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We report a method to obtain the stress of crystalline materials directly from lattice deformation by Hooke’s
law. The lattice deformation was calculated using the crystallographic orientations obtained from electron
backscatter diffraction (EBSD) technology. The stress distribution over a large area was obtained efficiently
and accurately using this method. Wurtzite structure gallium nitride (GaN) crystal was used as the example
of a hexagonal crystal system. With this method, the stress distribution of a GaN crystal was obtained.
Raman spectroscopy was used to verify the stress distribution. The cause of the stress distribution found in
the GaN crystal was discussed from theoretical analysis and EBSD data. Other properties related to lattice
deformation, such as piezoelectricity, can also be analyzed by this novel approach based on EBSD data.

S
tress intensity and distribution of crystalline materials seriously affect their properties and the performance
of devices based upon them. For example, the bandgap of a compound semiconductor crystal, which
determines the emission wavelength of devices, is affected by the stress1. Different stress conditions,

compressive or tensile, result in different properties. Lattice deformation, represented by changes in the lattice
parameters, leads to the introduction of stress2,3. The stress condition is also important for adjusting crystal
growth conditions at different growth stages. So it is important to obtain the stress information of crystalline
materials. Various methods have been used to obtain the stress information of crystalline materials. The lattice
parameters of crystals can be detected by the X-ray diffraction (XRD) method directly from the angles of
diffraction peaks4. The stress can be calculated from changes in the lattice parameters between the stressed
and stress-free lattice. However, because the radius of the incident X-ray is just several microns, only a small
area can be tested by this method. As such, it is difficult to obtain a large area mapping of stress in crystalline
materials by XRD. The X-ray microdiffraction method increases the spatial resolution and can be employed to
analyze the stress of crystalline materials5. High resolution transmission electron microscopy (HR-TEM) can also
be employed to analyze lattice parameters directly6. However, Just like XRD, it is also difficult to obtain stress
distribution information over a large area using HR-TEM. It is also especially challenging to prepare crystalline
samples for analysis by HR-TEM. At the same time, several indirect methods have been exploited to analyze the
stress condition of crystalline materials. For example, Raman spectroscopy has been used to evaluate the stress of
crystalline III-V materials, like gallium nitride (GaN), utilizing the Raman shift wave number distinction of
E2(high) mode between stress and stress-free GaN crystals7. However, the stress value obtained depends on the
measurement conditions and the selection of the stress-free GaN crystal E2(high) peak position. It is difficult to
identify a stress-free crystal accurately. Photoluminescence8 and micro-reflectance spectroscopy9 have also been
employed to analyze the stress of crystalline materials. Stress values obtained by these two methods are generally
similar to those obtained from Raman spectroscopy. However, the stress values obtained from these three indirect
methods are not acquired from the lattice parameters directly.

The electron backscatter diffraction (EBSD) technique is an effective method to obtain information concerning
crystal orientation and for phase identification10,11. EBSD is also very useful for the microstructural character-
ization of crystalline materials. Because of the high spatial resolution and good strain sensitivity, EBSD has been
used to measure the crystal orientation in compound semiconductor hetero-epitaxial structures12,13. The distri-
bution of the crystal orientation over a large area can be obtained easily and quickly from EBSD mapping. The
orientation data at each point serves as the foundation for analysis of the stress distribution in crystalline
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materials. With this method, the stress value is obtained directly from
the crystal structure because the orientation data given by the geo-
metry of EBSD Kikuchi patterns depends on the crystal structure.

In this article, we report a method for analysis the stress distri-
bution of crystalline materials directly from the lattice deformation
derived from the crystallographic orientation identified by the EBSD
technique. The method offers a potential to analyze the properties
associated with lattice strain. Hexagonal GaN crystal grown by
hydride vapor phase epitaxy (HVPE) on a foreign substrate was used
as the study sample. The stress distribution of GaN crystal was
determined according to the degree of misorientation at different
positions of the hetero-epitaxial GaN crystal. The stress conditions
obtained by Raman spectroscopy verified the results calculated from
the EBSD measurements.

