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The 180� ferroelectric domains, engineered through field poling in single crystalline LiTaO3 were
directly observed by means of scanning electron microscopy (SEM) on its polished polar surfaces
without metal coating. Two kinds of domain images, the brightness-contrast image and topo-
graphic-boundary image, were found with slow scan rate under the condition of a cathode voltage
of V0 = 3 to 5 kV and a probing beam current of Ib = (4 to 20) � 10±±11A. They appeared at the
initial and subsequent frames of scanning, respectively. The formation of these two kinds of images
is explained as pyroelectric and piezoelectric effects which originated from the beam electron heat-
ing and the charge accumulation on the top surface of a LiTaO3 crystal.

1. Introduction

The study of domain microstructures becomes increasingly important for materials engi-
neering. Therefore, visualization of domains has gained broad interests in both physics
and materials science communities. Since the 1980's, scanning electron microscopy
(SEM) has been used for the observation of ferroelectric domain structures by Le Bihan,
Sogr, and others [1 to 3]. Some useful ferroelectric crystals, such as BaTiO3, LiNbO3 and
KTiOPO4, have been studied by using this method [4 to 6]. For most ferroelectric crys-
tals, the secondary electron emission yield is close to one under the condition of a prob-
ing beam electron energy E � 1 to 5 keV. Therefore, there is no severe charge accumu-
lation on the surface of an insulating sample.

LiTaO3 is also an important ferroelectric crystal possessing excellent optical and
acoustic properties [7]. The 180� engineered domains in the crystal have been used for
the generation of second and third harmonics of laser radiation by quasi-phase-match-
ing, and the excitation and reception of high frequency acoustic wave [8 to 10]. The
domain structure in a poled LiTaO3 sample can be evaluated by optical microscopy on
its etched surface. In order to eliminate the damage of etching in the study of domain
configuration, it is desirable to develop new convenient nondestructive methods for the
observation of engineered domain patterns on an unprepared polar surface of a LiTaO3

crystal.
Recently, we have successfully observed a 180� domain contrast by using the environ-

ment scanning electron microscopy (ESEM) technique [11]. The ESEM observation is
performed under finite atmosphere pressure. Up to now, there are no reports on char-
acterizing the domain structure of LiTaO3 using conventional SEM. This paper reports
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our SEM results and analyzes the interesting physical principles associated with the
images.

In conventional SEM, the sample is put in a high vacuum chamber with a pressure
p < 10±±6 Torr. Therefore, the observation can only be performed under the conditions of
a low acceleration voltage and a small beam current in order to avoid severe charge accu-
mulation on the insulating surface of the sample. Two kinds of domain images of LiTaO3

were found in our SEM observation: brightness-contrast images and domain-boundary
images. They appeared at the initial and subsequent frames of scanning, respectively.

2. Experimental Conditions

The probed samples with 180� anti-parallel domains were fabricated by using pulse-
field poling on a single domain LiTaO3 crystal at room temperature [12]. Under differ-
ent electrodes, i.e. stripe and plane electrodes, two types of domain morphology were
produced exhibiting stripe and triangular shapes, respectively. The samples were �0.5 mm
thick with a pair of parallel polar surfaces. The poled samples were first etched. Some
inverted domains with triangular shape or stripe shape on the ±±c and �c faces were
confirmed by optical microscopy. Afterwards, the etched surfaces were re-polished in
order to remove the topographic domain patterns and the samples were transferred
into the SEM sample chamber. The bottom surface of the sample was loosely fixed to a
conducting holder and the probing beam current Ib was directed towards the surface.
The conducting sample holder was connected to the ground as shown in Fig. 1. The
SEM investigations were performed with a scan rate of 8 to 20 s per frame by using a
JEOL JSM-6300 scanning electron microscope in the secondary electron emission
mode. The experimental conditions are as follows: chamber pressure p < 10±±6 Torr,
probe current Ib = 4 to 20 � 10±±11 A, and a cathode voltage of V0 = 3 to 5 kV. The
small probe current and the low voltage ensure a longer effective observation time.
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Fig. 1. Definition of the electrical potential levels of the experimental set-up



