thay be related to the behavior of lamellar
nanodomains.

To gain further insight into the TIDP, the temperature depardehthe Raman scattering spectra of thin
film was investigatedHig. 3(b)). Neither did any new band appear, nor did any old daagpear, indicating that
a relatively stable phase structure. To reveal the pose#slation of each Raman mode with increasing
temperature, the Raman spectra were well fitted by usingdigtacteristic peaks. The peaks 1 to 8, except peak
2, correspond to the 1A 03)/E(LO4), AiTOs/E(TO), E(TG+LO)/B1, A1(TO2), A1(TO1), E(TOL), and E(TQ)
modes, respective§??"! The peak 2 (~ 605 - 609 dnis a new mode which only appears in the Raman spectra
of Ba-based relaxor ferroelectric ceramics under higrspre® The peak 1 (~ 754 - 759 dinis attributed to
the vibrations of polar [(Ti/MQ)€) clusters, and its appearance is often regarded asarrelzaracteristic
signature. The peak 3 (~ 501 - 508 %ns due to the vibrations of the O-Ti/Mg-O symmetric shieig in
tetragonally distorted polar [(Ti/Mg¥Poctahedral clusters. The peaks 4 (~ 311 - 325)dmascribed to the
vibrations of asymmetric (Ti/Mg)-O phonon in tetragonaliortiombic phases. The peaks 5 (~ 212 - 223)ésn
not only ascribed to the vibrations of asymmetric (Ti/Mgpt@@non in tetragonal/orthorhombic phases but also in
rhombohedral phase. The peaks 6 (~ 144 - 146,cin(~ 96 - 97 cnb) and 8 (~ 68 - 69 cl) are due to the
vibrations of A-site atoms in perovskite structéfeEspecially, the appearance of the peak 6 also indicaes th
existence of a local rhombohedral structure in the BGAFBhin film. 25, so)However, the peak 6 (namely the

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



Fig. S6, indicating the absence of rhombohedral phase. Coohpatie the thin film, theaig mode looks more
active in its bulk ceramics, indicating that someé&afresides on the B-site rather than A-gite.

The variations of the peak position, the full width alf Imaxima (FWHM) and the integrated intensity of
each characteristic peak are summarizefign3(c), 3(d) andFig. S7. All peaks except the peak 8 king. 3(b)
almost linearly shift toward lower frequency regions wiitréasing temperature. The amounts of red-shift referred
to room temperature for peaks 1, 2, 3, 4, 5, 6 and 7 afGMere 4.5, 3.4, 5.6, 12.9, 9.4, 1.9 and 0.32,cm
respectively. A weak blue-shift of 0.29 ¢was exerted to the peak 8. Similar to the variation gf¢iad position,
the FWHMs of all peaks except peak 3 also change lineatly imgreasing temperature. Compared with the
FWHM at room temperature, the variations of the FWHM for pe& 4 and 5 at 300C are 9.9, 1.5, 19 and -11
cnt?, respectively. The variations of the FWHM for peakg &nd 8 at 300C were almost negligible. Different
to the linear variations of the FWHMSs of peaks 4, 5 @nihe FWHM of peak 3 oscillates slightly with a small
amplitude (less than 4.5 cirwith increasing temperature. The integrated intenipgak 3 also follows a similar
variation trend with increasing temperature, as showneifritih S7(1). These results indicate that the distorted
polar nanoclusters in thin film may be in a dynamic wedmally stable state by interacting with each other with
increasing temperature, especially for the tetragonal phlaeg.will bring benefit to the high thermal stability of

lamellar nandomains, and finally resulting in the gyrotDP.
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Figure 3. | &(T), tan 6(T) and Raman scattering spectra of the BCT-BMT thin film. (a) &(T) and tary(T). (b)
Raman scattering spectra at selected temperatures. Cladupasan shifi(c) and FWHM(d) as a function of
temperature of peaks 1-8. Peak 11({L&3)/E(LOs) mode (~754 - 759 c#), Peak 2 : unknown mode (~ 605 -
609 cm?), Peak 3 : ATO3/E(TO) mode (~ 501 - 508 ch Peak 4 : E(T®&LO)/Bimode (~ 311 - 325 cW),
Peak 5 : A(TO2) mode (~ 212 - 223 ch), Peak 6 : ATO1) mode (~ 144 - 146 c), Peak 7 : E(TQ mode

(~ 96 - 97 crit), Peak 8 : E(T@ mode (~ 68 - 69 cH).