Experimental
An EBSD system (Oxford Instruments INCA Crystal EBSD system,
Nordlys EBSD Detector and HKL CHANNEL5 software) mounted
on a field emission scanning electron microscope (FE-SEM, Hitachi
S-4800) was used to obtain the strain information of HVPE-grown
GaN. The EBSD measurement was operated at 20 kV with a work
distance of 20 mm and a sample tilt of 70u.

MOCVD grown GaN on a (0001) sapphire wafer was employed as
the substrate for the HVPE process. Patterns on the surface of the
MOCVD-GaN were hexagonal mask arrays with diameters of
5.4 mm and a center-to-center distance of 8.1 mm. The patterned
substrate was set in a vertical HVPE system with bottom-fed gas after
a cleaning process. The thickness of the GaN crystal obtained by
HVPE was 430 mm. After a cooling process, the GaN crystal self-
separated from the substrate.

Cross-sectional mapping of the free standing HVPE grown in the
,0001. direction was conducted by EBSD. The mapping area was
60 mm 3 260 mm employing a step length of 1 mm. Z axis mapping
by Raman spectroscopy was also employed to identify the stress
distribution of the GaN crystal.

Results
EBSD mapping of a cross-section of GaN crystal was obtained, as
shown in Fig. 1 (a). The ,0001. direction was set as the reference
direction. Deviation from the ,0001. direction was obtained from
the spatial orientation information collected from backscattered
Kikuchi diffraction patterns (three Euler angles) at each EBSD map-
ping point. The EBSD results show that the deviation from the
,0001. direction near the interface is larger than that far from it.
The mapping color near the interface is yellow and red, which indi-
cates a deviated from the ,0001. direction of 6.2u. As the distance
from the interface increases, the mapping color changes from yellow
to green and the deviation from the ,0001. direction reduces to
5.8u. This result demonstrates that the extent of misorientation near
the interface is greater than that far from the interface and deviation
from the ,0001. direction decreases with increasing distance from
the interface.

Discussion
In crystalline materials, mechanical stress and deformation are,
within the limit of Hooke’s law, proportional to one another. For
sufficiently small stress and deformation, the relationship of these
quantities can be described, when infinitesimal torques or rotations
are neglected14, by

sij~cijklekl ð1Þ

In equation (1), cijkl is the elasticity tensor whereby the stress tensor
(sij) can be calculated from the deformation tensor (ekl). The
deformation is described by changes in the lattice parameters
between the stressed and stress-free lattice. The elasticity tensor is
a fourth-rank tensor with 34 5 81 components, although symmetry

reduction decreases the number of independent components.The
number of independent components and, hence, the expression of
cijkl vary according to different crystallographic symmetry condi-
tions. The stress can be calculated by this relationship using a mater-
ial-specific elasticity tensor.

Single crystal GaN, which is a wurtzite structure crystal, possesses
C6v

4 space-group symmetry, and is an example of a hexagonal crystal
system. The stress distribution of GaN crystal on a foreign substrate
is apparent. The GaN crystal was grown on a sapphire substrate along
the ,0001. direction. However, the actual growth direction
deviated slightly from the ,0001. direction due to the mismatch
of the lattices and thermal expansion coefficients between GaN and
the sapphire substrate. Stress was introduced because of the resulting
misorientation15,16. Dislocations and cracks released some of the
stress local to the defect, but residual stress remained in the GaN
crystal. The distribution of the stress along the ,0001. direction
indicate that the stress decreased with increasing distance from the
original interface between the GaN crystal and the substrate (N polar
face), and the smallest value of stress was observed at the top free
surface of the GaN (Ga polar face)7. The stress distribution is distinct
in this kind of hetero-epitaxial crystal. In this case, EBSD mapping is
appropriate for stress calculation of the GaN crystal grown on a
foreign substrate.

