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14 Abstract

15 During epitaxy of GaN on sapphire grains form a mosaic structure. The distance between edge dislocations in these boundarie

16 is from 2 to 15 nm. The strain around the dislocations is quantitatively measured by processing of HRTEM images. The

17 dislocation core distribution maps and in plane Burgers vectors components are derived from the experimental strain tensor b

18 applying the continuum dislocation theory. Experimental results were compared with the atomic models of edge dislocations

19 calculated using a modified Stillinger—Weber potential for different atomic configurations of the cores. It is concluded that the

20 strain field extracted from simulated images matches with that of observed dislocations. Starting from experimental distortion

21 distribution data, the finite element calculations are used to estimate the stress around the bou®da@i@2. Published by

22 Elsevier Science B.V.
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24

25 45
1. Introduction 2. Experimental details and numerical processing

26 The knowledge of local strain fields associated with . .

2 defects is important for understanding and modelling 1he Planar-view TEM samples of GaN epilayers on 4

s the properties of semiconductor devices, as well as for SaPPhire substrate were prepared in the conventionak

29 optimising the growth of heterostructures. This is partic- way by mechanlc_al polishing followed by lon milling. 4

30 ularly necessary in GaN based heterostructures wherd IRTEM was carried out on a Topcon 002B microscope 4s

operating at 200 KV, with a point resolution of 0.18 so

31 the density of defects is very high. The interference . .

32 maxima of high resolution electron microscopy images "M The HRTEM Images were fOfme‘?' bY using10 >l
33 give information about atomic positions in deformed diffracted beams, with a weak contribution afl20 sz
34 crystals. Image processing and image simulations help®nes: The images were recorded on photographic filmsss
35 to extract quantitative information. In the case of the @nd digitised by sampling of 0.15 /pixel with 8 bits 54
36 strain field around a defect, one useful technique of dynamic. Processing of experimental and simulated ss
37 image processing is the ‘geometric phase method’ pro-images was performed using routines written in ALl s6
38 posed by Hytch et al[1]. The dislocation core distri- (Analytical Language for Imageof Optimas graphical 57
39 bution measurement can be applied to determine the€nvironment[3]. In our procedure, the phase images ss
s  dislocation core type and Burgers vectors in an auto- Pe (x.) are calculated fod010 ,0110 or1100 lattice  so
a1 matic way [2]. In this work we determine the stress periodicities and; is perpendicular to the image plane. eo0
42 fields in subgrains present in GaN layers grown on The lattice displacement fielle(x,y) is calculated using e1
43 (0001 sapphire by using the experimentally measured the following vector relationship: 62
“ distortion on the HRTEM images. P(x.y) = — 2mg,ii(x,y) %) 64
218 * Corresponding author. Tel+33-2-31-45-26-53; fax:+33-2-31- Differentiation Of_ the d|splacement flelﬂ(x,y)' - fol- e
219 45-26-73. lowed by smoothing procedure gives possibility to es
220 E-mail address: nouet@ismra.f{G. Nouej. deduce a continuous tensor field of lattice distortions 67
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Fig. 1. (a) HRTEM image of a subgrair(h) FFT of (a); (c),(d) phase image#,,(x,y) obtained respectively o 1100 énm11_0

4

B, (x,y). According to the continuum theory of disloca- _ 2 | 2
tions [2] the further differentiation of the lattice distor- palxy) ‘/a(x’y Vit ey 3)
tion leads to determine the dislocation core distribution where the components,. and,. of the dislocation

tensor. core distribution tensor contribute respectively to the in-
df plane components of Burgers vectbyr,andb,.
a=—curlP 2 The Finite Element MethodFEM) is used to deter-

mine the stress distribution. As large values of distor-
tions take place the finite deformation approach is
performed, i.e. difference between the initial and
deformed configurations is included in a algorithm. We
Burgers vectob,= — | «;ds (Sc: dislocation core sur-  Use Finite Element calculation by with Taylor's FEAP
Se program[4] which is modified to take into account the
face) is calculated. The invariant of the dislocation finite deformation of anisotropic crystalfs]. In the