Negative electrocaloric effect

Figure S8 shows theP-E loops and correspondirlgE curves of the BCT-BMT thin film at selected applied
electric fields and frequencies (10 kHz and 10 Hz). \Withincreasing frequency and the applied electric, field
the double-likePE loops with fourl-E peaks gradually degenerated into sifgi& loops with twol-E peaks.
According to previous research work, the double-fe loops at a lower electric field and frequency (Beg

SB8a andFig. S8c) could be ascribed to the pinning and depinning of the mowalls by defects such as
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bismuth vacancies and oxygen vacan&®slTo avoid the interference and impact of defect dipoleshen t
evaluation of th€C effect of thin film!*” the P-E loops at 10 kHz were adopted and collected at a step of ten
degrees in the temperature range between 20 antC17® avoid dielectric breakdown, a safety electrittfie
playing an important role in obtaining a large AT is appliedz2, 33jwhich is far below the mean dielectric strength
(DBS) estimated by the Weilbull distributigs, ssjas shown irFig. S9. The DBSs obtained at 10 kHz, 1k Hz,
100 Hz and 10 Hz are 2991 kV/cm, 2981 kV/cm, 2677 kV/cm and 2041 kV/cm, respectikly, axe all
much higher than 1798 kV/cm (the safety electric field apphieeig.S10). Representative plots &-E loops
are shown irFig. S10, respectively. The shape BfE loops always keeps slim in the whole temperature range
studied, indicating that the leakage current is 1618.(S11) and the corresponding Joule heating is negligible
to the AT. The temperature dependence of the polarizai#n)) at selected electric fields was extracted from
the upper branches of tiReE loops inE > 0 and presented in the lower right inseFj. S10, where the red
solid lines represent cubic-spline interpolations of the egperimental data. The temperature dependence of
pyroelectric coefficients §P/IOT)e(T)) at selected electric fields was derived from B(€) curves and plotted
in Fig. S12.

Based on the Maxwell relationshigs( sE)t- (o P/ 2 T )e , reversible adiabatic changes in temperature

(AT) andlentropy (AS) of dielectric materials can be indirectly estintabgy 2, 5, 6]

Are — £ T 0P

T I,lEg(T)EdE 0

1P AS § & 9

Entropyrfla dE (O)
E T

whereT is the temperaturd the maximum polarization at the applied electric figlg the densityC the heat
capacity, ander and E2 the initial and final applied electric field, respeclyvelhe p andC in the temperature
range studied are 5.7 gérand 0.3 J®g?, respectively. Someone may question the validithefuse of th&q.

(1) andEq. (2) to a relaxor. As presented by Smolensky for relaxor flactrées® a statistical model is adopted

in this work to illustrate the permittivity & temperature tielaship because the nanoscale domains are distributed

throughout the polycrystalline unit, resulting in composiidluctuation, which leads to the
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polarization versugemperature to behave close to but different from that of tendeorder phase transition.
Thus, the Maxwell relation sometimes can be approxignased for relaxor ferroelectri¢¥! According toEq.

(1) andEq. (2), the adiabatic temperature change AT and entropy change AS ofthin films are obtained and plotted
against temperature T ifg. 4(a) and its inset. Negative AT and AS peaks are observed. They shift significantly
toward lower temperatures with increasing electric field fromt84. 798 kV/cm as guided by the colored arrows,
similar to those reported in antiferroelectric thin filmsl @eramicsuo, 11, 133However, the AT and AS peaks in
positive effect shift to higher temperatures with increasiagtet field, as reported by previous experimental
and theoretical workss, 39/ The maximum AT which is near the right part of the Lorentz extrapolated peak (TA)
(seeFig. 3(a)) of dielectric permittivity is about 42.5 K at ~ 163C and at 1632 kVcm and the corresponding
AS is about — 29.3 JK'kg?*. According to the Dulong-Peti law linfit%! for perovskite relaxor ferroelectric thin
films, the permitted ultimate upper bound@fax is about- 60 K at this temperature. Therefore, the giant AT ~
—42.5 K of BCT-BMT thin film can be acceptable. As &s 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 P&LiOo0.47CoFeQs ferroelectric/ferromagnetic
multilayered thin films due to the magneto-electric cougffighe negative EC effect reduced sharply at higher
working temperatures (e.g., 230 K), due to the weaker magleetoieecoupling.