When the primary probing beam scans the surface of the sample, the irradiated sur-
face emits secondary and backscattered electrons. The total emitted electron coefficient
d� h as a function of the acceleration voltage Va of the probing beam electrons is
shown in Fig. 2, where d and h are the yields of secondary and the backscattered elec-
trons of the sample, respectively, and V2 is the voltage at the equilibrium point at which
the sum of the emitted electron coefficient is unity, d� h � 1. If the cathode voltage V0

can be set to V0 = V2, the charges directed to the sample by the probing beam would
be the same as the totally emitted charges. Thus, no net charge accumulation would
occur on the top surface of the sample. If the cathode voltage V0 is set to be greater
than V2, we obtain the condition of d� h < 1, which means that the sample is charged
negatively that produces a negative voltage Vs across the sample. The acceleration vol-
tage Va = V0 ±± Vs will continue to increase until Va = V2. If the cathode voltage can be
set to V0 < V2, more electrons are emitted and the sample will be charged positively
until Va = V0 � Vs = V2. With the approximation of a parallel plate capacitor, the electri-
cal potential of the top surface can be written as Vs � �ql�=�ee0a2�, where q, l and a are
the surface charge, the sample thickness and the beam radius, respectively, while e and
e0 are the relative dielectric constant and free space permittivity, respectively. When
d� h 6� 1, the effective potential from the cathode to the sample surface Va is equal to
V0 � jVsj for Vs < 0 and V0 ÿ jVsj for Vs > 0 [13,14]. In our experimental conditions,
the cathode voltage was set to V0 > V2, based on the fact that the sample surface was
negatively charged during the scan.

3. Results and Discussion

Two kinds of SEM contrast images were obtained in our experiments. The first was a
brightness-contrast image between the positive and negative domains, and the second
was a domain-boundary image. The brightness contrast was shown only at the initial
frame of probing electron beam scanning. The image of positive domains was brighter
than that of the negative domains as shown in Fig. 3. This means that the secondary
electron emission yield from the surface of positive domains is larger than that from the
surface of negative domains. In the subsequent frames, the brightness contrast disap-
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Fig. 2. Sum of the secondary and
backscattered electron yield versus the
effective acceleration voltage Va of the
probing beam electrons for an insulat-
ing crystal



pears while the domain boundary contrast begins to appear. Fig. 4 reveals a topo-
graphic image with the higher lying surface to be the positive domains. The topographic
origin of the image can be seen from the shadowing effect in Fig. 4. Some authors also
reported similar results in their SEM observations of KTP [15]. These two kinds of
contrasts can be of different physical origin as analyzed in more detail below.
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Fig. 3. Domain contrast on the ±±c polar surface of a LiTaO3 single crystalline surface at the initial
scanning frame. The triangular positive domains surrounded by the negative domains are brighter

Fig. 4. In the subsequent frames, only a boundary contrast can be observed on the polar surface of
the LiTaO3 sample



3.1 Pyroelectric imaging

Single crystalline LiTaO3 is a ferroelectric material revealing strong pyroelectric and
piezoelectric effects. These effects allow secondary-electron emission from the opposite
polar surfaces or their boundaries to have different yield rates which produce domain
images.

According to our experimental conditions and the material parameters of LiTaO3, we
can roughly estimate the influence of these effects on the parameters of the secondary-
electron and backscattered-electron yields, d and h, respectively. The average energy
per incident electron is Ea = eVa before they hit the sample. A portion of this energy is
used to excite the secondary and backscattered electrons, while the rest of this energy
is absorbed by the sample and is converted into heat. Since, the thermal conductivity of
the sample is finite, there will be some temperature difference DT between the irra-
diated region and the rest of the sample. This temperature rise can be estimated by
using the following formula:

