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ARTICLE INFO ABSTRACT

Tuning multiple strain and polar states of ferroelectrics by using strain engineering is an essential approach for
designing multifunctional electric devices such as multiple state memories. However, integrating multiple strain
states is still a challenge, and in addition, revealing such strains and the resultant polar behaviors on the atomic
level remains difficult. In this work we prepare PbZrg 5,Tig 4803/PbTiOs (PZT/PTO) superlattices on SrRuOs-
buffered SrTiO5(001) substrates. Aberration-corrected high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) reveals that the superlattice is coherent in both ¢ (out-of-plane polar di-
rection) and a (in-plane polar direction) domains. We find that the strain states of both PZT and PTO in ¢ and a
domains are variant, leading to four special strain states. For example, the tetragonality for PTO in ¢ and a
domains is 1.061 and 1.045, respectively. In contrast, PZT in ¢ domains displays a tetragonality as giant as 1.107,
which corresponds to 110 pC cm ™2 spontaneous polarization, much larger than the bulk PZT; while PZT in a
domains exhibits 1.010 tetragonality with about 70 uC cm~ 2 polarization. This study reveals a practical way to
integrate multiple strain states and enhanced polarizations in ferroelectric films, which could be used as mul-
tifunctional electric elements.
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1. Introduction

Design and preparation of ferroelectric superlattice (SL) is an ef-
fective way to tailor properties of ferroelectric materials with artificial
structures and responses [1-5]. For instance, unusual thermodynamic
phase transition sequence and nonergodicity were predicted in ferro-
electric Pb(Zr;.41Tix1)O3/Pb(Zr;_x2Tix2)Os SLs [1]. Thickness-driven
antiferroelectric to ferroelectric transition of PbZrO; layer in PbZrOs/
Pb(Zr gTig.2)O3 SL was identified with orthorhombic to rhombohedral
phase transition [2]. In addition, domain structures in ferroelectric SLs
were found to be strongly related to the thickness of each individual
ferroelectric layer, where tetragonal a domains (in-plane polar direc-
tions) could penetrate the rhombohedral ground state of PbZr ¢Tig 403
layer when each layer thickness of Pb(Zrg 4Tig 6)O3/Pb(Zr¢ ¢Tio.4)O3 SLs
was thinner than a specific value [3]. Particularly, except for a few
interfaces near the SrTiO; substrate, all the above SLs were found to be
completely coherent in both ¢ (out-of-plane polar directions) and a
domains for Pb(Zrg 4Tip¢)O3s/Pb(Zrg ¢Tig 4)O3 and Pb(Zrg »Tig g)Os/Pb
(Zr 4Tio.6)O3 SLs, although large mismatches are involved here [3-5].
Macroscopically, remnant polarization and dielectric constant could be
wildly modulated by varying the thickness configurations of these

ferroelectric SLs, where enhanced electrical properties could be
achieved in SLs with specific thickness arrangements [4]. However, it is
still difficult to reveal the atomic structures and strain distributions in
these coherent ferroelectric SLs, since in both a and ¢ domains there are
two ferroelectric materials with completely different lattice parameters.
Moreover, further impact of atomic structures on the polar distributions
and macroscopic polarization in these ferroelectric SLs is even more
elusive.

In this paper, the fine atomic structures and strain distributions in
PbZrg 55Tip 4803/PbTiO3 (PZT/PTO) SL were quantitatively studied
based on aberration corrected high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) [6-9]. We found that
the SL was coherent in both ¢ and a domains, where both the PZT and
PTO unit cells in ¢ and a domains exhibit different strain states and
special four strain states were thus established. Particularly, giant tet-
ragonality was identified in ¢ domains in PZT layers, accompanied with
largely enhanced spontaneous polarizations. In contrast, a domains in
PZT layers exhibit a reduced tetragonality compared with the bulk PZT.
However, large spontaneous polarization is still maintained here.

This study shows that the aberration corrected HAADF-STEM is an
effective way to reveal atomic structures and polar distributions in
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ferroelectric SLs. Moreover, these results reveal practical methods to
integrate multiple strain/polar states and polarization enhancement in
ferroelectric films, which could be potentially used as multifunctional
electric elements.

