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Supplementary Figure 1: Energy densities vs. the applied electric field E. This figure

compares the (capacitive) energy densities achieved in this work (solid triangles) with

those reported for other leading dielectrics.1-17
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Supplementary Figure 2: Energy and power densities of typical electrical devices for

energy storage. (R=100k and C~4.5nF in the discharge experiments for estimation of

the power density of the BZT thin film capacitors).
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Supplementary Figure 3: X-ray diffraction patterns. (a) 2θ-scan pattern (inset:

zoom-ins around the BZT peaks) and (b) Φ-scan pattern of the (101) plane of the

rhombohedral phase of a BZT(1.8 m thick) /SRO/(100) STO thin film heterostructure.
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Supplementary Figure 4: Transmission electron microscopy (TEM) of the BZT

films. (a) A cross-sectional bright field TEM image of a 1.8 m thick BZT film, showing

the vertically grown rhombohedral {100} “micro-domains” (Scale bar: 200 nm); (b) and

(c) high magnification TEM images of a 0.7 m thick BZT film, zig-zag shaped {101}

boundaries between the nano-domains residing in the {100} “micro-domains” are marked

in (b) (Scale bar: 50 nm), while an embedded T-phase domain (white) in the matrix of

hierarchical rhombohedral polytwins is displayed in (c) (Scale bar: 50 nm); (d) the SAED

pattern of the area centered in the white region in (c) with a radius of ~ 50nm, the

diffraction pattern verifies existence of the embedded T-phase (Scale bar: 5 nm-1).
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Supplementary Figure 5: Optical second harmonic generation (SHG) measurements.

A thin film sample is tilted by θ = 45o with respect to the incident light in the reflection

geometry (a) whereas it is tilted by θ = 0o with respect to the incident light in the

transmission geometry (b); p-polarized SHG intensity profiles collected from (c) a

tetragonal phase dominant region and (d) a rhombohedral phase dominant region of a 1.8

µm thick BZT film (on LAO) in the reflection geometry; s-polarized SHG intensity

profiles collected from (e) a 0.35 µm thick BZT film (on LAO) and (f) the 1.8 µm thick

BZT film (the same film as in c, d) in the transmission geometry.
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Supplementary Figure 6: r -T and tg-T curves.Measured at 1 kHz for thin and thick

BZT films grown on LAO (rwere normalized to those measured at room temperature,

r-rm).

Note: The upper limit of the temperature controllable in the probe station is 600 oC. Due

to a higher compressive misfit, the thin BZT film (350nm) showed a Curie temperature

higher than 600 oC.
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Supplementary Figure 7: Frequency-dependent dielectric losses. Replotted from Fig.

4d for the BZT films with different thicknesses grown on the same substrates (LAO).
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Supplementary Figure 8: Polarizations and energy storage characteristics as

functions of a cycling electric field. (a) Normalized maximum and remnant

polarizations Pmax, Pr , and (b) energy storage density/efficiency (Wc,) of a 1.4 m BZT

film (on LAO) as functions of cycling times of a 5 kHz, 190V (1.35MV cm-1) triangular

voltage wave. P-E loops before and after cycling were measured by using a similar

triangular wave (1kHz, 190V).
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Supplementary Figure 9: Illustrative temperature-composition phase diagram

of the Ba(ZrxTi1-x)O3 ferroelectric solid solution (partially shown). Trm : room

temperature.
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Supplementary Table 1: Energy storage performances of different high energy

density dielectrics.

Reference
No. Material r

Maximum
E field

(MV cm-1)

Energy
DensityWC
(J cm-3)

Effici-
ency 

Max. Ope-
rating Tem-
perature (oC)

1-3 P(VDF-CTFE) (FE) ~47.5 ~6 28-42 ~60%
-70% 100

3
Ternary Polymer

Nanocomposite (FE)
(P(VDF-CTFE)/BNNS/BT)