The mechanism underlying the negative EC effect inxoetaand AFEs is still elusive. Nevertheless, the
entropy change stimulated by the change of electric freldeied ordering or disordering states of dipoles is the
widely accepted phenomenological physical explanation. Torstate the origin of the negative EC effect in
relaxors and AFEs, some theoretical insightful modelsedan the first-principles have been developed, such as
the subtle coupling between AFE, FE and oxygen tilting linigias, defect dipoles, and so an.iz-171However,
these models couldn’t provide a comprehensive solution to the giant negative EC effect in this study.

To get insight into the giant negative EC effect in ti@&EBBMT lead-free thin film, the dc bias electric
field dependence of Raman scattering spectra was investiffate S13 and Fig. S14). The Agilent 4294A

was used as the dc bias source and also as a monitor byitwd@ahoe on the alert if the voltage had been
12



applied to the thin film and if the thin film was broken dawworder to ensure reliable experimental data. Highly
conductive and transparent ITO thin film with ~ 1mm ditenevas used as the top electrode, as shown in the
inset ofFig. 4(b). Fig. 4(b) slows the Raman scattering spectra at selected dc bias dfietdisc The Raman
scattering spectra at each selected dc bias electric fldvedl fitted by using a multi-peak fitting method. The
variation of the peak position, the FWHM and the irdégg intensity of each characteristic peak were sumrdarize
in Fig. S15 andFig. 4(c). All peaks except peak 2 shifted toward lower frequencidstiv increase of dc bias
electric field. Meanwhile, the corresponding FWHM inceshwith increasing electric field except that of peak 1.
The increased FWHM of peak 3 is the biggest one among &8 gedicating that an increased anharmonicity of
the O-Ti/Mg-O symmetric stretching vibrations in tetragonakyadted polar [(Ti/Mg)@ octahedral clusters. As
a result, the degree of disorder for the tetragonal phase BGM-BMT thin film was enhanced with increased
dc bias electric fiel#* Physically, the greater the disorder increased, theerlaitte entropy increased.
Accordingly, negativé=C effect could be induced. Therefore, it is inferred that thiet gnegativeeEC effect in the
BCT-BMT thin film may be related to the phase transition indumg electric field, especially for the tetragonal
phase. In order to further reveal the phase transitiat@ulby electric field, the dc bias electric field depande
of XRD patterns was also investigatédg, S16). As shown in the inset é¢fig. 4(c), when the dc bias electric
field increased from 0 kV/cm to 375 kV/cm, the splitted diffion peaks around 31.5 ° had merged into one peak,
indicating an electric-field induced structural phase ffians (nanoscale tetragonal & orthorhombic to
rhombohedral).

The electric field induced structural phase transition in(1id)-oriented BCT-BMT lead-free thin film
can also be confirmed by thermodynamic method. Accordingrévious research work, the quadratic in
polarization terms of the thermodynamic potentiaks which control the polarization response, can be

rveKt%n =aS: 0 in m ( P P

7oA, r-1-4,
28 br )+ 8% uip high

order

(3)

where, for (001)-oriented films,

13



11 * 512 (4)