2. Material and methods

The [PbZrg s52Tig.4803/PbTiO3]15 SLs were deposited on SrRuOs;
buffered SrTiO3(001) substrates by pulsed laser deposition (PLD), using
a KrF (A = 248 nm) excimer laser. The growth temperature is 575 °C
and 0.3 mbar oxygen pressure, a laser energy of 2 J.cm ™2, a pulse rate
of 5Hz were used for deposition [5]. Cross-sectional samples for the
STEM experiments were prepared by slicing, gluing, grinding, dim-
pling, and finally ion milling. A Gatan PIPS was used for the final ion
milling. HAADF-STEM images were recorded using an aberration-cor-
rected STEM (Titan Cubed 60-300 kV microscope (FEI) fitted with a
high-brightness field-emission gun (X-FEG) and double Cs corrector
from CEOS) operating at 300 kV. The diffraction contrast image was
recorded using a conventional TEM (Tecnai G2 F30 (FEI) working at
300kV). The acquisition durations of all HAADF-STEM images used
here were 40s. The beam convergence angle is 25 mrad, and the col-
lection angle ranges from 50 mrad to 250 mrad. The raw digital images
were set to 2048 pixel X 2048 pixel when acquired. All the lattice
parameters were measured along the fast scan direction. HAADF-STEM
images were acquired along in-plane [100] direction so that possible
90° domain walls could be imaged. Along the [100] direction, Ti or Zr/
Ti atoms are somewhat overlapped with O atoms in PbTiO3 or
PbZr( 55Tip 4803 unit cells. For determining the lattice parameters and
Zr/Ti displacements (8z,,1i), noise in the HAADF images was filtered by
Wiener filtering. The atom positions were determined accurately by
fitting them as 2D Gaussian peaks by using Matlab [8-11]. The &z, 1i
was estimated as a spacing between each Zr/Ti**-0?"~ and the center of
mass of its four nearest neighbors Pb?*, since the O atom has little
effect on the location of Zr/Ti columns under HAADF-STEM mode [12].
The visualization of the strains and lattice rotations was carried out
using Gatan Digital Micrograph software.

3. Results
3.1. General information

At room temperature, PbZr,s,Tig 4803 crystal has a tetragonal
structure with lattice parameters a = b = 4.036A and ¢ = 4.146 A
[13]. PbTiOj crystal has a tetragonal structure with lattice parameters
a=b=23.900Aand c = 4.148 A [14]. SrRuO; has a quasicubic lattice
parameter a = 3.928 A [15]. SrTiO5 substrate has a cubic structure with
lattice parameter a = 3.905A [13,15]. Fig. 1 shows a dark field TEM
image of the PZT/PTO SL on a SrRuO; buffered SrTiO3(001) substrate.
It is seen that the layered structures are well identified, indicating that a
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high quality ferroelectric SL was obtained. Moreover, obvious stripe
domains evolved in the SL, which might be the 90° domains (a do-
mains). Nevertheless, it is difficult to extract more detailed information
from the dark field imaging technique. Thus we perform aberration-
corrected HAADF-STEM imaging to reveal the atomic details of the SL,
since this is an accurate method to record atomic structures without the
need of taking too much into account of the thickness of materials.

3.2. Atomic structures and lattice parameters revealed by HAADF-STEM

Fig. 2 shows high resolution HAADF-STEM images of the PZT/PTO
SL. We find that the wide domains in Fig. 1 are ¢ domains (Fig. 2(a)),
while the narrow domains are a domains, as marked in Fig. 2(b). The
fast scan directions for Fig. 2(a) and (b) are along the horizontal di-
rection. We find that the first PTO/SrRuO; interface is completely co-
herent, while there are some a < 100 > type misfit dislocations at the
first PZT/PTO interface. These phenomena can be explained in terms of
the fact that the mismatch between PTO and SrRuOs; is small
(~ —0.7%), while the mismatch between PZT and PTO is large
(~3.4%). However, all the other PZT/PTO SL interfaces above the first
PZT/PTO layer are completely coherent again, indicating the relaxation
through the a < 100 > misfit dislocations was just restricted at the first
PZT/PTO interfaces. Thus the fine lattice and polar characters in the
above PZT/PTO SL would be completely different from the first PZT/
PTO layer, which are further quantitatively analyzed in the following.

