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Summary

A new method of determining the piezoelectric field around
dislocations from high-resolution transmission electron micro-
scopy images is presented. In order to determine the electrical
potential distribution near a dislocation core, we used the dis-
tortion field, obtained using the geometrical phase method
and the non-linear finite element method. The electrical field
distribution was determined taking into account the inhomo-
geneous strain distribution, finite geometry of the sample and
the full couplings between elastic and electrical fields. The
results of the calculation for a transmission electron micro-
scopy thin sample are presented.

Introduction

In recent years many attempts have been made to experiment-
ally determine both the electrical field around dislocations
and charges accumulated at dislocation cores (DCs). In parti-
cular, the electron holography method has been used to study
charge accumulation on dislocations in GaN as presented by
Cherns & Jiao (2001). In the case of n-GaN, the measured
change in the inner potential between a DC region and a
region outside the DC reached approximately —3 V. The same
method was applied by Cai & Ponce (2002) in their report on
undoped GaN where the measured change in the inner poten-
tial was around —1.2 V. Contrary to the above results, Im et al.
(2001) obtained positive changes in the case of n-GaN using
ballistic electron emission microscopy and the electrostatic
modelling of the local potential profile close to a charged
threading dislocation. An asymmetric profile of the potential
with respect to the DC was also reported. Krtschil et al. (2003),
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using scanning surface potential microscopy, studied different
dopings in GaN single layers vs. the dislocation-related surface
depression and their charge states. The results of their experi-
ments were not conclusive. In some samples, the dislocations
were negatively charged and in others they were neutral, and
even samples could exhibit both charged and electrically in-
active dislocation pits. These determined total electrostatic
potential distributions around threading dislocations, which
have still not been established, must be the result of overlapping
of the potential due to charged cores and due to both the inho-
mogeneous strain field around a DC and piezoelectricity. These
two sources of an electrical potential cannot be uncoupled, as
yet, in an experimental manner. The asymmetry of the poten-
tial field reported by Im et al. (2001) may result from the large
piezoelectric effect associated with a large strain near a DC.

In this study, we propose a new method to determine the
piezoelectric field distribution around threading dislocations
in a [0001]-GaN epilayer, through numerical simulation
using the geometric phase method determination of the strain
field in nanoscale and the non-linear finite element method.

Determination of displacements

The planar-view transmission electron microscopy sample of
a GaN epilayer on a (0001) sapphire substrate was prepared by
mechanical polishing followed by ion milling. High-resolution
transmission electron microscopy was carried out using a
Topcon 002B microscope operating at 200 kV, with a point-
to-point resolution of 0.19 nm. All of the dislocations in Fig. 1
have the same Burgers vector 1/3<2 1 1 0> parallel to the
X-axis and their dislocation lines (DLs) are parallel to the
incident electron beam. Processing of experimental images
was performed using routines written in Analytical Language
for Images of Optimas graphical environment (Media
Cybernetics, 1999). In our procedure, the phase images were
calculated for the (0 T T 0) and (1 1 0 0) lattice periodicities.

© 2006 The Authors
Journal compilation © 2006 The Royal Microscopical Society



Fig. 1. High-resolution transmission electron microscopy image of the
GaN epilayer in the [0001] zone axis with zoomed dislocation region; the
black frame shows the area used for the calculation.

As was shown by Kret et al. (2001), for foil thickness and
defocus windows in which the first ‘inverse contrast condition’
is valid, the strain field extracted from high-resolution trans-
mission electron microscopy images is in agreement with that
calculated by atomistic relaxation. Using our microscope, this
was obtained in the defocus window of —50 ... =60 nm and foil
thickness range of t = 5—25 nm for the GaN crystal along the
[0001] zone axis. The lattice distortions tensor B(x,y) was
determined using the geometrical phase method (Hytch et al.,
2003). The components of the distortion tensor, determined
for the area in the black frame in Fig. 1, are shown in Fig. 2.
The details of the image contrast near a DC can be seen in the
zoomed image in Fig. 1.