12 (5)

and, for
(111)-oriented films,

oM P20+

A =2
o ‘ 45;‘;6 51—2’— ‘2‘4
(6)
A :256‘4(1474-219_0214
out 0 45+ 8 S_+S44 7)

whereP1andP2stand for two in-plane components of the polarizationethithe outef-plane component of the

polarization, respectively. Theis the permittivity of free spac&the Curie-Weiss temperature abthe
Curie-Weiss constanQu1, Qi2, 244 are the relevant cubic electrostrictive coefficierd 8n, Sz, are the
cubic elastic compliances at constant dielectric disphants. The values of paramet&rs™ aout for some
perovskite ferroelectrics are listed Tiable St*>41 The parameters given hable Sl clearly suggest that the
polarization response of the strained films is anisotrdpbviously, (111)-oriented ferroelectric films have a
weaker anisotropic property than (001)-oriented ferroeleftiris. So theRphase can be more easily produced,
especially by applying an electric fielitin [111] direction.

As shown inFig. 4(d), when the electric fielé is applied along the [111] direction, namely the ouplafie
of the BCT-BMT thin film, theTl phase is transformed into tRegphase, and the phase is also induced into tRe
phase. Although the overall polarizatigigo *"rof110)0f T andO phases decrease as the temperature increases
the component polarizationspi1 *rop1) in the [111] direction increase due to the electrid fiaucedT-R
andO-Rphase transitions as confirmed by the results of Rapeutra and XRD pattern under the dc bias electric
fields. During the two phase transitions, as the polavizatirection changes;' or /3' will decrease with the
increasing temperature, but cos (a') and cos (/3") will increase, so the polarizationi#?)) in the [111] direction will

increase with the increasing temperature. As a resuliatbe of the
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pyroelectric coefficient ( ) will be positive, as shown in the insetfo§. 4(d), leading to a negativVeC

effect in the (111)-oriented BCT-BMT lead-free thimril

The giant negativ&C effect of the BCT-BMT thin film showed the high feasityilof this material for
next-generation chip-cooling applications, in addition $ooither merits, such as its lead-free, inorganic, and
highly Si-compatible nature compared to conventional Pb-baseterials and organic ferroelectrics.
Furthermore, the giant negatit# effect of the BCT-BMT thin film could be further improvéy various
strategies. Firstly, doping the thin film with other dopastgeh as Sr and La which can lower and extend the
working temperature, + is an effective pathway to meet practical applicationmarad room temperature.
Secondly, increasing the thickness of thin film to miceten scale by spin-coating can be easily realized by
the sol-gel method. The sol-gel thin films with thicknesthe micrometer range can increase the total cooling
capacity by several orders of magnitude compared to thin filitis thickness in the nanometer range.
Moreover, the combination of positive and negatieeffects can complete the cooling process in one step
with a sustained applied electric field in the cooling pesc as suggested by Li et!& which might enable a
more efficient refrigeration process. As a result,gi@ag the solid-state refrigerators without any moving parts
and without the need for the periodic application andhdvawal of an electric field by using lead-free film
materials with giant positive and negative EC effedtsbe a highly attractive strategy for next-generation
green chip coolingz, 46]

Moreover, a large recoverable energy densMyngq) ~ 51.7 Jcrd at 2879 kVerit (green shaded area in
Fig. 5(a)) can also be obtained in the lead-free BCT-BMT tHin.fit is comparable to the best lead-containing
thin films such as the PLZT (53 Jénat 3500 kVcrrt) and also the best lead-free compounds such as the
terpolymer nanocomposite with doped boron nitride nantsi2@.3 Jcrd at 6500 kVcm),47,% etc. As a thin
film capacitor, the charging/discharging time is about.8.§ig. S17a andS17b). Correspondingly, the power
density is ~ 1.15x10 Wkg™. As shown by the Ragone plothigure5b, it can be found that high power density
and large energy density (51.7 Jt# 2.5 Whkg') can be achieved simultaneously in the BCT-BMT thin f
capacitor. These results indicate that the BCT-BMT filmmis also a very promising, environmentally friepd|

low cost (compared with niobium-based and scandium-basedalg{e, sojand
15



thermally stablgcompared with polymers) ceramic capacitor material foem@l applications in electric

energy storage.
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Figure4. | Electrocaloric effect of the BCT-BMT thin films. (a) AT(T) at selected electric fields. Inset: AY(T).