First we try to identify the PZT and PTO layers embedded in the
coherent SL. Although the atomic number differences are not so sig-
nificant, we can distinguish the PZT and PTO layers by using the Zr/Ti-
O columns intensities, as shown in Fig. 2(c). Thus the PZT and PTO
layers can be preliminarily marked in Fig. 2.

To quantitatively reveal the atomic structures and polar details, the
Pb2* and Zr/Ti**-0% columns in the HAADF-STEM images were fur-
ther analyzed. The lattice parameters were calculated along the fast
scan direction, by using the atom column positions of Pb?*. All the
lattice parameters were calibrated by using a HAADF-STEM image of
the SrTiO3(001) substrate lattice, also along the fast scan direction. All
the conditions for acquiring the HAADF-STEM images of the SL and the
SrTi05(001) substrate were kept the same, so that the 0.3905 nm of the
SrTiO; cubic lattice parameter can be used for calibrating and obtaining
the lattice parameters of the PZT/PTO SL.

We find that the in-plane lattice parameter in the ¢ domain is con-
stant and this is the same for both PZT and PTO, as shown in Fig. 3(a).
The in-plane lattice parameters in the a domains show the same feature.
Fig. 3(b) shows the lattice parameter distributions in ¢ and a domains.
The constant values can be seen directly, where the averaged in-plane
lattice for the ¢ domain is 0.393 nm, while the averaged in-plane lattice
for the a domain is 0.414 nm. It should be noted that these two values
are different from all the bulk lattice parameters of the PZT and PTO
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Fig. 1. Dark field TEM image of the PbZry 5,Tip 4803/PbTiO3 (PZT/PTO) superlattice on SrRuO3 buffered SrTiO3(001) substrate. White arrows mark the PbTiO3/
SrRuO3 and SrRuO3/SrTiO3 interfaces. Note that possible 90° domains (a domains) evolved in the superlattice.
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Fig. 2. High resolution HAADF-STEM
imaging of the PZT/PTO superlattice.
(a) HAADF-STEM image of a c-domain.
(b) HAADF-STEM image showing co-
existence of c-domain and a-domain.
The fast scan of STEM imaging for (a)
and (b) are along the horizontal direc-
tion. (c) HAADF-STEM image intensity
distribution along the out-of-plane di-
rection of (a). Note the PZT layers can
be identified according to the B site ion
intensity peaks, where the Zr/Ti-O
columns in PZT layers are brighter than
the Ti columns in PTO layers. Thus the
PZT and PTO layers can be pre-
liminarily identified.

o

160 PTO PZT

PTO PZT

120

0]
o

Intensity (a.b. unit)

n
o

10
Distance (nm)

15

crystals. These preliminary results indicate that some unusual lattice
behaviors must occur here and further analysis of the out-of-plane
lattice features should be performed.

Fig. 4(a) shows a HAADF-STEM image containing an a domain. The
fast scan was tuned to be along the vertical direction so that the effects
of scanning noise on the determination of the out-of-plane lattice can be
minimized. Fig. 4(b) is the out-of-plane lattice map based on the
HAADF-STEM image. The PZT layers exhibiting obviously larger lattice
parameters can be identified directly in both ¢ and a domains here.
Fig. 5(a) shows the quantitative out-of-plane lattice distributions in the
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¢ and a domains. The peak values in the PZT layers can be seen clearly.
Note that the in-plane lattice in the a domains actually is c lattice while
the out-of-plane lattice in the a domains actually is a lattice. Thus the
tetragonalities, that is, the c lattice and a lattice ratios (c/a), can be
statistically analyzed, as shown in Fig. 5(b). Here the a lattice para-
meter for both PZT and PTO in the ¢ domains is 0.393 nm, while the ¢
lattice parameter for both PZT and PTO in the a domains is 0.414 nm
(Fig. 3(b)). It can be seen that the c/a in the PZT layers show extreme
values which are completely different from the bulk value 1.027. PZT
unit cells in the ¢ domains show a peak c/a value as large as ~1.12,