The tensorx  vanishes in the whole region excepting
insides of the core where it forms characteristic peaks.
By integration of thesew,(x,y) values the in-plane

81

density tensor id defined by: procedure applied the lattice distortion measured from o3
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The boundary conditions for FEM are taken to be free;
-1,22E 406 the left lower node has been constrainedyirdirections 99
1.00E +08 and right-lower node iry-direction. 100
1.80E 408 The core region of dislocations is treated in a different 101
;-ﬁ: :3: way; the modules of elasticity which are function of the 102
i ;' Py position x,y as stiffness are softened through the 103
5,00E 408 equation: 104
! 90 — Rpa(x 106
Q.01E 408 cij(xvy) — Cije Rpa(x,y) (4)

where R is the factor reducing stiffness. The fact®r 107
allows the stiffness reduction in lattice disordered 108
regions, the width and shape of dislocation cores corre- 109
sponds to the spatial distribution pf(x,y) . The details 110
of the method are published elsewh&é Fig. 1 shows 111
the used distributiop,(x,y) to calculatg(x,y) . 112

3. Results and discussion 113

The image processing was first checked on simulatedi14

9 Fig. 2. Invariant of dislocation density tenspfx,y)calculated from images of super cell§14X14X0.5 nn?) containing 115
10 HRTEM image(Fig. 1) used to reduce the stiffness near dislocation approximately 10000 atoms generated by anisotropic 116
1 cores. elasticity calculation in 2D for a A3 (2110) edge 117
94 dislocation. Different core configurations of the dislo- 11s

HRTEM image are stored in the nodes of the mesh. The cations are made of 4, 8,/% atom cycles in agreement 119
95 dimensions of elements are changed in two ways: initial with the experimental HRTEM imagdg]. These super- 120
9% deformation—induced by the imposed distortions and cells used in image simulation were first relaxed using 121
97 elastic relaxation—due to elastic behaviour of material. a modified Stillinger—Weber potentig8]. Images were 122

15
16

17 Fig. 3. The stress fields obtained from the experimentally measured distortion by FE calculation. The arrows show orientation of the Burgers
18 vector.
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16
calculated for thicknesse®-15 nm) and defocuq0-— 4. Summary
100 nm series, using the multislice package of the
electron microscopy softwarf@]. Simulation shows that The finite element method applied here has many 17
for foil thicknesz=5-15 nm and defocus window= additional advantages. For example it gives potential 17

—10... —30 nm the strain fields extracted from HREM ability to 3D simulation of the stregstrain behaviour 17
images are in agreement with the distortion calculated of HRTEM specimens. Another ability is the possible 17
by atomistic relaxatior§10]. division of the specimen into crystallographic FE cells. 17

The above procedure was applied to a HRTEM image This can be used to link atomic models for unit cells 17
of a sub-grain boundary in which the distance between with FE method. On the other hand, the well investigated 17
the dislocations is variable. The lattice distortion distri- non-linear elastic behaviour of crystal lattice allows also 17
bution tensorB;(x,y) and dislocation core distribution the prediction of the higher order elastic effects like e.g. 17
a;(x,y) were calculated using the two phase images the volume expansion of crystal lattice induced by the 17
shown on Fig. 1b,c and using Eg&l) and (2). The presence of dislocations. This expansion is responsibleis
B, (x,y) distribution which is determined in this way in for the interfacial surface tension induced by the pres- 1s
thin TEM sample was read by finite element program ence of misfit dislocations which often leads to bending 1s

as initial values of distortion. FE iteration with border or fracture of epitaxial layers. 18
condition corresponding to the bulk sample material was
performed to obtain stable solution and finally the stress Acknowledgments 18
field was calculated as shown on Fig. 3. Fig. 2 shows
the p(x,y) used to reduce stiffness. This work is supported partially by the EU under 1s

All the dislocations in Fig. 3 have the same Burgers contract N HPRN-CT-1999-00040. The tensorial anal- 1s
vector 1/3 (2110, but for some of them, this vector is ysis and FE calculations have been made possible by:s
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