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The piezo response is greatly strengthened by the interface effect and twining structures in 

Ba(Zr,Ti)O3/(Ba,Ca)TiO3 multilayered heterostructures. 
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Ferroelectric Domain Structure Evolution 

in Ba(Zr0.1Ti0.9)O3/(Ba0.75Ca0.25)TiO3 

Heterostructures 
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b
 Ruyan Guo,

c
 Amar S. 

Bhalla,
c
 Minghui Zhang,

d
 Jiechao Jiang,

d
 Chonglin Chen,

b, † 

Xiang Ming Chen
a, † 

Highly oriented multilayerd Ba(Zr0.1Ti0.9)O3/(Ba0.75Ca0.25)TiO3 thin films were 

fabricated on Nb doped (001) SrTiO3 (Nb:STO) substrates by pulsed laser 

deposition. Microstructural characterization by X-ray diffraction indicates 

that the as-deposited multilayered thin films are highly c-axis oriented. 

Transmission electron microscopy shows that the films present epitaxial 

correspondence with the substrate at the first layer and multi-oriented twin 

domain structures near the surface, especially with increasing periodic 

number (N). Piezoresponse force microscopy (PFM) studies reveal an 

intense polarization component in the out-of-plane direction, which 

increases greatly with increasing periodic number (N), whereas the in-plane 

shows inferior phase contrast. The optimized combination was found to be 

the annealed 16 layer structure (N=8, layer thickness = 712 nm) which 

displays the best polarization domain structures and the saturated piezo 

response loop. The annealing process benefits the 180
o 

 domains with some 

angle to the growth direction, which brings more piezo response in the in-

plane signal. Our results suggest that the increasing of piezo response is 

greatly associated with interface effect and the twining structure. 

Introduction 

Perovskite ferroelectric materials are the most popular 

candidates for electronic devices, such as pluralized capacitors, 

actuators, sensors, etc.
1,2

  Numerous investigations have been 

conducted on perovskite solid solutions formed with designed 

chemical elements for different industrial demands. 

(Ba,Sr)TiO3 relaxor has been widely used in energy storage, 

microwave elements or capacitors.
3
 Pb(Zr1-xTix)O3 (PZT) is 

known more for  its great piezoelectric performance, desired 

for the novel electromechanical devices.  Later in this decade, 

research has shifted to searching for new alternatives to 

replace Pb-containing piezoeletronic materials due to toxity 

concerns.
4 

Among all the Pb-free materials, alkaline niobate
5
 

and BaTiO3 based
6-8

 perovskites have been intensively 

explored due to their high d33 value. However, their d33 values 

remain inferior to Pb containing piezoelectric materials. 

Recently, a surprisingly high piezoelectric coefficient of 

d33=620 pC/N in Ba(Ti0.8Zr0.2)O3-(Ba0.7Ca0.3)TiO3 (BZT-BCT) 

ceramic was reported.
9
 The strong piezoelectric effect was 

related to the morphotropic phase boundary (MPB) at a 

tetragonal–cubic–rhombohedral triple point, where a very low 

energy barrier for polarization rotation and lattice distortion 

could be obtained. This result motivated further investigations 

in the whole BZT-BCT system.
10-15
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Thin films of lead-free ferroelectric materials normally 

show a less than satisfactory piezoelectric response, but have 

been highly sought after for use in many micro actuators and 

sensors. The recent studies on BZT-BCT thin films were 

fabricated using spin-coating,
16

 screen printing,
17

 sol-gel,
18

 

chemical solution method,
19

 and pulsed laser deposition.
11,20-22

 

Large d33 values over 100 pm/V,
23,24

 and enhanced remnant 

polarization
21

 of 37 μC/cm
2
 has been achieved in 0.5BZT-

0.5BCT homogeneous films. In contrast to numerous 

investigations on BZT-BCT homogeneous films, multi-layered 

structures consisting of single BZT and BCT layers have not 

been reported yet. In any ferroelectric multilayer systems, the 

interfaces present and the size of the individual layers play a 

crucial role in deciding upon final properties.
 