043} + in-plane lattice in ¢ domain € mean value
* in-plane lattice in a domain @ mean value

042+

.O'Q..'.Q”l."..o.g..““-o‘o'o.u.............'.II.‘.‘
041+
040+ .
039F | TIAT vaA [TTIITIIT] [HIIT
038} —[001] direction

0 10 20 30 40 50 60

Distance (Unit Cell)

Fig. 3. In-plane lattice parameter analysis based on the HAADF-STEM imaging. (a) In-plane lattice map of Fig. 2(b). (b) In-plane lattice parameter distributions in ¢
and a domains. Note that both the in-plane lattice parameters in ¢ and a domains are basically constants, which are 0.414 nm and 0.393 nm, respectively. The in-
plane lattice analysis was extracted from Fig. 2(a) and (b), where the in-plane fast scan direction could largely reduce the effects of STEM imaging. A high resolution
HAADF-STEM image with the same magnification as Fig. 2(a) and (b) was acquired in which the SrTiOs substrate lattice was used for calibration of the lattice

parameters in Fig. 3(b).
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Fig. 4. Out-of-plane lattice parameter analysis based on HAADF-STEM imaging.
(a) High resolution HAADF-STEM image contains both ¢ and a domains. The
fast scan of STEM imaging is along the vertical direction, which could largely
reduce the effects of scanning noise on out-of-plane lattice determinations. (b)
Out-of-plane lattice map of (a). Note that both the out-of-plane lattice para-
meters of PZT layers in ¢ and a domains are enlarged compared with those of
PTO layers.

while PZT unit cells in the a domains show minimum c/a value close to
1. In contrast, the c/a values for PTO unit cells in ¢ and a domains are
more close to the bulk PTO. Nevertheless, slight differences can also be
identified. Averaged c/a values for PTO unit cells in the ¢ domains and a
domains are 1.061 and 1.045, respectively. Thus it is clear that the
PZT/PTO SL here displays a special four strain state, where both PZT

Ultramicroscopy 193 (2018) 84-89

and PTO unit cells in the ¢ and a domains show different strain states.

It is known that the polarization and strain are strongly coupled
with each other in tetragonal ferroelectrics [16-21]. Thus it is of great
significance to analyze the ferroelectric ion displacements in this PZT/
PTO SL, since the Zr/Ti ion displacement (6z.1;) is directly associated
with the spontaneous polarizations (Ps) in each unit cell. Here the 8, 1;
will be somewhat affected since along [100] direction the Zr/Ti-O
columns were recorded actually. Nevertheless, our previous work has
revealed that in PTO unit cell the &y is less affected by the O atoms
under HAADF-STEM mode [12]. Thus the magnitude of §z,,1; can be
roughly estimated by using the measured &z, 1.0 directly from a
HAADF-STEM image. Fig. 6(a) and (b) show the estimated in-plane and
out-of-plane 8z.,1; components, respectively. We further statistically
analyzed the 8, 1; values in ¢ and a domains, as shown in Fig. 6(c). It is
seen that the 8z,1; in a domain is basically uniform, indicating that
there is little difference of Ps between PZT and PTO in a domains. The
averaged &z, values for PZT and PTO unit cells in a domain are
0.013(5) nm and 0.012(4) nm, respectively, which correspond to Ps
value of about 70 uC cm ™2 (according to the linear relationship be-
tween 8z, 1; and Ps, where Ps = 1.96k:6z,,1; and k = 2726 (uC-cm_z)
nm ™}, refs. 17,21)

In contrast, we find large enhancement of 8z 1; in PZT unit cells
within the ¢ domains, which is consistent with the large c/a ratio here.
The averaged 8, 1; values for PZT and PTO unit cells in ¢ domain are
0.021(1) nm and 0.017(4) nm, respectively, which correspond to Ps
value of about 110 pC cm ™2 and 90 uC cm ™2, The lattice parameters
and ferroelectric ion displacements in PZT and PTO unit cells within ¢
and a domains are summarized in Table 1.