EBSD mapping was used to determine the crystallographic ori-
entation at regular points on the sample for calculation of the stress.
In EBSD mapping, the crystallographic orientation is recorded using
three Euler angles that describe a minimum set of rotations that can
bring one orientation into coincidence with another. During a mea-
surement, this is the relationship between the EBSD detector and the
particular point on the sample being measured17. Bunge convention
is most commonly used to describe the Euler angle rotations. The

Figure 1 | Crystallographic orientations represented as deviations from
the ,0001. direction obtained from EBSD mapping data (a), and the
calculated stress values based upon the EBSD crystallographic orientation
mapping results (b).
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three Euler angles (Q1, W and Q2) represent the following rotations,
which are shown schematically in Fig. 2(a): first, a rotation of Q1

around the Z-axis; second, a rotation of W around the rotated X-axis;
and third, a rotation of Q2 around the rotated Z-axis. The ideal Euler
angle values for a cross-section of a GaN crystal grown on a sapphire
substrate along the ,0001. direction areQ1 5 180u,W5 90u andQ2

5 0u as shown in Fig. 2(b). In this case the cross-section surface of the
GaN crystal is identified as (11–20) in the hexagonal crystal system.
However, the actual crystallographic orientation of GaN deviates
from the ideal value, as shown in Fig. 2(c).

Misorientation of the GaN crystal was determined by the differ-
ences between the ideal Euler angles and the actual values. The EBSD
mapping data show that the three Euler angles of GaN deviated from
the ideal values. These deviations are given as:

DQ1~1800{Q1, DW~900{W, DQ2~Q2:

The angle deviations indicate the degree of misorientation, and
they affected the lattice parameter at the projections on the (0001)
plane (Fig. 2 (c)). The lattice parameters of the projection can be
calculated from the rotation matrix. The relationship between the
Bunge-Euler angles and the rotation matrix18 is

g~

cos Q1 cos Q2{ sin Q1 cos w sin Q2 { cos Q1 sin Q2{ sin Q1 cos w cos Q2 sin w sin Q1

sin Q1 cos Q2z cos Q1 cos w sin Q2 { sin Q1 sin Q2z cos Q1 cos w cos Q2 { sin w cos Q1

sin w sin Q2 sin w cos Q2 cos w

0
B@

1
CA, ð2Þ

which can be described in terms of the misorientation angles as:

g~

{ cosDQ1 cosDQ2{ sinDQ1 sinDw sinDQ2 cosDQ1 sinDQ2{ sinDQ1 sinDw cosDQ2 cosDw sinDQ1

sinDQ1 cosDQ2{ cosDQ1 sinDw sinDQ2 { sinDQ1 sinDQ2{ cosDQ1 sinDw cosDQ2 cosDw cosDQ1

cosDw sinDQ2 cosDw cosDQ2 sinDw

0
B@

1
CA: ð3Þ

The lattice parameter is determined as the distance from the origin

point to point P ({
ffiffi
3
p

2 a0, a0
2 ,0) in the initial coordinates. Based upon

the ideal condition (Q1 5 180u,W5 90u andQ2 5 0u), the P rotates to

point P9 ({
ffiffi
3
p

2 a0,0, a0
2 ), indicating that the c-plane moves to the

XOZ plane in the initial coordinates. Taking the misorientation into
account (using equation (3)) point P rotates to point P0 according to
the following:

P00~g:PT , ð4Þ

where T represents the transpose, resulting in

P00T ~

a
2 cosDQ1( sinDQ2z

ffiffiffi
3
p

cosDQ2){ a
2 sinDQ1 sinDw( cosDQ2{

ffiffiffi
3
p

sinDQ2)

{
ffiffi
3
p

a
2 ( sinDQ1 cosDQ2{ cosDQ1 sinDw sinDQ2){ a

2 ( sinDQ1 sinDQ2z cosDQ1 sinDw cosDQ2)

{
ffiffi
3
p

a
2 cosDw sinDQ2z

a
2 cosDw cosDQ2

0
BB@

1
CCA, ð5Þ

The XOZ plane is set as the basis plane, and in this case, using the
projection of P0 on the XOZ plane, the lattice parameter is

a~
a0

2
f½cosDQ1( sinDQ2z

ffiffiffi
3
p

cosDQ2){ sinDQ1 sinDw( cosDQ2

{
ffiffiffi
3
p

sinDQ2)�2z½cosDw(
ffiffiffi
3
p

sinDQ2{ cosDQ2)�2g
1
2,

ð6Þ

where a is the actual lattice parameter and a0 is ideal value.
To the space-group symmetry of single crystal GaN, the strain

tensor e is diagonal and possesses the components:

