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ABSTRACT

Ferroelastic domain walls provide opportunities for deterministically control-

ling mechanical, optical, electrical, and thermal energy. Domain wall charac-

terization in micro- and nanoscale systems, where their spacing may be of the

order of 100 nm or less is presently limited to only a few techniques, such as

piezoresponse force microscopy and transmission electron microscopy. These

respective techniques cannot, however, independently characterize domain

polarization orientation and domain wall motion in technologically relevant

capacitor structures or in a non-destructive manner, thus presenting a limitation

of their utility. In this work, we show how backscatter scanning electron

microscopy utilizing channeling contrast yield can image the ferroelastic

domain structure of ferroelectric films with domain wall spacing as narrow as

10 nm. Combined with electron backscatter diffraction to identify grain orien-

tations, this technique provides information on domain orientation and domain

wall type that cannot be readily measured using conventional non-destructive

methods. In addition to grain orientation identification, this technique enables

dynamic domain structure changes to be observed in functioning capacitors

utilizing electrodes that are transparent to the high-energy backscattered elec-

trons. This non-destructive, high-resolution domain imaging technique is

applicable to a wide variety of ferroelectric thin films and a multitude of

material systems where nanometer-scale crystallographic twin characterization

is required.
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Introduction

Domain walls in ferroelectrics are crystallographic

twin interfaces that provide opportunities for control

of optical, electrical, mechanical, and thermal energy.

For example, domain walls have been shown to

possess differing electrical conductivity than neigh-

boring domains enabling nanoscale resistive devices

to be developed [1, 2]; their motion is the basis of

high piezoelectric and dielectric response by pro-

viding extrinsic contributions to strain [3, 4] and

permittivity [5], respectively; they can separate

regions of differing optical indices and thus can be

used to modulate light [6] and store optical data [7];

and can act as phonon scattering sites providing for a

means to rapidly and deterministically control ther-

mal energy [8–11]. Given the demonstrated and

potential technological importance of domain walls,

means to control and characterize their structure and

populations is of critical importance.

Imaging domain structure in ferroelectric materi-

als can be achieved through many techniques

including optical microscopy with polarized light,

scanning probe microscopy (piezoresponse force

microscopy, PFM), scanning second harmonic gen-

eration, transmission electron microscopy (TEM),

and even scanning electron microscopy (SEM),

among others [12–14]. Some of these techniques,

such as polarized optical microscopy and scanning

second harmonic generation, are well suited to bulk

ceramics and single crystals where domain sizes

may be much larger than the wavelength of the

imaging light. Imaging domain structure in thin

films is more challenging owing to very fine domain

sizes, which scale with thickness and/or grain size

[15, 16] and preclude conventional optical approa-

ches. For this reason, domain structure characteri-

zation in thin film ferroelectrics is conventionally

done using non-destructive PFM or destructive TEM

methods. For studies where non-destructive mea-

surements are desired, PFM affords high-resolution

imaging that can provide information on polariza-

tion direction, domain wall type, and piezoelectric

coefficients. While PFM can provide domain orien-

tation information, film or grain orientation must be

known a priori. Therefore, for quantitative under-

standing of domain structure, this measurement

technique must be combined with approaches that

can identify grain orientations of the same grains

studied by PFM.