4. Discussion

It is well known that in single layer, single composition epitaxial
systems, mismatches can be easily relaxed when films get thicker [22],
especially for large mismatch systems, where the critical thicknesses of
epitaxial films could be less than several unit cells [22]. However,
present work reveals that superlattice growth is an effective way to
preserve large strains in ferroelectric films. Here the mismatch between
PbZr( 55Tig 4803 and PbTiO3 is ~3.4%, which should yield a critical

Fig. 5. Out-of-plane lattice parameter analysis based on Fig. 4(a).
(a) Out-of-plane lattice parameter distributions in ¢ and a do-
mains. (b) Tetragonality (c/a ratio) distributions in ¢ and a do-
mains. Here the tetragonality was calculated as follows: for the c
domain, the c lattice parameters correspond to the black cure
shown in (a), while the a lattice parameter is a constant as
0.393nm shown in Fig. 3(b); for the a domain, the a lattice
parameters correspond to the red cure shown in (a), while the ¢
lattice parameter is a constant as 0.414 nm shown in Fig. 3(b).
Note that both the out-of-plane lattice parameters for the PZT
layers in ¢ and a domains are enlarged compared with those of
PTO layers. Also note the severe differences of tetragonalities for
PZT unit cells in ¢ and a domains, while those differences for PTO
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Fig. 6. Zr/Ti off center displacement analysis based on Fig. 4(a). (a) In-plane
Zr/Ti displacement map. (b) Out-of-plane Zr/Ti displacement map. (c) Out-of-
plane and in-plane Zr/Ti displacement distributions in ¢ and a domains. Note
the Zr/Ti displacement in PZT layer is increased in ¢ domain, while the Zr/Ti
shift in a domain remains constant.

Table 1
Parameter summary of the superlattice.
lattice a lattice ¢ c/a Zr/Ti shift Ps (uCem™?)
(nm) (nm) (nm)
PTO in ¢ 0.393 0.417 1.061 0.017(4) 93
domain
PZT in ¢ 0.393 0.435 1.107 0.021(1) 113
domain
PTO in a 0.396 0.414 1.045 0.012(4) 66
domain
PZT ina 0.410 0.414 1.010 0.013(5) 72
domain

thickness around 4 unit cells according to previous works [22]. How-
ever, in the present PbZr 5,Tig 4803/PbTiO3 superlattice system, each
period contains ~ 18 unit cells of PbZr5,Tig 4503/PbTiO3 which are
free of any dislocations. Except for the first PbZrg 55Tig 4803/PbTiO3
period just above the SrRuO; buffer layer, the entire above
PbZry 55Tip 4803/PbTiO3 superlattice is coherent.

Moreover, the as-grown coherent ferroelectric superlattice displays
clear four strain states, where both the PbZrg 5,Tig 45803 and PbTiO5 in ¢
and a domains show different c/a ratios (Table 1). These results are
completely different from single composition tetragonal films, where
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the lattice of PbZr,Ti; xO3 in ¢ and a domains is actually the same
[23,24]. In particular, giant c/a ratio (~1.107) are obtained in
PbZr( 55Tip 4803 layer within the ¢ domain, which is much larger than
the bulk PbZr( 55Tig 4803 crystal (1.027).

In addition, since the polarization and c/a are strongly coupled with
each other in these tetragonal ferroelectrics [16-21], we can further
analyze the polar character in the ferroelectric superlattice. First we
note that the c/a for PbTiO; in the ¢ domain is ~1.061 with &; of
0.017(4) nm, where both c/a and &+; are close to the bulk PbTiOs; lattice
(c/a = 1.065, 81; = 0.017 nm, ref. 17). Thus the Ps in ¢ domain PbTiO5
can be estimated as ~ 90 uC cm ™2, which is consistent with the result
estimated by Glazer and Mabud [17]. This value can be understood as
the ideal Ps of PbTiO3 crystal, since the actually measured Ps for
PbTiO; is always lower than this value as 75 uC cm ™2 The real ex-
periment measurement of Ps can be easily underestimated because of
defects and the contact condition between ferroelectrics and electrodes
[15]. Thus the ideal Ps of PbTiOs is about 20% larger than the mea-
sured value.