(b) Raman scattering spectra at selected electric fialdst:IITO top electrode bridged by silver pas(ey.
Change of FWHM as a function of dc bias electric fiefdel: XRD patterns at dc electric fieldd) Phase
transition diagram of tetragonal/orthorhombic to rhongaiyhl under the electric field. Inset: positive

pyroelectric coefficient along [111] direction.
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Figure5. | Energy density and power density measurements of the BCT-BMT thin film. (a) P-E loops.

Inset: Whergy Woss andy versus E(b) Energy density & power density diagram.

Conclusion

A giant negative EEffect with maximum AT ~—42.5 K and AS ~ — 29.3 JK'kg? which are comparable to
the best reported positive EC effects so far was reale&LCT-BMT lead-free relaxor ferroelectric thin film.
Electric-field induced structural phase transition (naalesetragonal & orthorhombic to rhombohedral) along the
out-of-plane of thin film is responsible for the giant negaEC effect. Meanwhile, a large energy density of 51
Jem?® with a high power density of 1.15x%0Vkg* at room temperature is also achieved in the thin film. These
breakthroughs indicate that the BCT-BMT thin film is not onlpramising material for application in next-

generation green chip refrigeration devices but alstiteactive multifunctional material.

M ethods:

Fabrication:

BCT-BMT thin films were grown by using a sol-gel method as shawFig. S18. Bi(CHsCOO) with
20% excess Bi, Ca(Ci80O0) and Ba(CHCOOY were dissolved in glacial acetic at 80. Simultaneously,
Mg(OC2CHs)2with 20% excess Mg and Ti(OCH(GH)awere dissolved in a mixture of GACHCH20H and
CHsCOCHCOCH:. The Bi/Ca/Ba and Mg/Ti solutions were then mixed and dtifoe 30 min at room

temperature. The final concentration of the BCT-BMTcpreor solution was 0.2 M. After aging of the
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precursor solution for 24 h, the BEBMT thin film was deposited on Pt(111)/TiSi02/Si(100) substrate that
were rinsed with acetone and ethanol prior to the deponskach layer of BCT-BMT film was spin-coated at
4000 rpm for 30 s. To eliminate the formation of cracks,yewet film was first dried at 150C for 3 min and
then pyrolyzed at 450C for another 3 min on a hotplate. After the depositiod laf/ers, the film was annealed
in a chamber furnace at 700 for 30 min in air. The final thickness of the film wa®ab320 nm, as determined
by the cross-sectional micrographs.

Characterization:

The crystallinity of the BCT-BMT thin film was monitorday X-ray diffraction (XRD; Rigaku 9 KW
Smartlab, Tokyo, Japan). The cross-sectional morphologyeoffilm was examined by scanning electron
microscopy (FEI Sirion 200). The microstructure of the fil@s studied by transmission electron microscopies
(TEMs; Titan Cubed Themis G2300 and JEOL JEM-2100F). Thefepine feature of the film was investigated
by scanning probe microscopies (Bruker Multimode 8 and AsfRasearch MFP-3D). The Raman scattering
spectra were acquired by a Raman spectrometer (Horiba HR&8BG@n 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 shaddw Meakectric permittivity measurement
was carried out using an impedance analyzer (E4980A, Agiletit)avperturbation voltage Vac = 100 mV.
Polarization-electric fieldR-E) hysteresis loops and leakage currents were obtaineddnysnof a ferroelectric
tester (Precision Premier I, Radiant Technologies Kpharetta, GA). The charge/discharge experiméig.
S17) was carried out using a versatile signal source (8115@Meri&) and a digital oscilloprobe (HDO4104,
leCroy). The injected pulse voltage, duty cycle andathd impedance are set to 5V, 50% an@5@espectively.
Raman scattering spectra and XRD patterns as a functitorbids electric field were investigateed. S13, S14,
S15 and S16) using the Agilent 4294A as the dc bias source. The ITO kgh transparency and electro-
conductivity was used as the top electrode with ~ 1mm daret. S14). All samples were measured with top-
to-bottom electrode configuration. The temperature of the sampfe controlled by a thermal controller

(THMSG600, Linkam) with an accuracy of G.C.
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