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Introduction

GaN: direct band gap of 3.4 eV, important material for opto-electronic devices
Properties could be improved by growing freestanding GaN crystals

instead of thin GaN layers on foreign substrates

Formation and propagation of cracks in bulk GaN not well understood

%%

Deformation of GaN by indentation  Investigation of dislocations and cracks

Aim: Investigation of correlations between dislocations and cracks

Application: Better knowledge of dislocations and cracks beneficial
to optimize mechanical processing of GaN single crystals
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Experimental details

* Freestanding (0001) GaN, .CUbe oot i\gg:-i’::r
Thickness: 3.4 mm, p,: (3.5 £ 0.3)-10% cm-2 ndenter

grown by HVPE on sapphire and exfoliation

V

« Deformation by indentation at room temperature

0° Series
* Influence of indenter geometry and orientation on aa
mechanical-induced dislocations and cracks *
 Investigation of indentations: B
Optical microscopy (OM), 90° Series
Scanning electron microscopy (SEM): RV
Secondary electron contrast (SE) and *

Cathodoluminescence imaging (CL) o

Transmission electron microscopy (TEM)
Atomic force microscopy (AFM)
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Cube corner indentations

In-situ deformation of (0001) GaN in a SEM in 0° orientation
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0° Series, load: 450 mN

Formation of a pile-up during loading
During unloading nearly unchanged
No cracks outside indentation

GaN_0001_S3_LC_50mN 2 10 kV 10000x

0° Series, load: 50 mN
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Dislocations at cube corner indentations

CL+SE AFM GaN: Wurtzite structure
a-axes (<2110> direction)

e c-axis in [0001] direction

\ {1100} cleavage planes

- Dislocations at cube corner

Indentations:
» Dislocation arranged in rosette
; » Six dislocation arms in a-direction
_ |  Near indentation: line contrast
 Remote: point contrasts
» Pile-up outside indentation

. Slip lines in <1100 >_direction

0° Series

90° Series

10 pm

Cube corner indentations, load: 450 mN
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Cracks at cube corner indentations

Scheme Measurements
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Cube corner indentations at a load of 450 mN
No radial cracks outside, cracks at the edges inside the indentations

50 mN: no cracks, 450 mN: lateral cracks at all indentations
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Dislocations and cracks at Vickers indentations

Vickers indentations at a load of 1.0 N
Dislocation arrangement corresponds to symmetry of (0001) surface
Radial cracks at corners of indentations, Lateral cracks beneath surface
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Cracks at Vickers indentations

Crack formation in (0001) GaN (Ga-face)
* Radial cracks at corners of indentations
* Radial crack system < indenter orientation
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0° Series 45° Series

Relative crack frequency n,:
Number of radial cracks per corner

0° Series: F,_;5=(0.307 +£0.03) N
45° Series: F,_55=(0.214 £ 0.07) N

Average crack length ¢ measured from
center of indentation to crack tip

0° Series: ¢ =20,53 um-(F/N)0.694
45° Series: ¢ = 20,69 ym-(F/N)°.71°

c ~ F2/3 (expected for constant K;)

&



Cracks in (0001) GaN

Average crack length

A A 0° Series
¥ A 45° Series

100

Average crack length ¢ (um)

0.1 1 10

Load F (N)

1 .
0,01

Average crack length:

0° Series: ¢ = 20,53 pm-(F/N)0.694
45° Series: ¢ = 20,69 pm-(F/N)0.719
c ~ F253 for constant K
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--¢--490N
--4--196N --+--050N

Orientation of radial cracks

0° Series 45° Series

.....

1,00 N --e--

1,00N
0,50 N
005N

--=--010N
025N
--=--0,02N

0,98 N 0,05N --+--0, 0,98 N

Orientation of radial cracks:
0° Series: Cracks in direction of diagonals
45° Series: Approach in[21 1 0] -direction
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Cracks at Vickers indentations

Crack formation in (0001) GaN (Ga-face)
» Radial cracks: perpendicular to surface
o Lateral cracks: parallel to surface

—A— —4L—(° Series —v— —v—45° Series
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o 0.2} e Diameter of lateral cracks
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o 0.0 g [T R R o .d =130 : 0.782
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Dislocations at Vickers indentations

&

(0170)

] (0001) Basal plane
[ ] (0110) Prismatic plane
--------------- Screw dislocation
.......... 58° dislocation

—— Edge dislocation
o—— |Intersection point

Movement of dislocations in the strain-field of the indentation
Experimental verification of the glide prism model for GaN (Hu 1974, Vasnyov 2004)
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Correlation between dislocations and radial cracks

0° Series, radial cracks

Cracks in a-direction:
« Crack plane = cleavage plane
 Low interaction of dislocations

Cracks in [0110] -direction:
» Crack plane = cleavage plane
* Intersection of dislocation arms

45° Series, radial cracks

s r g Cracks not strictly oriented
* [ntersection of dislocation arms

» Crack plane = cleavage plane
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Correlation between dislocations and lateral cracks

TEM OM CL+SE

V Vickers Indentation

Dislocation bands

D1 Parallel to the surface
D2 Angle of 58°

D3 Angle of 38°

Indentation-induced dislocations and cracks Cracks

Cross section prepared by FIB C1 Partial lateral crack
TEM bright-field image in multiple beam case = C2 Crack perpendicular to
the surface
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Scratch tests

SE

0° Orientation

90° Orientation

Dislocations at two scratches in (0001) GaN using a Vickers indenter
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Comparison of cube corner and Vickers indentations

Cube corner indentations

0° Series

90° Series

Similarities
= Dislocation rosettes,
six arms in the [21 10] directions
= slip lines in the [1100]directions
= Lateral cracks beneath the surface

Differences
= slip lines = slip lines
outside indentations inside indentations
= no radial cracks = radial cracks
outside at corners
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Vickers indentations

0° Series

45° Series
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Conclusions

Description of mechanical-induced dislocations and cracks in (0001) GaN

e Dislocations «» Symmetry of indented surface San

» Model for propagation of dislocations verified ’ oo

* Higher loads: Crack formation
Vickers indenter: 1. Radial cracks 2. Lateral cracks
Cube corner indenter: 1. Lateral cracks 2. Radial cracks?

* Occurrence of radial cracks at indentations:
1. Formation of crack seeds due to
interactions of dislocations or cleavage
2. Crack propagation (according to power law)

nucleation
propagation

» Dislocation bands inclined to surface: further investigations required
e Simulations in order to describe different behavior of dislocations and
cracks at Vickers and cube corner indentations
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Plane-view TEM investigation of (0001) GaN

Dislocations at a Vickers indentation at 0.25 N from the 0° series

TEM bright-field images of (a) g = 2110 and (b)g = 1010

» Dislocation bands, segments of straight dislocations

o a-type screw dislocations [cp. M. Albrecht et al.: J. Appl. Phys. 92 2000 (2002)]

20 &
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Indentations of a {1100} surface

oM SE

0° Series

45° Series

Dislocations and cracks at Vickers indentations in a {1 100} surface
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Knoop indentations in (0001) GaN

Knoop indenter:

Knoop hardness: H, = 1,451-F/d?
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