Now we analyze the polarization enhancement in the
PbZrg 55Tig 4803 layer within the ¢ domain. We note that the measured
Ps of PbZrgs,Tip4s03 are between 40 and 50 pC cm ™2 (refs.
[16,18-20,25,26]). We assume that the measured Ps equals to
45 uC cm™2 By using the increased percentage (~20%) of ideal Ps
relative to measured Ps of PbTiOs, the ideal Ps of PbZr 55Tip 4803 can
be roughly estimated as 45:(1 + 20%) = 54 uC cm 2. In present study,
the giant c/a ratio (~1.107) is identified in PbZrj s5,Ti 4803 layer
within the ¢ domain, which yields large ferroelectric ion displacement
as 0.021(1) nm. The corresponding Ps value is ~110 uC cm ™2, which is
approximately as twice as that estimated for the ideal Ps of bulk
PbZro.52Tig.4803.

On the other hand, the Ps (~66 uC cm ™2, Table 1) in PbTiOj3 layer
within the a domain is somewhat reduced compared with the ideal
value. This is reasonable since the c/a (1.045) also decreases here.
However, the Ps in PbZr( 55Tig 4803 layer here still maintains a high
value (~72 pC cm ™2, Table 1) while its c/a is very small (1.010,
Table 1). This might be due to the impact of its neighboring PbTiO5
layers. The polarization of these tetragonal ferroelectrics arises from the
ion displacement, which is directly associated with local atom bonding
through oxygen octahedra [27]. While the PbZrg 5,Ti 4503 layer here
tends to reduce 8z, 1; in respond to its lowered c/a, the neighboring
PbTiO; layers would push the sandwiched PbZr,s5,Tij 4505 layer to
maintain a similar &z,1; value to that of PbTiO; via lateral atom
bonding. We note that the atom bonding arrangement in the a domain
here is different from that of ¢ domain. There is no such lateral atom
bonding between PbZrgs,Tip 4803 and PbTiO; in ¢ domains, thus
PbZrg 55Tig 4803 and PbTiO3 here tend to maintain their own Ps values.
In other words, the polar crosstalk only tends to occur at the
PbZr 55Tig 4803/PbTiO3 interfaces, not the whole SL structure in the c
domains. Particularly, it is noted that the Ps in PbZr 55Tig 4803 layer
within the a domains is even bigger than the bulk value. Thus all the
PbZr( 55Tip 4803 unit cells in the ferroelectric superlattice exhibit en-
hanced polarizations.

Thus the present results offer a practical way to integrate multiple
strain states into ferroelectric films. Moreover, these strain states fur-
ther induce multiple polarization states inside the ferroelectric super-
lattice, which can be potentially used as multiple state ferroelectric
memory elements [28,29]. In addition, giant polarization enhancement
up to ~200% was identified in the PbZr, 55Tig 4803 layers, which in-
dicates novel method to largely increase ferroelectric polarization of
ferroelectric films. These results directly confirm the previous ob-
servation of enhanced electrical properties in PbZry5TipgO3/
PbZr( 4Tip 603 superlattices [4], where X-ray revealed some unusual
strain state but it had never been directly visualized.
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5. Conclusion

Atomic structures and strain states of PbZrg 55Tig 4803/PbTiO3 su-
perlattice were analyzed through aberration-corrected HAADF-STEM.
Multiple strain states exhibiting several polarizations were found in the
superlattice. Large tetragonality of 1.107, in response to the clamping
effects of neighboring PbTiO3 layers, was identified for PbZr 55Tig.4s03
layer embedded in ¢ domains, which displays giant polarization en-
hancement up to ~200%. Our results show that aberration-corrected
HAADF-STEM is an effective way to study atomic and polar characters
of ferroelectric superlattices. Particularly, present work indicates novel
method to integrate multiple strain/polarization states into ferroelectric
films with increased polarizations, which can be potentially used as
novel ferroelectric devices with enhanced responses.
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