12 5.52 27 78% 100

4 BOPP(commercial
capacitors) (LD) ~2.2 6.4 1.2 --- 105

5 Ferroelectric polymer
networks (FE) 9.8 4 20.5 83% 100

6 c-BCB/BNNS
nanocomposites (LD) 3.1 4 2.5 90% 250

7 Neat 2-Cyanoethyltri-
me thoxysilane (LD) 20 3 7.69 91% ---

8 (Pb0.92La0.08)-
(Zr0.52Ti0.48)O3 (FE) 1100 1.6 28.6 ~72% 150

9 (Pb0.91La0.09)-
(Zr0.65Ti0.35)O3 (FE) ~1400 1.68 45 68.4% 200

10 Pb(1−3x/2)LaxZr0.85Ti0.15O3

(AFE) 520 2.14 53.5 ~70% 150

11 Sr-Doped PbZrO3 (AFE) 120 0.9 18.6 78% 210

12 Eu doped PbZrO3

(AFE) ~230 0.9 26.1 72% 200

13
(042)-preferred Pb0.97
La0.02(Zr0.98Ti0.02)O3

(AFE)
420 0.984 48.2 52.3% 120

14 (1- x)BaTiO3-
xBi(Mg,Ti)O3

900 1.9 37 --- 200

15 BaTiO3
Multilayers (FE) 1800 0.4-0.9 1.4-5 --- ---

16 (BCT/BZT)n
multilayers (FE) 200 4.5 72.5 72.3% 140

17 HfxZr1- xO2 (AFE) 35-40 4.5 90 ~50% 175

This work
Engineered Poly-
domain BZT films

(FE)

200-400
(350 nm-
1800nm)

2.2-5.7 40-166 ~70%-
96%

300
(tg<5%)

Note: FE: ferroelectric, AFE: antiferroelectric, LD: linear dielectric.

Dielectric permittivities are the ones measured at the remnant state or under a small field.
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Supplementary Note 1: Energy storage characteristics of a dielectric

Densities of electrical energy stored in or released from a dielectric can be

calculated from its characteristic P-E curve* by the formula:

2 2
0

1 1=
2 2

eff

eff rW EdP E E    (1)

Where W is the energy density, E is the applied electric field, P is the polarization, eff and

eff

r are the effective dielectric constant and relative effective dielectric constant by the

linear approximation, respectively. If WC is used to denote the charged/stored energy

density (Supplementary Equation 2), and Wre the discharged/released energy density, i.e.,

the recyclable energy density (Supplementary Equation 3), the energy efficiency () can

be defined and calculated by (Supplementary Equation 4):
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where Ps and Pr are the saturated polarization and remnant polarization of the dielectric,

respectively. It is clear that for an ideal linear dielectric, ,rec WW  and  = 1. For typical

ferroelectrics (P-E curves shown in Fig. 1(a) and (b)), their energy storage characteristics

(WC and  ) strongly depend on the shape of the P-E curve. Furthermore, since the

frequency of a measuring electric field E strongly affects the shape of a P-E curve (The

faster E is applied, the more possible a P-E curve can be extended to a higher field, due

to a reduced possibility of electrical break-down. This leads to higher WC and  values.),
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we strongly recommend to use a standard pseudo-static measuring frequency f for

collecting and reporting the WC and  data. For films of a few hundred nm thick or

thinner, f = 1 kHz is commonly used and herein recommended. For films with

sub-micron or m level thickness, f = 100 Hz is recommended.

* A ferroelectric’s electric polarization (P) is close to its electric displacement (D)

( PPEPEPED  00000 )1(  , since 1 in ferroelectrics), and the two

notations are often interchangeably used for ferroelectrics. Rigorously, what is measured

in the so-called polarization-voltage test (P-V test) of a ferroelectric is its D-V curve.

The notation of polarization is used throughout this work for a better description of the

domain structure, while the energy densities and efficiencies calculated from the “P-V”

curves are correct.
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Supplementary Note 2: Energy storage performance of ferroelectrics and related

materials.

