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Abstract. We demonstrate the abilities of various SEM techniques for domain imaging in
PMN-PT crystals with different compositions. It is shown that the imaging of the chemically
etched relief is limited by its destructivity and potential contrast — by low resolution and
contrast instability. The optimal parameters of the imaging by backscattered electron
channelling allow obtaining the high-resolution domain imaging in PMN-PT crystals. The
domain structure change as a result of the phase transition are imaged. The correlation between
the images of the surface domain structure obtained by scanning electron microscopy and
piezoresponse force microscopy is demonstrated.

1. Introduction

The lead magnesium niobate-lead titanate (1-x)Pb(Mg;3Nb2;3)O3-xPbTiOs (PMN-PT) crystals are well
known for their outstanding physical properties, such as high electromechanical and piezoelectric
coefficients, high strain, and low dielectric losses [1,2]. It makes PMN-PT crystals promising for
various applications including ultrasonic transducers, piezoelectric actuators, etc. Moreover, PMN-PT
is a potential candidate for non-linear optics and photonics.

The domain imaging by several microscopic techniques with a high spatial resolution is important
for studying the domain structure produced by various treatments [3-5]. The domain imaging by
scanning electron microscopy (SEM) possesses high resolution and comparatively fast image
acquisition. The method can be used in wide temperature range and allows visualizing slow domain
evolution [6]. SEM was used for imaging of the domain structure of bulk ferroelectric single crystals
[7-10], ceramics [11,12], and thin films [13]. The imaging was realized via several techniques, such as
visualization of etched domains [10,14], secondary electron imaging (potential contrast) [7,15],
electron beam stimulated polarization currents [9], electron backscatter diffraction [16], and secondary
and backscattered electron imaging using electron channelling [6,11,17-19].

The backscattered electron (BSE) mode via electron channelling is a relatively simple technique
with resolution below 10 nm. BSE represents primary electrons, which after experiencing one or
multiple scatterings in the sample, eventually emerge from the surface. Two types of BSE are
distinguished: (1) high angle BSE as a result of Rutherford scattering and (2) low angle BSE realized
by Mott scattering. The first one carries information about atomic number, while the second one is
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sensitive to the surface orientation. The domain contrast is based on the channelling of incident
electron beam within domains of different orientations, which modulates the BSE emission and
provides a contrast caused by crystallographic orientation. The method was applied for studying the
domain structure change under mechanical stress [6,17] and electric field [18,19] in wide temperature
range. Moreover, the electron channelling contrast is a powerful technique for imaging crystal defects,
such as dislocations, stacking faults, twins, and grain boundaries [20].

In this paper, we demonstrate the first successive application of the BSE channelling mode for the
domain imaging in PMN-PT crystals.

2. Experimental

We used the field emission scanning electron microscope (FE-SEM) Merlin (Carl Zeiss NTS GmbH)
with Schottky field emitter. The domain structures were visualized using four quadrant angular
selective BSE detectors with accelerating voltage 1-20 kV and electron beam current from 100 pA to
2 nA.

We studied the PMN-PT crystals grown by modified Bridgman technique of various compositions
with different phases at the room temperature: rhombohedral (R), tetragonal (T), and morphotropic
phase boundary (MPB) [21]. The following procedure was used for sample preparation: (1) polishing
by water suspension of diamond particles with sizes down to 1 pm and (2) mechanochemical polishing
with silica compound SF1 suspension to remove residual deformation and amorphous surface layer.
The samples were mounted on a holder by a conductive sticky tape. In order to remove excess charge
induced by electron beam, the samples were covered by 6-nm-thick carbon layer.

3. Results and discussion

We checked the abilities of the most common methods of domain imaging for PMN-PT. It is well
known that the combination of the selective chemical etching and SEM allows visualizing the domain
structures with a resolution down to 2 nm. We applied this method to PMN-PT single crystals. Thus,
we obtained the topography corresponding to the domain structure revealed after mechanochemical
polishing with a colloidal silica (Fig. 1a,b). The technique revealed the maze domain structures with a
characteristic width of 0.5-2 um (Fig. 1a) and needle-like structures with a width down to 150 nm
(Fig. 1b).

We used the potential contrast in order to visualize domain structure and observed mentioned
above obstacles, such as low resolution and stability (Fig. 1¢). Moreover, surface charging caused by
electron beam scanning led to disappearance of the surface potential contrast due to screening.