It would be advantageous to have an imaging

technique that can provide high-resolution domain

structure characterization and grain orientation

information. Imaging domains within an SEM

equipped with an electron backscatter diffraction

detector provides this capability. SEM has been uti-

lized in a limited number of studies to image the

domain structure of bulk ferroelectric single crystals

[17–20] and ceramics [19, 21–24]. Several different

techniques have been explored, including secondary

electron imaging utilizing electron channeling

[17, 19], secondary electron imaging where contrast is

provided by differing polarization charge or work

function affecting electron yield [20], electron beam

stimulated polarization currents [19], electron

backscatter diffraction (EBSD) [24], and backscatter

electron imaging utilizing electron channeling

[21, 23]. A simple and high-resolution approach is to

utilize a backscatter electron (BSE) imaging mode

where the channeling of incident electrons within

domains of different orientations modulates the

backscatter yield and provides a crystallographically

sensitive contrast mechanism. This method has been

used on bulk materials and has been shown to allow

imaging of domains with widths as small as 30 nm

[21]. With a few exceptions, however, this approach

has not been widely applied to the imaging of

domains in thin film samples [11, 25]. In the present

work, we will show how backscatter scanning elec-

tron microscopy can be used to image the ferroelastic

domain structure of polycrystalline bilayer lead zir-

conate titanate (PZT) thin films and an epitaxial PZT

film. Samples studied include (1) A 170-nm-thick

bilayer PZT film with a PbZr0.2Ti0.8O3 layer on top of

a PbZr0.7Ti0.3O3 layer (denoted as 20/80–70/30). This

sample was used to assess the impact of imaging

conditions on resolution, to compare SEM and PFM

imaging, and to show how SEM and EBSD can

complement PFM data. (2) A 230-nm-thick bilayer

PZT film with a PbZr0.3Ti0.7O3 layer on top of a

PbZr0.7Ti0.3O3 layer (denoted as 30/70–70/30), which

was used to demonstrate how backscatter SEM

imaging could be used monitor domain structure

changes in an electrode/ferroelectric/electrode

structure while electric fields are applied. (3) A 160–

nm-thick epitaxial PbZr0.2Ti0.8O3 thin film, which was

used to demonstrate domain imaging with high

spatial resolution. Bilayers, owing to the ability to

prepare large grained samples ([500 nm) with high

densities of finely spaced ferroelastic domain walls
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that are mobile under applied electric fields [26–28],

provide an opportunity to assess the resolution per-

formance of backscatter electron imaging of domains

and demonstrate domain imaging while electric

fields are applied. The bilayer structures used in this

work consists of a *60–nm-thick zirconium-rich

(PbZr0.7Ti0.3O3) layer in contact with a platinum

bottom electrode and a titanium-rich (PbZr0.2Ti0.8O3

or PbZr0.3Ti0.7O3) layer on top. The titanium-rich

layer possesses a high density of 90� ferroelastic

domain walls.

Experimental procedures

All scanning electron microscopy experiments were

performed within a Zeiss Supra 55VP instrument.

Backscatter electronmicroscopy imageswere collected

with acceleration voltages ranging from 10 to 20 kV

with a solid state, KE Development LTD, Four Quad-

rant Backscattered Electron Type 211 detector. Work-

ing distances of less than 6 mm were used. This

working distance denotes the distance between the

sample surface and the pole-piece, not the backscatter

detector, which is located between the pole-piece and

the sample. EBSD was conducted in the Zeiss Supra

55VP SEMutilizing anOxford EBSD system consisting

of Flamenco collection software and aNordlys II EBSD

detector. TheEBSDpatternswere indexedwith respect

to the unit cell of PbZr0.2Ti0.8O3 with P4mm crystal

symmetry and lattice parameters of 3.953 and 4.148 Å.

Patterns were obtained with a beam current of 5 nA

and an accelerating voltage of 20 kV. The resulting

orientation data were analyzed with the Oxford

Channel 5 software package. In order to better visu-

alize the inverse pole figure maps, some data cleaning

consisting of 8 nearest neighbor hole filling was used.

PFM imaging was performed with a Digital

Instruments Dimension 3100 atomic force microscope

using sharp, \20 nm, platinum-coated tips (DPER-

XSC11 MikroMasch) with a nominal resonance fre-

quency of 12–18 kHz. PFM images were collected

near the cantilever’s in-contact resonance frequency

to enhance the lateral resolution. The imaging signal

of 2.5 Vpeak voltage at *58 kHz was provided by an

external function generator. The out-of-plane (verti-

cal PFM) signals were collected. All PFM data pre-

sented are the X data channel (R 9 cos h image) in

uncalibrated units. The phase was adjusted to mini-

mize the data in the Y channel.