To evaluate the energy storage performance of a dielectric material, there are several

key parameters to be taken into consideration (see Supplementary Table 1 below), includ-

ing the stored energy density WC and energy efficiency  defined in Supplemenatry Note

1. Here we compare the polydomain BZT films with the main players in the field of

capacitive/dielectric energy storage,1-17 which include ferroelectric polymers and linear

polymer dielectrics (used in commercial capacitors), lead-based ferroelectric and anti-

ferroelectric films, as well as a few lead-free high energy density ferroelectrics/antiferro-

electrics. By comparing the energy storage performance parameters presented in

Supplementary Table 1 (a graphic illustration ofWC as function of the applied electric

field E is given in Supplementary Figure 1), the main achievements of this work can be

put into a proper perspective.

In addition to a high energy density, our BZT thin film capacitors are stable over a

broad range of temperatures and frequencies. Furthermore, this material has a relatively

simple, lead-free composition, which indicates a good manufacturability and environment

friendliness. We display in Supplementary Figure 2 the energy and power densities of

the engineered polydomain BZT films, together with those of typical electrical devices

for energy storage.18 In this figure, it is clearly shown how this work has changed the

landscape of electrical energy storage, i.e., by combining high energy density and high

power density into one device. In our future work, we will explore how to reduce the

role of a substrate in the energy performance of a ferroelectric film.
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Supplementary Note 3: XRD analysis of the T/R mixed phase structure.

Supplementary Figure 3a is a representative XRD 2 -scan pattern of the BZT films.

Only (l00) diffraction peaks are observed for both the bottom electrode layer and the BZT

film, with the latter showing a mixture of rhombohedral and tetragonal phases. Supple-

mentary Figure 3b is the Φ-scan pattern of the rhombohedral (101) plane, which shows

four strong diffraction peaks with their intervals varying between 89.76o and 90.12o,

disclosing a pseudo-cubic heteroepitaxial growth of the BZT film on the electroded

substrate.
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Supplementary Note 4: TEM analysis of the BZT films.

TEM images in Supplementary Figure 4 reveal the typical global and local film

morphologies. 1st order and 2nd order domains of the hierarchical rhombohedral

polytwins are shown in Supplementary Figure 4a and Figure 4b, respectively, while

Supplementary Figure 4c and Figure 4d in the main text reveal the existence of embedded

tetragonal (T) domains in the matrix of the rhombohedral (R) polytwins.
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Supplementary Note 5: Second Harmonic Generation (SHG) polarimetry analysis.

To further understand the distribution and evolution of the phase structures in the

BZT films, optical second harmonic generation (SHG) polarimetry was performed in the

reflection and transmission geometries (Supplementary Figure 5a and Figure 5b). In the

reflection geometry, the SHG response arises predominantly from surface domains

whereas in the transmission geometry the response is dominated by bulk domains.

Supplementary Figure 5c and Figure 5d show p- and s-polarized reflected SHG

intensities as functions of incident light polarization angle from two separate regions of a

1.8 µm thick BZT film. Consistent with the XRD and TEM results, the two regions

display tetragonal-dominated (Supplementary Figure 5c) and rhombohedral-dominated

phase structures (Supplementary Figure 5d), respectively. This analysis revealed an

inhomogeneous distribution of the tetragonal and rhombohedral domains across the

surface of the BZT film.

The transmitted SHG responses were also recorded for bulk domain analysis. In this

geometry, the p- and s-polarized SHG intensities (Supplementary Figure 5e and Figure 5f)

are attributed to the tetragonal domains oriented along the [100 ], [ 100 ], [010], and [010 ]

directions, while the d-polarized SHG intensity (Fig. 3a and Fig. 3b) is attributed to the

rhombohedral domains oriented along the [110], [ 110 ], [ 110 ], and [110 ] directions.

Based on analysis of the probed regions, we estimated that the R:T phase ratio is about

50:50 for the 0.35 µm thick film, and 62:38 for the 1.8 µm thick film. The rhombohedral

domains become more prevalent as the film thickness increases due to relaxation of the

strain field.
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SHG measurements were carried out at room temperature using a mode-locked

Ti:Sapphire ultrashort pulse laser (80 MHz, 10 nJ per pulse, 100 fs) and a regenerative

amplifier (250 kHz) as the fundamental light source (=810 nm) with a beam spot of ~ 10