Determination of the electrical field

GaN is a strongly piezoelectric crystal and, for this reason, the
elastic and electrical fields should be constitutively coupled. As
large strains occur near a DC, the large deformation formalism
is used (Basar & Weichert, 2000). The direct piezoelectric
effect states that strain applied to a material induces a change
of charge distribution. Thus, the constitutive equation for the
second Piola-Kirchhoff stress tensor S of the linear piezoelec-
tric material is given by

S=CE,—¢'E (1)
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in which C, E,, ¢" and E are the fourth-order elastic moduli
tensor, second-order elastic strain tensor, transposition of the third-
order piezoelectricity tensor and electrical field vector, respectively.
The second term on the right-hand side of Eq. (1) is responsible
for the piezoelectric couplings. Analogically, the constitutive
equation for the electrical displacement vector D is given by

D=e¢E,+dE+P,, (2)

in which d and Py, are the second-order dielectric tensor and
the vector of the spontaneous polarization. The first term on
the right-hand side of Eq. (2) represents the piezoelectric cou-
plings, whereas the third term is the residual part of the electri-
cal displacement, i.e. the one that exists even when the strain
and electrical fields vanish. The procedure was as follows. The
initial strain tensor was calculated from the distortion tensor 3
(Le & Stumpf, 1996), which was obtained through the micro-
scopic image analysis. It was assumed that the distortion
tensor was uniform along the direction of the DLs, i.e.
B(x,y.z) = B(x,y) for all z. Next, for the initial strain given, the
elasto-electrical equilibrium was attained by a standard
numerical iteration scheme. The equilibrium equations, i.e.
Div S = 0 and Div D = 0, must be satisfied [see Eqs (1) and (2)]
with constraints on a surface of a body, i.e. u =0 on 6V" and
¢ = 0 on 8V°, where u, ¢, V" and 8V° denote the displacement
vector, surface free charge, surface on which the displacement
vector is prescribed and surface on which the electrical charge
is prescribed, respectively. In particular, the electrical potential
was assumed to be equal to zero at all surfaces of the simulated
area. This assumption is reasonable because charges accumu-
lated on the surface would migrate through ions in air.
However, on a surface perpendicular to the image plane, the
electrical potential is usually not equal to zero and such an
assumption requires the estimation of the error introduced
through this assumption. In the numerical analysis, the finite
element method within the Computational Templates environ-
ment was used (Korelc, 2002). The three-dimensional displace-
ment vector and the electrical potential scalar were chosen
as the nodal unknown. Only a small part of the whole sample
was numerically simulated (the area in the black frame in
Fig. 1). The thickness of the simulated part of the sample,
perpendicular in direction to the image plane, was assumed
to be 20 nm. The method used is similar to the procedure
described by Kroner (1981) and Le & Stumpf (1996). In
the present investigation, only the small strain formalism was
replaced by the finite strain formalism and electrical parts of
the governing equations were added [see Eq. (2) and the sec-
ond term on the right-hand side of Eq. (1)].

An example of the results obtained is shown in Fig. 3.
Figure 3(A) shows the electrical field in the Z-direction and
Fig. 3(B) shows the distribution of the electrical potential. The
maximum value of the electrical potential visible in Fig. 3 is
around 0.012 V. A series of simulations were performed and
the sensitivity of the resultsto a variation of an area dimension
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and a sample thickness were checked. The analysed area
should be as large as possible because the electrical potential
atthe boundary is assumed to vanish. We confirmed that if the
area of simulation was twice as large as those in Fig. 1 the
maximum value of the electrical potential changed by less
than 5%. We also noted a strong influence of the thickness of
the sample on the maximum value of the electrical potential.
For instance, if the thickness of the sample was changed from
20 to 15 nm the maximum value of the electrical potential
was changed by less than 1% but if the thickness was 25 nm
the maximum value of the electrical potential was lowered to
0.011 V,i.e. by 8%.

Conclusions

The present experimental/computational investigation is
the first attempt to determine the piezoelectric field at the

0.075 0.100

Fig. 2. Components of the lattice distortions tensor
determined from the high-resolution transmission
electron microscopy image. See the area in the black
frame in Fig. 1.

nanoscale based on the high-resolution transmission electron
microscopy images. It demonstrated a relatively simple
approach that can give information about the piezoelectric
field distribution caused by dislocation in very thin layers. The
result of simulations, some of which are presented in Fig. 3,
indicated that the electrical field caused by strain can reach a
value of £8 kV cm™. The built-in electrical field was very large
because of the small dimensions of the sample. In the analysed
example the electrical potential obtained reached £0.012 V.
The values obtained were relatively small compared with the
values (~—3 V) obtained by Cherns & Jiao (2001) but, when
compared with the —0.08 V obtained by Krtschil et al. (2003),
the piezoelectric couplings seemed to be important in the
problem of charge accumulation by DCs. The maximum of the
electrical potential obtained using electron holography was
higher in order of magnitude than the values obtained using
other methods.
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Fig. 3. Result of numerical simulation. (A) Electrical
field in Z-direction (MV cm™) and (B) distribution of
electric potential (V).
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