In order to define optimal parameters for domain imaging by channelling contrast, we studied the
dependence of domain contrast and resolution on accelerating voltage (primary electron beam energy),
electron beam current, and working distance (distance from the pole piece of the electron column to
the sample surface). It was shown that decrease of working distance increased the resolution and
domain contrast due to increase of the solid angle of the electron beam, and BSE detection resulted in
prevailed detection of the low angle BSE. The increase of the accelerating voltage also increased the

Figure 1. SEM images of the domain structures in PMN-PT crystals: (a,b) domains
revealed by selective chemical etching during mechanochemical polishing, (c) potential
contrast of a-domains.
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3 kV

Figure 2. SEM images of the domain structures in PMN-PT crystals at various
accelerating voltages in electron channelling mode.

resolution and the domain contrast (Fig. 2) due to reduction of the electron probe size and increase of
the interaction volume. It should be noted that the presence of the damaged surface layer formed
during polishing, hampered the domain imaging at low electron energies. It was demonstrated that rise
of the beam current enhanced the contribution of the topography contrast due to the increase of the SE
quantity, which could be detected at the same time by BSE detector. Thus, the optimal parameters
were revealed (Table 1).

It was shown that the electron beam scanning during the image acquisition might lead to the change
of the initial domain state (Fig. 3) caused by generation of the electric field induced by the charge
accumulation. This issue can be overcome by deposition of the surface conductive layer. Deposition of
the 6-nm-thick carbon layer allowed removing the charging effect and keeping the domain contrast.

Table 1. Optimal parameters for domain imaging
using channelling contrast in PMN-PT crystals.

Parameter Value

Working distance (mm) below 4

Accelerating voltage (kV) | above 20

E-beam current (pA) about 0.3

Relative area, %

o

0 5 10 15 20 25 30
Time, min

Figure 3. (a) SEM images of the domain structures in PMN-PT crystals obtained by
sequential scanning. Scanning time is 3 min, (b) time dependence of the relative area for each
domain type.



Scanning Probe Microscopy 2018 IOP Publishing
IOP Conf. Series: Materials Science and Engineering 443 (2018) 012038 doi:10.1088/1757-899X/443/1/012038

Figure 4. SEM images of the domain structures in PMN-PT crystals obtained: (a) for various
compositions, (b) at the different temperatures.

We used the obtained information to visualize the nanodomain structures in PMN-PT in
rhombohedral and tetragonal phases and the composition corresponding to the MPB region (Fig. 4a).
Moreover, we demonstrated the ability to image the domain structure change as a result of the phase
transition during the temperature treatment in 0.67PMN-0.33PT crystals (Fig. 4b). Two types of as-
grown domain structures: quasi-regular patterns of pin-stripe domains and the laminar domains were
visualized at the room temperature. The heating up to 70°C led to disappearing of the pin-stripe
domains and formation of the long needle-like domains. Such behaviour can be attributed to the
transition from monoclinic to tetragonal phase. Further heating above 200°C resulted in domain
disappearance due to transition to the paraelectric phase.

The good correlation between domain images obtained in MPB phase of PMN-PT crystals by
piezoresponse force microscopy (PFM) and SEM in channelling mode (Fig. 5) was demonstrated. The
better quality of SEM images can be attributed to the difference in depth of the obtained signal: tens of
nanometres for SEM and above micron for PFM. It should be noted that, the image acquisition time
for SEM is essentially shorter. It makes the SEM channelling mode more attractive as compared with
PFM.

4. Conclusion

The abilities of various SEM techniques for domain imaging were demonstrated in PMN-PT crystals
with different compositions. It was shown that the imaging of the chemically etched relief was limited
by its destructivity and potential contrast — by low resolution and contrast instability. The channelling
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Figure 5. Domain images of the MPB PMN-PT crystals obtained by: (a) PFM, (b) SEM.
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mode BSE detection looks preferable. The optimal parameters of the BSE channelling imaging were
obtained. The high-resolution domain imaging in PMN-PT crystals in rhombohedral and tetragonal
phases and the composition corresponding to the morphotropic phase boundary region were shown.
The domain structure change as a result of the phase transition was imaged. The comparison of SEM
and PFM domain images showed good correlation.
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