Bilayer PZT films were prepared using chemical

solution deposition employing an inverted mixing

order solution chemistry [29] with titanium iso-

propoxide, zirconium butoxide (80 wt% in butanol),

lead (IV) acetate, glacial acetic acid, and methanol as

the precursor chemicals for the bilayer films. Tita-

nium isopropoxide was added to zirconium butoxide

and allowed to stir for 5 min. This solution was

chelated with acetic acid and allowed to stir for 5 min

prior to the addition of methanol. Lead (IV) acetate

was added and the solution was heated to 90 �C until

dissolution of the acetate and a clear solution resul-

ted. Sequential doses of methanol and acetic acid

were added while cooling to room temperature

resulting in a 0.35 M solution. Bilayer films were spin

cast onto 100 nm Pt/40 nm ZnO/400 nm SiO2/sili-

con substrates whose preparation is discussed else-

where [30]. Films were cast at 4000 RPM for 30 s. The

zirconium-rich solution was first deposited followed

by a hotplate pyrolysis at 450 �C for 1 min. The tita-

nium-rich solution was then spin cast followed by

sequential hotplate pyrolysis steps of 300 and 450 �C,
each for 1 min. One to two additional titanium-rich

layers were deposited and pyrolyzed and the films

were then annealed in a preheated furnace at 700 �C
for 10 min. The epitaxial film was prepared by pulsed

laser deposition (PLD) onto a 100-nm-thick SrRuO3

epilayer on a (001)-oriented SrTiO3 substrate. The

SrRuO3 epilayer was prepared via 30� off-axis RF

magnetron sputtering. A 75-mm diameter SrRuO3

target 75 W in 20 mTorr of a 5:1 Ar:O2 atmosphere

onto a (001)-oriented SrTiO3 substrate. A substrate

platen temperature of 610 �C was used as monitored

by a thermocouple located near the platen. The

160-nm-thick PZT film was deposited with the fol-

lowing conditions: 200 mTorr oxygen, a 150 mJ KrF

beam, 12 mm2 spot size, a target-to-substrate sepa-

ration of 6.5 cm, and a 15 Hz laser repetition rate.

A photoresist lift off technique and platinum pads

were used to provide for fiducial markings to enable

electron and scanning probe microscopy measure-

ments to be performed in the same region on the

20/80–70/30 bilayer and epitaxial samples. Imaging

under an applied electric field was performed on a

30/70–70/30 bilayer sample and was achieved by

preparing 90-nm-thick 500 9 500 lm platinum pads

through a shadow mask by RF magnetron sputtering.

The mask was then offset by *300 lm and a 3-nm-

thick platinum film deposited. To provide a platform

allowing electric fields to be supplied to the sample
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during imaging, the bilayer film was mounted to a

silicon wafer with silver paint. Gold wire was then

bonded to the *90-nm-thick pads using silver epoxy

(EPO-TEK H20E) and to thicker wire epoxied to

alumina insulating pads adhered to the silicon wafer.

Electrical feedthroughs on the microscope were used

to supply a voltage to the sample. Three 3-volt

lithium ion batteries were used in series to apply

±9 V across the film. Continuity of the 3-nm-thick

platinum layer was verified by capacitance mea-

surements of the bilayer film.

Results and discussion

An initial experiment was performed using a

20/80–70/30 bilayer sample to identify necessary

conditions to observe the fine domain structure pre-

sent in thin films. The film was imaged with 10, 15,

and 20 kV acceleration voltages at working distances

of 4.5 and 5.3 mm, with the results shown in Fig. 1.

All images possess features that are consistent with

stripe domain features. However, the greatest clarity

of these features is observed for 15 and 20 kV

acceleration voltages, as indicated by the arrows in

Fig. 1b. These arrows highlight domains that are

clearly observed using 15 and 20 kV conditions, but

are not observed with 10 kV acceleration voltages.

Additionally, resolution of stripe domain features is

improved by decreasing the working distance from

5.3 to 4.5 mm. Arrows in Fig. 1c show domains that

are resolved with a 4.5 mm working distance, but are

not well resolved with a 5.3 mm working distance

(Fig. 1f). Increased resolution with increased beam

energy can be understood by a greater beam energy

resulting in a smaller probe size and deeper interac-

tion volumes. Increased resolution with smaller

working distances results from increased solid angle

of the scanning beam and also increased solid angle

of backscattered electron detection. Based on the

results of this initial study, the images collected in the

remainder of this work utilized working distances

less than 5 mm and accelerating voltages of 20 kV.