With delicate 

controlling of periods of layer (N) or layer thickness, dielectric 

constant, tunability, or electromechanical properties can be 

enhanced greatly.
25-30

 S. Zhong et al.
 
theoretically reported a 

nearly 23% strain in PbZrxTi1-xO3 multilayers.
27

 Liu et al. 

reported five times larger microwave tunability in N=16 

BaTiO3/SrTiO3 multilayer than that of N=4 multilayer.
28

 R. Nath 

et al. revealed about 50 percent improvement of piezo 

response in BaxSr1−xTiO3 multilayered films than that of 

homogeneous samples.
29

 The abundant physics mechanisms in 

multilayers triggered prosperous progress in microelectronic 

systems. Therefore, to introduce a multilayered structure into 

highly interesting BZT-BCT materials, using different periods of 

BZT and BCT single layer, is expected to achieve intriguing 

behaviours.  

In this article, we have addressed the systematicl 

investigation of the relationship between the optimized 

microstructural combination and the enhanced piezo 

performance in the BZT-BCT multilayer system. We report here 

the multilayered Ba(Zr0.1Ti0.9)O3/(Ba0.75Ca0.25)TiO3 thin films 

deposited on single crystal Nb doped (001) SrTiO3 substrate 

with different stacking layer numbers (N=1, 2 and 8), as seen in 

Figure 1. It is revealed that the piezo response is significantly 

dependent on the interface effect and the twining structure as 

the number of layers increase. The results are expected to 

provide a guideline on designing new structures for piezo 

materials in micro-electromechanical systems (MEMS). 

 
Figure 1. Sketch for the formula of BZT/BCT superlattices structure. 

 

Experiments 
A KrF excimer pulsed laser deposition system with a 

wavelength of 248 nm with the energy density of about 2 

J/cm
2
 and a repetition rate of 5 Hz was employed to fabricate 

ferroelectric BCT-BZT multilayered thin films on single-crystal 

(001) Nb:STO substrates. Single-phase pure (Ba0.75Ca0.25)TiO3 

and Ba(Zr0.10Ti0.90)O3 targets were used for the deposition. The 

optimal growth conditions were found to be at the 

temperature of 840 °C with an oxygen pressure of 200 mTorr. 

The rate of the deposition time for the (Ba0.75Ca0.25)TiO3 and 

Ba(Zr0.10Ti0.90)O3 single-layer is 1:1 and the stacking periodic 

numbers are 1, 2, 8, respectively (as seen in Figure 1). The total 

deposition times were set to be 30 min with different stacking 

periodic combinations (N) to ensure the same total film 

thicknesses. For comparison, we also annealed a sample with 

N=8 at 450 
o
C in air for 24h to minimize the oxygen vacancy 

density in the film.   

The microstructure, crystallinity, and epitaxial behavior of 

the as-deposited multilayered thin films were characterized by 

X-ray diffraction (XRD) and transmission electron microscopy 

(TEM). Cross-section TEM specimens were prepared via 

mechanical grinding, polishing and dimpling followed by Ar-ion 

milling. Selected-area electron diffraction patterns (SAED) and 

high-resolution TEM (HRTEM) images were recorded in a 

Hitachi H-9500 electron microscope (point resolution 0.18 nm). 

The PFM measurement was firstly characterized to achieve the 

topography, out of plane and in-plane images, with AC electric 

field added to the tip and the sample grounded. Then all the 

films were poled by scanning over a 5×5 μm
2
 area under a DC 

bias of +10 V applied to the tip, followed by another scanning 

with an applied bias of -10 V, while the sample was kept 

grounded during the whole process. After that, the samples 

were again scanned at AC electric field to offset the DC bias 

influence. The phase hysteresis loops were achieved using a 

similar process with DC bias phase scanning. 

 