exx~eyy~(a{a0)=a0, ð7Þ

ezz~(c{c0)=c0: ð8Þ

In these equations, a and c are the lattice parameters of single
crystal GaN, where a0 and c0 are the lattice parameters in a condition
of equilibrium. The corresponding diagonal stress tensor compo-
nents are given by Hooke’s law in the limit of small deviations from
equilibrium as

sxx~syy~(C11zC12)exx zC13ezz, ð9Þ

szz~2C13exxzC33ezz: ð10Þ

Four of the five independent stiffness constants Cij of the consid-
ered wurtzite crystal using in equation (9) and equation (10) are
shown in Table 119,20. The biaxial stress in the plane perpendicular
to the c axis of the lattice is described by constant forces in this plane
such as

sxx~syy, ð11Þ

szz~0: ð12Þ

Then, Hooke’s law (equation (9) and equation (10)) provides a
relationship between the strain components is

ezz~
2C13

C33
exx: ð13Þ

Figure 2 | Euler angle rotations according to Bunge’s convention (a), and
ideal Euler angle values of a cross-section of free-standing GaN crystal
self-separated from the sapphire substrate along the ,0001. direction
(b). Comparison of the lattice projections on the (0001) plane for the ideal

and actual crystallographic orientations (c).

Table 1 | Elastic constants (GPa) of wurtzite GaN crystal

GaN(Wz)

C11 39019

C12 14519

C13 10620

C33 39819

(2)

(3)

(5)
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The biaxial modulus is given in terms of the elastic stiffness constants
as

sxx~(C11zC12{
2C2

13

C33
)exx: ð14Þ

The relationship between the stress and strain is obtained from
equation (14).

The stress obtained via equation (7) by EBSD (from equation (6))
is

sxx~(C11zC12{
2C2

13

C33
)(a{a0)

~(C11zC12{
2C2

13

C33
)f1{

1
2
½( cosDQ1( sinDQ2z

ffiffiffi
3
p

cosDQ2)

{ sinDQ1 sinDQ( cosDQ2{
ffiffiffi
3
p

sinDQ2))2

z( cosDw(
ffiffiffi
3
p

sinDQ2{ cosDQ2))2�
1
2g:

ð15Þ

The stress obtained from equation (15) is shown in Fig. 1 (b), the stress
value is large near the interface, decreases towards the middle region,
and, approaching the Ga-polar face, the stress becomes small and
constant.

Raman spectroscopy was also carried out to evaluate the stress
distribution in the hetero-epitaxial GaN crystal. For wurtzite struc-
ture GaN, E2(high) mode of Raman spectroscopy is considered to be
affected only by stress. A biaxial stress of one GPa shifts the E2(high)
Raman mode by 4.2 cm21, and the wave number of the stress-free
GaN E2(high) mode21 was taken as 566.2 cm21. The free-standing
GaN crystal self-separated from the substrate was measured by

Raman spectroscopy at different depths from the N-polar face
towards the Ga-polar face along the ,0001. direction. The peak
position of E2(high) Raman mode at different depths and the cor-
responding stress are shown in Fig. 3 (b), where a depth of 0 mm
represents the surface of the N-polar face, and increasing distance
indicates motion towards the Ga-polar face. The peak position of
E2(high) Raman mode near the interface (0–70 mm) exhibits a higher
wave number than it far from the interface (110–200 mm). These
results demonstrate that the stress was larger near the interface than
near the free surface, and a middle transition region (70–110 mm) is
observed.

The stress distribution of the GaN crystal obtained from Raman
spectroscopy is consistent with the results calculated from EBSD
data. Both the results obtained from these two methods demonstrate
that the stress near interface is large, obviously decreases over a
middle range, and maintains a small value over some distance from
the Ga-polar face. Clearly, the impact of the sapphire substrate on the
stress of the GaN crystal occurs over a limited range of distance. As
such, the impact becomes a small and constant for a sufficiently thick
GaN crystal because the lattice parameter approaches a value close to
that of the stress-free condition sufficiently far from the interface.
Therefore, the lattice mismatch described by Equation (6) also
becomes small. It should be noted that the stress value calculated
from EBSD is larger than that obtained from Rama. This is because
the stress value obtained from Raman is a relative value that depends
on the selection of the E2(high) mode wave number associated with a
stress free crystal. However, it is difficult to identify a point on the
crystal surface that is completely stress-free. Therefore, the stress
determined by empirically selecting the E2(high) mode wave number
of a stress-free crystal is not absolutely accurate. However, the influ-

Figure 3 | The stress values calculated the crystallographic orientations at different positions in the cross-section of the free-standing GaN crystal with
respect to the distance from the N-polar face (a), and the E2(high) Raman mode peak position at different distances from N polar face and the
corresponding stress (b).