With the necessary conditions for high-resolution

imaging established, Fig. 2 shows images of the

20/80–70/30 bilayer in a region that was also mea-

sured by PFM. Stripe domain structures are clearly

observed in many grains in the overall image in

Figure 1 Backscattered electron micrographs of a PbZr0.2Ti0.8O3/

PbZr0.7Ti0.3O3 bilayer film under 10 kV accelerating voltage (a,

d), 15 kV accelerating voltage (b, e), and 20 kV accelerating

voltage (c, f) with working distances of 4.5 mm (a–c) and 5.3 mm

(d–f). Arrows in (b) indicate domains resolved with 15 and 20 kV

beam energies, but not resolved at 10 kV. Arrows in (c) indicate

domains resolved with a 4.5 mm working distance but not resolved

with a 5.3 mm working distance. Changes in the levels and gamma

values were independently performed for each image to represent

similar brightness and contrast.
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Fig. 2a. Figure 2b, c highlight two specific regions

where distinct domain structure can be observed. The

grain in the center of Fig. 2b has a complex domain

structure with bundles of stripe domains highlighted

with arrows that are similar to those observed by Ivry

et al. using PFM [25]. These domain bundles almost

certainly form to minimize strain and polarization

fields. The grains highlighted in Fig. 2c show regions

of intersecting stripe domains (white arrows). In

measuring the distances between the stipe domains

in Fig. 2c, we observe that domains spaced as nar-

rowly as *21 nm are clearly resolved, which is of the

same order as that observed for bulk ceramic samples

using a similar technique [21]. As will be shown with

the epitaxial film later, this value does not necessarily

represent a fundamental resolution limit; rather it

reflects the finest resolved spacing of domains pre-

sent in this particular region of the sample.

Figure 3 shows topographic atomic force micro-

scopy (Fig. 3a, d) and out-of-plane PFM images

(Fig. 3b–f) for the regions imaged by BSE in Fig. 2b

and c. The domain structure was imaged in a pre-

poled state (Fig. 3b, e, respectively) and after the

application of ?8 volts using the scanning probe

(Fig. 3c, f), which we denote as the poled state. The

BSE images (Fig. 2b, c) were collected after PFM

poling. In Fig. 3c, we clearly see domain bundle

structures that correspond to the same features

observed in Fig. 2b (arrows identify the domain

bundles). In Fig. 3f, we can identify the intersection

of stripe domains in the left-most grain and the

complex domain structure of the right-most grain;

both features are also observed in Fig. 2c. The

domain spacing within the same grain measured by

the BSE technique in Fig. 2c is identical at *21 nm.

This data clearly show that BSE imaging may be used

to gather similar domain morphology information as

PFM, with similar resolution.

The BSE and PFM data allow domain structure to

be imaged, but because randomly oriented poly-

crystalline grains comprise these films, information

about crystallographic relations cannot be obtained.

To obtain these data on these same films, EBSD was

employed in the same region. Figure 4a shows an

EBSD inverse pole figure orientation (IPF) map with

respect to the sample normal for the same region as

shown in Fig. 2, with the same highlighted regions

identified by the white boxes. The fine domain

structure combined with carbon contamination from

SEM imaging results in some pixels that are difficult

to assign; however, we can identify orientations for

most grains in the imaged area. No overall prefer-

ential orientation can be deduced from these data,

demonstrating that this film consists of randomly

oriented grains. Additionally, EBSD has suitable res-

olution to enable identification of some specific

domain regions. Focusing on the grain imaged in

Fig. 2b, which is the topmost highlighted grain in

Fig. 4a, we can identify the domain bundle structure

observed in both BSE and PFM as the alternating

Figure 2 Backscattered electron micrographs of a PbZr0.2Ti0.8O3/

PbZr0.7Ti0.3O3 bilayer film imaged with a 20 kV electron accel-

erating voltage. a shows an overview scan and b, c show higher

magnification images of the top and bottom boxes in (a). Arrows in

(b) and (c) identify domains that are observed in the PFM images

of Fig. 3. A change in the levels from 0–256 to 0–185 and gamma

value to 1.15 was performed to increase contrast in the image.