Result and discussion 

Figure 2(a-d) shows the typical θ-2θ scans of the as-deposited 

BZT/BCT multilayered thin films on the Nb:STO substrates with 

different stacking periodic combinations (N). (00l) peaks 

appear in the θ-2θ scans for both the thin films and the 

substrates, indicating that the multilayered thin films have 

highly c-axis texture growth, or c-axis normal to the substrate 

surfaces. Two additional peaks around 31
o
 and 55

o
 can be 

observed, which correspond to (011) and (112) planes, 

respectively (according to BaTiO3 phase, PDF 05-0626). With 

increasing stacking number N, the (112) peak becomes 

stronger, indicating that the film has preferred growth to align 

along the (112) direction, probably due to the twinning growth 

mechanism.
31,32

 The full width at half maximum (FWHM) of the 

rocking curve around (002) peak is 0.075, 0.084 for N=1 and 

N=2 films, respectively. As stacking number N reaches 8, the 

FWHM is 0.065 and it becomes 0.126 after annealing. Figure 

2(e-h) display the enlarged view from 2θ=40~50
o
, inserted 

with φ scan taken along <101> direction for each sample. The 

satellite peaks around (002) reflections become visible with 

the increase of the combination numbers (N), suggesting good 

interface structures and strong interface effects. The sample of 

as-deposited N=8 shows at least three satellite peaks at 

2θ≈43.93, 2θ≈44.46, and 2θ≈45.5. Therefore, the multilayer 

thickness can be estimated from these satellite peaks using the 

standard formula L = [λ/(sinθn+1-sinθn)], where λCu(Kα) is the 

wavelength of the Cu(Kα) radiation and n corresponds to the 

nth satellite peak. Specifically, the thickness of every periodic 

layer (L) of the sample N=8 was found to be about 38.5 nm, 

giving the overall multilayer thickness of about 616 nm. The 

annealed N=8 sample does not show the clear satellite peaks, 

suggesting the partial elimination of the interfaces by 

annealing. 
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Figure 2. A typical X-ray diffraction pattern of the as-grown 

BZT/BCT multilayered thin films on (001) Nb:STO substrates for 

stacking number (a)N=1, (b) N=2 (c)N=8, (d)N=8 with post annealing 

for 24 hour at 450 
o
C, respectively. The second row (e-h) shows the 

broadened view from 2θ=40~50
o
 for stacking number (e)N=1, (f) N=2 

(g)N=8and (h)N=8 with post annealing for 24 hour at 450 
o
C, 

respectively, inserted with φ-scan taken along <101> for each sample. 

 

We have conducted cross-sectional TEM studies to 

further understand the microstructure of the multilayered thin 

films. Figure 3(a) shows a bright-field TEM image of a 2 layer 

film (N=1). The thickness of BZT and BCT layer is about 280 nm 

and 160 nm, respectively. The growth rate of BCT layer was 

determined to be 10.0 nm/min, while that of BZT is about 20 

nm/min. Clear and distinguished sharp interfaces between the 

BCT layer with respect to the STO substrate, and to the BZT 

layer were formed. Figure 3(e) is a SAED pattern taken from an 

interface region covering the Nb:STO substrate and the 1st 

layer of BCT, indicating a good epitaxial structure of the BCT 

layer was formed on the Nb:STO substrate. Figure 3(f) is a 

SAED pattern taken from the BZT layer in Figure 3(a) 

presenting a polycrystalline structure formed in the layer. The 

high intensity diffraction arcs around the (011) spot in the first 

diffraction ring in Figure 3(f) indicate the formation of some 

twin structures. These arcs could be also observed in the 

epitaxial BZT and Mn:BZT structures.
31,32

   

Figure 3(b) shows a TEM image of 4 layer film (N=2). The 

total thickness of the BZT and BCT layer is about 650 nm, 

which is surprisingly thicker than what was designed. The 1st 

layer of BCT appears much darker than the three layers above. 

The SAED pattern taken from the 1st BCT layer/STO substrate 

exhibits the same characteristics as shown in Figure 3(e), 

indicating an epitaxial structure with respect to the STO 

substrate. The top three layers in Figure 3(b) present a 

columnar structure. Figure 3(g) is a SAED pattern taken from 

the top three layers, exhibiting polycrystalline structure. 

Formation of such polycrystalline structures may be associated 

with the high deposition rate. 

Figures 3(c) and (d) are cross-sectional TEM images of the 

as-deposited and annealed 16 layer films (N=8). The 

multilayered structure is clearly shown in the as-deposited film 

but can be barely seen in the post annealed film. The annealed 

film shows better defined columnar structures than the as-

deposited film. Similar to the aforementioned films, the 1st 

BCT layer appears much darker contrast than the layers on its 

top. Electron diffraction analysis shows that the 1st BCT layer 

in both as-deposited and annealed films possesses an epitaxial 

structure. Figures 3(h) and (i) are SAED patterns taken from 

the layers on the top of the 1st BCT layer. Figure 3(h) presents 

mainly the (011) and (011
-

) diffractions. It is significantly 

different from the SAED patterns shown in Figure 3(f) and (g). 