DT � tdfIb�Ea ÿ d �Es ÿ h �Eb�=eÿ Lg
nrcp

�1�

where Ib is the probe current, e = 1.60 � 10±±19 C is the basic charge unit, n = pa2h is
the irradiated volume, h is the average penetration depth of the electron, a is the beam
radius, cp is the heat capacity per unit volume, r is the density of crystal, �Es and �Eb are
the averaged energies of secondary and backscattered electrons. The dwell time td of
the probing beam can be evaluated from its line scan length and line scan time. In Eq.
(1), the product tdIbEa/e is the incident energy of probing beam electrons. If this energy
is totally converted into heat, the temperature rise in the irradiated local region for a
LiTaO3 crystal ÿr � 7:456 g cmÿ3 [16] and cp � 0:424 J gÿ1 Kÿ1 [17] ±± could be near
100 K. However, a real temperature increase is much lower than this estimated value
because two factors prevent the local temperature rise. In Eq. (1), tdIb�d �Es � h �Eb�=e
represents the energy carried away by backscattered and secondary electrons, and L is
the energy loss related to the thermal conductions. According to Ref. [18], a tempera-
ture rise of a few degrees Celsius was determined for some bulk samples with a typical
SEM probing beam current of Ib = 1 � 10±±9 A [18]. In our case, the beam current was
smaller but the scan rate was slower. Thus, it is expected that an increase in tempera-
ture of the same order of magnitude compared to the reported values occurred in the
irradiated local region. This rise in temperature can generat a pyroelectric potential on
the sample surface given by

Upyro � k DTh

e0e
; �2�

where k is the pyroelectric coefficient of the sample. For single crystalline LiTaO3 [17],
k = ±±17.6 � 10±±5 CK±±1 m±±2 and e = 43.4. Assuming a small local rise in temperature of
DT � 3 K, the generated surface potential will be Upyro = ±±2.5 V (�2.5 V) for the
positive (negative) domains. Therefore, the pyroelectric potential difference DUpyro be-
tween the positive and negative domains can amount to 5.0 V. This potential difference
is large enough to produce a potential contrast on the surfaces of the positive and
negative domains because secondary electrons are low in energy (less than 10 eV) mak-
ing them sensitive to the effects of surface potential and the electric field gradients. If
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Upyro � �2:5 V for the negative domains, the secondary electrons with energies less
than 2.5 eV will not escape the sample. Thus, a smaller amount of electrons will be
detected by the Everhart-Tornley detector. On the other hand, the thermally induced
bias of ±±2.5 V for the positive domains ±± as calculated above ±± will act as a booster
for the escape of secondary electrons and, hence, a larger amount of electrons will
arrive at the detector. Experimentally, a higher yield of the secondary electrons was
observed for surfaces of positive domains making them brighter which is consistent
with our analysis. According to the above discussions, it is obvious that the contrast
resulting from the pyroelectric effect is a reflection of electrical potential contrast [19].
We expect that the same effect can be produced by applying a pressure to a multi-
domain single crystalline sample since the piezoelectric effect induces an electric poten-
tial difference between the end faces of the positive and the negative domains.

LiTaO3 is a good insulator with a very small electrical conductivity
(s < 10±±11 W±±1 m±±1) [20]. In the case that the cathode voltage V0 > V2 and the total
emitted electron coefficient d � h < 1, the electrons tend to accumulate on the irra-
diated surface, producing an additional electric field in the interior of the sample. In our
experiment (20 s/frame), the dwell time td of the probeing beam is approximately 10±±5 s,
therefore, the incident charge density per frame is estimated to be 2 � 10±±5 C/cm2. The
effective charge density for the surface build up was much smaller because a significant
fraction of the charge was scattered and emitted in the form of secondary electrons.
These accumulated charges can be dissipated through the Maxwell relaxation process
with a typical relaxation time of tm = ee0/s. For a LiTaO3 crystal, the relaxation time is
tm > 30 s. Therefore, the accumulated charges cannot be sufficiently relaxed within the
dwell time td. There are still remaining charges on the surface from the previous scan
even after the frame interval time tI (�20 s). This charge accumulation will cause the
reduction of the effective acceleration potential Va between the sample and the cathode
causing reduction of the velocity of the injected electrons. The situation will continu-
ously accompany the scan process until the condition d � h = 1 is reached, at which
time, the total charges on the sample surface reach a dynamical equilibrium.