J Mater Sci (2017) 52:1071–1081 1075



blue/green stripes. This particular grain has an ori-

entation close to\011[ out-of-plane. Using pole fig-

ure analysis on this grain (Fig. 4b), showing the

\001[polar axes in tetragonal PZT, we can see that

these regions are separated by 90�. This observation

demonstrates the utility of the combined BSE and

EBSD technique to identify and image the ferroelastic

domain structure in the 20/80 layer of the randomly

oriented bilayer film. Furthermore, it can be seen that

these polar axes are oriented by approximately 50

and 65� from the surface normal. Likewise, for the

right-most grain highlighted in the lower box (the

Figure 4 a Inverse pole

figure (IPF) map with respect

to the sample surface normal

of the region shown in Fig. 2a.

The inset shows the color key

used for the IPF corresponding

to the map in (a). b, c show the

\001[ pole figures from the

grains highlighted in Fig. 2b,

c, respectively.

Figure 3 Scanning probe microscopy images of the regions

highlighted in Fig. 2b (top row) and c (bottom row). a, d are

topographic scans of the respective regions. b, e are piezoresponse

force micrographs in the unpoled state, and c, f are piezoresponse

force micrographs in the poled state. Arrows in (c) and (f) identify

domains that are observed in Fig. 2.
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same grain as highlighted in Fig. 2c), which has an

orientation near\001[, regions of differing domain

orientations can be identified. Pole figure analysis for

this grain is shown Fig. 4c for the\001[poles. Again,

90� angles are observed between the three \001[
poles, demonstrating that these domains are sepa-

rated by ferroelastic domain walls in a single grain.

The polarization axes in this grain form angles of

approximately 27 and 73� with the surface normal.

This specific orientation information would be diffi-

cult, if not impossible, to determine from PFM data

alone.

For another test of the utility of the BSE technique

for imaging domains in ferroelectric thin films, in

operando monitoring of the domain structure in a

capacitor structure has been investigated. Several

groups have performed PFM imaging through thin

metallic electrodes; however, most efforts have

focused on observing 180� ferroelectric domain

structure and not ferroelastic structure [31–36]. While

the metal electrode is known to reduce PFM imaging

resolution [33, 37], 10 nm 180� polarization-reversal

features have been reported as resolved via this

technique [32]. This notwithstanding, studies of fer-

roelastic domain structure through a metal electrode

using PFM appear to be limited. A technique using

electron channeling, such as BSE, will work so long as

the electrode is sufficiently thin to allow for trans-

parency to backscattered electrons. In this study,

ferroelastic domain structure was imaged through a

3-nm-thick platinum electrode. Figure 5 shows

sequential BSE images captured under conditions of

(a) no applied field in an unpoled state, (b) positive 9

volts applied (i.e., positive bias to the top electrode

and negative to the bottom electrode), (c) the positive

remanent state, and (d) under application of negative

9 volts. Changes in the domain structure are unam-

biguously observed in several grains that are high-

lighted by arrows. To better illustrate the changes in

domain structure, Fig. 6 shows two selected grains

with false color applied with an inverted color profile

and arrows denoting the direction of stripe domains.

Changes in domain orientation while the field is

applied are observed in multiple regions of each

Figure 5 in operando backscatter electron micrographs of a

PbZr0.3Ti0.7O3/PbZr0.7Ti0.3O3 bilayer film imaged through a

3-nm-thick platinum electrode, a shows a micrograph in the

unpoled state, b shows the same region with 9 V across the film,

c is after removal of the 9 Vapplied bias in the positive poled state,

and d is with -9 V applied across the bilayer film. Arrows in

(a) indicate regions where there are distinct changes in the domain

structure in the various electrical conditions. A change in the levels

from 0–256 to 0–139 and gamma value to 0.55 was performed to

increase contrast in the images.
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grain. Additionally, focusing on the top grain in

Fig. 6, even with the thin platinum electrode present,

stripe domains spaced as narrow as 34 nm can be

resolved, demonstrating that finely spaced features

can be obtained when imaging through the 3-nm-

thick platinum electrode. It should be noted that the

large penetration depth (the estimated Kanaya–

Okayama range [38] is[1.8 lm for PZT with a 20 kV

beam accelerating voltage) and low current (*5 nA)

of the scanning beam is not expected to significantly

affect the performance of the capacitor or lead to

changes in the domain structure. No changes in the

domain structure are observed with subsequent

scans, which support this notion.