This result indicates that this as-deposited N=8 film mainly 

consists of twin structures that are formed by coherently 

joining their {111} planes.
31,32

 Figure 3(i) shows that in addition 

to the strong (011) and (011
-

) diffraction spots, the intensity of 

the other diffraction rings are significantly increased. This 

indicates that the twin structures in the as-deposited film are 

degraded during the annealing. However, the annealed film 

still possesses a significant amount of twin structures.    

 
Figure 3. Cross-sectional TEM images of as-grown BZT/BCT 2-layer 

(a), 4-layer (b), 16-layer (c), and of post annealed BZT/BCT 16 layer (d) 

film. (e) SAED pattern taken from the interface covering 1st layer BCT 

and Nb:STO substrate. (f)-(i) SAED pattern taken from the region above 
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the first BCT layer in the as-grown BZT/BCT 2-layer, 4-layer, 16-layer, 

and post annealed BZT/BCT 16 layer film, respectively. 

 

It can be summarized from the aforementioned results 

that the 1st BCT layer is epitaxially grown on the (001) Nb:STO 

substrate in the four films studied in the paper. Figure 4 shows 

a typical cross-section HRTEM image of such an interface 

between the 1st BCT layer and the Nb:STO substrate. It clearly 

shows that the BCT layer is very well epitaxially grown on the 

STO substrate with an atomically sharp interface with respect 

to the substrate.  

Figure 5(a) is a HRTEM image of an interface between the 

1st BCT layer and the BZT layer taken from the 4 layer film. It 

can be seen that the BZT structure was initially epitaxially 

grown on the 1st BCT layer. However with the further growth 

of the BZT layer, the front surface of the BZT layer starts to 

become rough and in the meantime the twin structures 

formed by coherently joining their {111} planes with the 

epitaxial structure were developed. 

Figure 5(b) is a HRTEM image taken from the film region 

above the 1st BCT layer in the as-grown 16 layer film showing 

the coexistence of several twin domain structures, such as 

Twin 1 and Twin 2. The following PFM results show that the 

films composed of such twin structures exhibit significantly 

enhanced properties.  

 

 
Figure 4. Cross-sectional HRTEM image taken from the interface of 1st 

BCT layer and Nb:STO substrate.  

 

To understand the dielectric properties of the as-grown 

films, PFM was used to investigate the piezo response features 

of both out-of-plane (OP-PFM) and in-plane (IP-PFM) phase 

images. Figure 6(a) shows the surface topography of all the 

films with different stacking numbers. As seen in Figure 6(a), 

all samples have a flat surface. The sample with N=1 shows a 

round grain shape while samples with N=2 and N=8 show 

triangular shaped dense blocks. These surface structures 

manifest a clear texture of triangular pyramid and stair-step 

shapes. This triangular shape morphology was also reported in 

previous reports on BZT-BCT thin films.
25,33

 The average grain 

size calculated by linear intercept method is 124 nm, 294 nm, 

and 250 nm, for the as-deposited films of N=1, N=2, and N=8, 

respectively. The grain size gradually increases with the 

stacking periodic number increasing. It is worth noting that 

(Ba0.75Ca0.25)TiO3 terminated film has a smaller grain size than 

the Ba(Ti0.9Zr0.1)O3 terminated film (see Figure S1 and S2(a)), 

suggesting that BZT needs more nucleation energy to form 

grains. This is due to slow diffusion of bigger Zr
4+

 ions replacing 

smaller Ti
4+

 ions at B sites of oxygen octahedra. Thus, the BZT 

layer has smaller interface energy due to larger grain size and 

less grain boundaries. 

 
Figure 5. (a) cross-sectional HRTEM image of the interface between 1st 

BCT layer and BZT layer. (b) a typical HRTEM image taken from a 

region above 1st BCT layer in the as-grown BZT/BCT 16 layer thin film. 

 

The representative out-of-plane (OP) and in plane (IP) 

PFM phase images are shown in Figure 6(b) & (c), respectively. 