µm in diameter for reflected and transmitted signal detections, respectively. In the

reflection and transmission geometries, films were aligned with their surface normal axes

at θ = 45o and θ = 0o with respect to the incident light, respectively. A Glan Polarizer

acting as the analyzer and a band pass filter (Thorlabs, FB400-40) were placed in front of

a photomultiplier tube module (Hamamatsu, H9305-04) for SHG light polarization

selection and filtering out light at the fundamental frequency. A half-wavelength plate

was used to rotate the polarizations of the incident laser pulses for collecting p-polarized,

s-polarized, and d-polarized SHG signals as functions of the incident light

polarization.19,20
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Supplementary Note 6: Temperature dependent dielectric performance.

As shown in Supplementary Figure 6, the outstanding dielectric properties (high r

and low tg) of the BZT films are stable ( r reduction ≤10%, tg≤5%) up to a high

temperature of ~300 oC, which leads to the superior energy storage performance at

elevated temperatures.
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Supplementary Note 7: Fatigue Test.

As shown in Supplementary Figure 8, both polarizations and energy densities

decreased with cycling times, while the energy efficiency increased with cycling. This

indicates that the ratio of the R phase (hierarchical polytwins) increased with a cycling

electric field.



21

Supplementary Note 8: Phase engineering of BaTiO3 via Zr doping.

In the ferroelectric solid solution of Ba(Zrx,Ti1-x)O3, the room temperature

equilibrium phase/bulk phase transforms from a tetragonal phase in pure BaTiO3 into an

orthorhombic one and finally a rhombohedral phase with an increasing amount of Zr

dopant (Supplementary Figure 9).21 However, under a biaxial compressive misfit strain,

the stable region of the tetragonal phase expands and borders that of the rhombohedral

phase.22 Near room temperature (Trm), these two phases have close free energy densities

in epitaxial films (Supplementary Figure 9), and hence a proper misfit will lead to the

formation of a tetragonal/ rhombohedral heterophase polydomain structure.
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Supplementary Note 9: Consideration of the misfit strains to create heterophase

polydomain BZT films.

This is done by estimation of the lattice parameters of the metastable tetragonal (T)

phase. The bulk rhombohedral (R) phase of BZT has a lattice constant of 4.06 Å.

From the SAED pattern of a BZT film grown on the LaAlO3 substrate, the out-of-plane

lattice parameters of the rhombohedral and tetragonal phases (c-axis) near the interface

are calculated to be 4.21Å and 4.19 Å, respectively. Then an in-plane compressive

strain of ~-5.5% can be estimated for the R phase at the interface, based on the Poisson’s

relation (assuming Poisson ratio equals 0.25). This yields an effective substrate lattice

parameter at the interface of ~ 3.84 Å, which is a bit larger (extended by the film) than

that of the bulk LaAlO3 (3.79 Å). The in-plane strain for the tetragonal phase at the

interface was computed to be ~-3.7% by the same method using an estimated bulk

tetragonal c-lattice parameter of ~4.09 Å (computed from the XRD pattern of the thickest

film grown on STO, i.e., 1.8m BZT on the substrate with the smallest misfit strain,

Supplementary Figure 3a). Therefore, based on the same effective substrate lattice

parameter (requirement of heteroepitaxy at the interface), the a-axis lattice parameter of

the T phase was estimated: 3.84/(1-0.037)~3.99 Å. The self-strain between a R phase

and a T phase is about (3.99-4.06)/4.06 ~ -1.7%. The choice of the three different

substrates with an initial lattice misfit of -3.8% (STO), -4.7% (LSAT) and -6.4% (LAO)

was made based on the fact that the films we studied are rather thick (in order to yield a

polydomain structure) and buffered by a SRO electrode layer (~-2% misfit with BZT),

leading to much smaller misfit strains than the initial ones. This choice was validated

by the observations of the T/R mixed phases in all films on the three substrates with a
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thickness of 350nm or thicker, and a single T phase in a thin film (~175 nm) grown on

the LAO substrate, which has the largest initial compressive misfit with the BZT film.

These observations are also consistent with our thermodynamic analysis presented in the

main text (“Discussion”), which was schematically shown in Fig. 1d.
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