(15)
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ence of different kinds of stress on the EBSD data is not the same. The
calculated stress will be underestimated when based on misorienta-
tion in some condition. Meanwhile, other properties related to lattice
deformation, such as piezoelectricity, can also be analyzed by this
approach based on EBSD data. The only difference is that the elasti-
city tensor will be replaced by some other tensor. The good sensitivity
makes analysis on a micron scale convenient, at the same time;
properties distributed over a large area can also be obtained by this
method.

Conclusions
A method for calculating stress in crystalline materials directly using
the lattice deformation identified by EBSD was provided. The stress
of crystalline materials at each mapping point was obtained from
EBSD by this method. The stress distribution over a large area was
obtained efficiently and accurately. Crystalline GaN of a wurtzite
structure grown by HVPE on a foreign substrate was used as an
example of a hexagonal crystal system. The stress distribution of
the GaN crystal obtained from Raman spectroscopy confirmed the
results provided by EBSD. We believe that the stress distributions of
other crystalline materials can also be calculated using this method
simply by changing the form of the elasticity tensor.
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14. Haussühl, S. Physical Properties of Crystals: An Introduction (WILEY-VCH,
Weinheim, 2007).

15. Kapolenek, D. et al. Structural evolution in epitaxial metalorganic chemical vapor
deposition grown GaN films on sapphire. Appl. Phys. Lett. 67, 1541 (1995).

16. Qian, W. et al. Microstructural characterization of a-GaN films grown on
sapphire by organometallic vapor phase epitaxy. Appl. Phys. Lett. 66, 1252 (1995).

17. Zhou, Weilie & Wang, Zhonglin. Scanning Microscopy for Nanotechnology
Techniques and Applications (Springer, New York, 2006).

18. Melcher, A. et al. Conversion of EBSD data by a quaternion based algorithm to be
used forgrain structure simulations. Technische Mechanik 30, 401–413 (2010).

19. Edgar, J. in Properties of Group III Nitrides, No. 11 in EMIS Data reviews Series
(IEE INSPEC, London, 1994).

20. Martin, G., Botchkarev, A., Rockett, A. & Morkoc, H. Valence-band
discontinuities of wurtzite GaN, AlN, and InN heterojunctions measured by x-ray
photoemission spectroscopy. Appl. Phys. Lett. 68, 2541 (1996).

21. Kisielowski, C. et al. Strain-related phenomena in GaN thin films. Phys. Rev. B 54,
17745 (1996).

Acknowledgments
This work was supported by NSFC (Contract No. 51321091), National Basic Research
Program of China under grant No. 2011CB301904, and IIFSDU.

Author contributions
X.H. and Y.W. designed experiment. Y.S. wrote the main manuscript text and carried out
EBSD measurements. L.Z., Y.D., Y.T. and Q.H. grew the sample. All authors reviewed the
manuscript.

Additional information
Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Shao, Y. et al. Large Area Stress Distribution in Crystalline
Materials Calculated from Lattice Deformation Identified by Electron Backscatter
Diffraction. Sci. Rep. 4, 5934; DOI:10.1038/srep05934 (2014).

This work is licensed under a Creative Commons Attribution 4.0 International
License. The images or other third party material in this article are included in the
article’s Creative Commons license, unless indicated otherwise in the credit line; if
the material is not included under the Creative Commons license, users will need
to obtain permission from the license holder in order to reproduce the material. To
view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 5934 | DOI: 10.1038/srep05934 5

http://creativecommons.org/licenses/by/4.0/

	Large Area Stress Distribution in Crystalline Materials Calculated from Lattice Deformation Identified by Electron Backscatter Diffraction
	Introduction
	Experimental
	Results
	Discussion
	Conclusions
	Acknowledgements
	References