As to the phase image, an AC bias voltage is applied between 

tip and sample during contact mode imaging. In response to 

the AC electric field, the sample expands and contracts, 

leading to an oscillation in cantilever deflection. Thus the color 

contrast actually means the deflection feedback of the 

cantilever due to the different poling state in the neighboring 

domains. The N=1 sample shows a 90
o
 contrast in OP phase 

image, while N=2 and N=8 samples show 180
o
 contrast. Thus, 

it suggests a stronger out-of-plane component of polarization 

with increasing layer number. As to the IP phase, all the 

samples show a relatively low contrast (45 or 25 degree). This 

indicates that the in-plane component of ferroelectric domain 

is smaller compared to the out-of-plane element. As it can be 

observed in Figure S1 and S2 (b) & (c), the BCT or BZT 

terminated film only shows 5 degrees in IP phase image, and 

90 and 45 degree contrast in OP phase image, respectively. It 

can be compared that the piezo response of both OP and IP 

phases are getting stronger with increasing layer number, and 

the increase of OP phase contrast is larger than that of IP 

phase contrast. One reason for the increasing OP contrast is 

the twining structure exhibited with increasing layer number. 

According to the previous TEM discussion, the sample of N=1 is 

strained along (001) at the first BCT layer, and then relaxed to 

a polycrystal at the top of the BZT layer. In contrast, in the N=8 

film, the top BZT layer remains highly textured growth along 

the (011) direction, joining their {111} planes. Compared to the 

(001) oriented layer, the (111) or (011) oriented layers bring 
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larger tetragonal lattice distortion, and also arouse a larger 

angle relationship between the film orientation and the 

spontaneous polarization.
23 

This orientation dependent 

phenomenon is also quite consistent with lead-based films. 

The domain morphology in Pb(In1/2Nb1/2)O3-Pb(Mg1/3Nb2/3)O3 

material is reported to largely depend on the crystal 

orientation. The (011) orientated crystal is inferred to have 

distinctive domain behaviour.
34

 Similarly, the (011) twining 

structure here in the N=8 film is a key factor for the superior 

piezoelectric response.  Another reason for the increasing OP 

contrast can be attributed to the strain enhancement of 

polarization. The strain introduced at the interface becomes 

much higher as the thickness of each individual layer decreases. 

Large amounts of theoretical analysis on the strain enhanced 

piezo responses have shed a light on this phenomenon. The 

mis-fit strain can largely control the out-of plane domain 

structure, reported in Pb(Zr,Ti)O3 films.
35

 Regarding that the 

BCT layer has a smaller lattice constant than that of the BZT 

layer, it suffers a tensile strain from the BZT layer, and vice 

versa, the BZT layer suffered a comprehensive strain. This 

periodic strain modulation behaves more evidently as the 

number of layers increase. In addition, since the increase of OP 

contrast is larger than that of IP contrast as number of  layers 

increase, it can be inferred that the polarization direction is 

tending to form along the growth direction (z axis) as number 

of interfaces increase. In summary, the interface between BZT 

and BCT plays an important role in the enhancement of the 

piezo response performance. 

 In order to investigate the domain switching behaviours, 

a bias of 10 volt is added positively and negatively to the tip. 

Figure 7 displays the OP phase image and IP phase image when 

(a), (c) +10 V and (b), (d) −10 V bias is applied to the sample 

surface, respectively. With periodic number (N) increasing, the 

OP contrast between positive (+10v) and negative (-10V) poled 

image increases greatly (see Figure 7(a)&(b)). The sample of 

as-deposited N=8 (see Figure 7 (III) (a) & (b)) shows best 

switching behaviour in OP phase signal. In contrast, the BZT or 

BCT terminated film shows the weakest switching contrast 

(see Figure S3 and S4). As more interfaces are induced into 

films, better switching can be achieved. In addition, the IP 

phase signal is not sensitive to the interfaces increasing 

compared to OP phase signal. However, the annealing sample 

displays a much stronger IP switching contrast, suggesting 

polarization component not strictly along z axis existed in the 

annealing sample. 

 
Figure 6. AFM images of BCT-BZT multilayered films with different 

stacking periodic numbers((I) N=1, (II) N=2, (III) N=8, and (IV) N=8 with 

post annealing) showing (a) contact mode topography image, (b) OP-

PFM phase image, and (c) IP-PFM phase images of domain structure. 