Before the dynamic equilibrium is reached, the amount of surface charges is time-
dependent and follows the simple rule of q = q0(1 ±± e±± t/t), where q0 is the surface
charge at equilibrium, t is the observation time, and t is the effective relaxation time.
This time t depends on the conductivity of the sample, the voltage and the current of
the probing beam, the quality of vacuum in the chamber, and so on. Thus, the surface
potential Vs can be written as

Vs � �V0 ÿ V2� �1ÿ eÿt=t� : �3�
The average energy of an incident electron becomes

Ea � e�V0 ÿ Vs� � eV2 � e�V0 ÿ V2� eÿt=t : �4�
When the observation time t � t, the average energy Ea approaches eV2. Equation (4)
indicates that the energy of the probing beam is a function of the observation time t.
At the initial stage of scan, Vs � 0, Ea � eV0. According to Eqs. (1), (2), (3), and (4),
the resulting surface pyroelectric potential can be estimated as

Upyro � kIbtd�V2 � �V0 ÿ V2� eÿt=t ÿ L�
e0epa2cpr

; �5�

500 S. Zhu and W. Cao



where L represents the total energy loss as in Eq. (1). The pyroelectric potential on the
LiTaO3 surface will decrease monotonously with time during the scan process. The sur-
face potential Vs of the positive and negative domains will differ by 2Upyro. When the
observation time is short, i.e. t � t the surface potential Vs � Upyro and the dominant
effect producing the image is the pyroelectric potential. On the other hand, when t� t,
Vs� Upyro and the potential difference between the positive and negative domains be-
comes negligible. The pyroelectric image fades away rapidly with the increase of Vs.
Experimentally, the pyroelectric domain contrast can only be observed unambiguously
in the first frame of the scan.

3.2 Piezoelectric imaging

The piezoelectric effect becomes more and more visible with the build up of the surface
potential Vs, which leads to a topographic domain pattern. The electric field induced by
the surface charge accumulation along the thickness direction is E = Vs/l, where l is the
thickness of the sample, which induces an elastic strain of S = Dl/l = d33 E in the poling
direction through the converse piezoelectric effect. For LiTaO3, d33 = 9.2 � 10±±12 CN±±1

[21]. Thus, the surface displacement Dl is given by

Dl � d33Vs � d33�V0 ÿ V2� �1ÿ eÿt=t� : �6�
When t� t and Vs � 3 kV, Dl � �0.03 mm. For positive domains, the electric field vec-
tor E is parallel to the polarization vector P so that the displacement Dl is positive. The
electric field vector E is anti-parallel to P for the negative domains resulting in a nega-
tive displacement Dl. Since the bottom side of the sample surface is only weakly fixed
to the sample holder and free to deform, the surface displacement difference between
the positive and negative domain on the top surface is only 0.03 mm. The domain-
boundary contrast is a topographic one, which originates from the high surface poten-
tial built by the beam deposited charge accumulation. In Fig. 4 the boundaries between
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Fig. 5. Domain image of a periodically poled LiTaO3 sample



the positive and negative domains indeed show sub-micron steps. We also observe the
boundary contrast for lower values of V0 (V0 � 3 kV); the image was the same except
of a shallower boundary step as expected. This fact revealed that the equilibrium poten-
tial V2 of the secondary electron emission in LiTaO3 is lower than 3 kV. We used the
SEM technique to check LiTaO3 samples poled periodically and quasi-periodically and
satisfactory images were obtained in both cases. Fig. 5 is an image of a periodic domain
structure of a LiTaO3 surface.

4. Conclusions

In conclusion, the two different kinds of domain contrast images, i.e., the brightness
contrast and the domain-boundary contrast, were observed on the polar single crystal-
line surface of LiTaO3 by using conventional SEM. At the initial frame, the pyroelectric
potential leads to different secondary-electron yields from the positive and the negative
domain surfaces and, thus, forming a brightness contrast and produced a domain image.
The topographic domain patterns were produced by the piezoelectric effect in subse-
quent scan frames with the increase of the charge accumulation at the polar sample
surface due to the insulating nature of the sample. Hence, a domain boundary image
was observed. Our results showed that the 180� anti-parallel engineering domains of
single crystalline LiTaO3 surfaces can be imaged by the conventional SEM under the
conditions of non-surface etching and non-coating. This establishes a nondestructive
method for the observation of the engineering domain structures of single crystalline
LiTaO3 samples.
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