Given the ubiquity of epitaxial ferroelectric thin

films for the study of domain walls and domain wall

properties, it was prudent to investigate the utility of

the BSE technique for imaging domains of such sam-

ples. Figure 7 shows a PFM image and BSE image of

the epitaxial PZT film measured in the same location.

Image registry was used to correct for a slight distor-

tion in the PFM image and enables the same domains

measuredwith each technique to be identifiedwith the

white arrows. Regions of intersecting 90� ferroelastic
domains are clearly observed in both images, and in

some regionsmore domains are visible in the BSE data

than in the PFM data. For example, for the horizontal

white arrows in Fig. 7, three-stacked horizontal stripe

domains are clearly visible in the BSE image, but it is

difficult to resolve these in the PFM data. Since strain-

Figure 6 In operando backscatter electron micrographs of two

specific grains from Fig. 5. The left side shows the grains in the

unpoled state. The right side shows the same grains with 9 V

applied across the bilayer films. Arrows indicate the directions of

stripe domains under the different applied voltage conditions. A

false color and inverted color profile have been used to accentuate

the domain structure.

Figure 7 a X-channel PFM image and b backscatter electron

micrograph of an epitaxial PbZr0.2Ti0.8O3 film prepared on a

(001)-oriented SrRuO3/SrTiO3 substrate. White arrows indicate

the same domains measured in the PFM and SEM images. The

yellow arrows in (b) indicate the narrowest resolved domains in

the image, which are *10 nm across. Image registry was used to

identify like features and correct distortion in the PFM image.
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relaxed epitaxial tetragonal PZT films on SrTiO3 sub-

strates are known to support extremely narrow fer-

roelastic domains [39], this sample provides a test for

the resolution limits of the BSE technique for imaging

ferroelastic domains. The yellow arrows in Fig. 7b

highlight domains that are just 10 nmwide, indicating

that the channeling-contrast BSE technique is capable

of imaging extremely fine features—of the same size

scale that is possible with state-of-the-art PFM

approaches [40].

Finally, it is advisable to mention that this BSE

technique is well suited for imaging ferroelastic

domain walls in ferroelectric films where a conduct-

ing path exists for the incident electrons. For exam-

ple, the platinum bottom electrode and

semiconducting silicon substrate of the bilayer

structures enable imaging without significant arti-

facts due to charging. Likewise, an exposed region of

the SrRuO3 conductive electrode was used to elec-

trically contact the SEM stage for the epitaxial film,

thus minimizing charging. Resolving very fine fea-

tures using the BSE technique on samples devoid of a

conductive bottom contact would be more challeng-

ing and may require conductive coatings to dissipate

charge. For samples with conductive electrodes, this

technique provides for non-destructive imaging of

ferroelastic domain walls in large grained polycrys-

talline and epitaxial thin films in a complementary

manner to widely used scanning probe methods.

Conclusion

In summary, a non-destructive backscatter electron

microscopy approach using electron channeling is

shown to be an effective technique for imaging fer-

roelastic domain structure in ferroelectric films.

Nearly identical domain structure images to those

collected using PFM have been obtained. Through

the use of EBSD on the same region scanned using

BSE, grain and domain orientations can be identified,

which would not be possible using PFM methods.

The technique is shown to be usable for imaging

through thin electrodes and observing domain

structure changes of a functioning thin film capacitor

in operando. Finally, domains as small as 10 nm have

been imaged in an epitaxial film prepared on a single

crystalline substrate proving this approach to be a

viable alternative to PFM for determining domain

structure. The BSE technique, in combination with

EBSD, provides a platform enabling nanometer-scale

twin boundary crystallographic characterization in a

non-destructive manner.
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