  

 Since both OP and IP phase information has been 

recorded, it is possible to reconstruct the polarization direction 

into x-z plane.
36

 The domain structure is classified into four 

categories in as deposited and annealed N=8 film. The 

schematic representation of the switching behaviour in these 

four types has been compared in Figure S5. It is difficult to 

distinguish 90
o
 domains and 180

o
 domains only according to 

the phase images in the x-z plane. However, as in the current 

work, we can basically rule out the existence of 90
o
 domains 

(type 3 and type 4), because they lead to strong changes in IP 

phase signal. This is similar to Pb(Zr,Ti)O3 epitaxial films where 

(111) oriented films tend to form 180
o
 domains while relaxed 

films have many domains.
37

 Therefore, we denoted the 180
o
 

domain (type 1 and type 2) distribution in Figure 8 (marked as 

Red numbers). The as-deposited film of N=8 exhibits mainly 

type 1 domains, whereas the annealed sample of N=8 has a 

large amount of type 2 domains. This indicates that the 

annealing process changes the polarization direction in the 

N=8 films, giving more IP phase signal. In addition, it is 

interesting that different color contrast is observed at the 

domain boundary in annealed N=8 sample. Moreover, the 

domain boundary can be switched by DC electric field 

reversing. This behaviour is only observed in the annealed 

sample, which means the domain boundary has different 

polarization direction compared to the inner domain. 
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Figure 7. AFM images of BCT-BZT multilayered films with different 

stacking periodic numbers ((I) N=1, (II) N=2, (III) N=8, and (IV) N=8 with post 

annealing) showing: Out-of-plane phase image when (a) +10 V and (b) −10 V 

is applied to the sample surface, and in-plane phase image when (c) +10 V 

and (d) −10 V is applied to the sample surface, respec\vely.  

Figure 8. Switching behaviors of N=8 as deposited and post annealing 

films displayed in initial state (top row), +10V (middle row), and -10V 

(lower row) signals, showing: (a),(b),(c) Out-of-plane phase image, and 

(d),(e),(f) in-plane phase image.  
 

Typical local piezo-loop measured at room temperature 

on a fixed location in the center of the BCT-BZT grain is shown 

in Figure 9. The sample of N=1 shows nearly 100
o
 switching in 

OP phase, while the sample of N=2 shows 120
o 

switching. The 

annealed N=8 sample can be reversibly switched 180
o
, 

qualitatively demonstrating complete ferroelectric polarization 

switching. Because all the amplitude and phase scanning used 

the same tip, we can set a laser sensitive coefficient of tip as a 

constant (unit: nm/V). The piezoelectric coefficients of all the 

films can be compared from the slope of the amplitude-

voltage curves with positive linear portion. It can be compared 

that the sample of N=8 has a three times higher piezoelectric 

coefficient than the sample of N=1. This result coincides well 

with the former discussion of switching behaviour. The 

coercive voltage is found to be an average of 2.5V in all the 

samples. The switching is asymmetric with imprint behaviour 

as there is much difference between positive and negative 

coercive voltages. 

 
Figure 9. Amplitude hysteresis loop of BCT-BZT multilayered films of 

(a) N=1, (b) N=2, (e) N=8, and (f) N=8 with post annealing, and Phase 

hysteresis loop of BCT-BZT multilayered films of (c) N=1, (d) N=2, (g) 

N=8, and (h) N=8. 

Conclusions 

Multilayered Ba(Zr0.1Ti0.9)O3/(Ba0.75Ca0.25)TiO3 thin films 

deposited on Nb doped (001) SrTiO3 substrates have a primary 

(001) orientation along the growth direction. XRD and TEM 

analysis reveals sharp interfaces and epitaxial nature at the 

BCT/Nb:STO interface, and multi-oriented twin domain 

structures formed near the surface as the number of layers 

increases. All films exhibit an intense polarization component 

in out-of-plane phase, and inferior in-plane phase contrast. As 

periodic number (N) increases, the out-of-plane phase contrast 

increases greatly and better switching behaviors are observed. 

The annealed N=8 sample shows the best polarization domain 

structures and saturated piezo response loop. Our results 

suggest that interface effects and the twining structure play an 

important role in enhancing the increase of piezo response. 
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