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Stress relaxation of AlGaN on nonpolar m-plane GaN substrate
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The stress relaxation with increasing thickness of metal-organic vapour phase epitaxy (MOVPE) grown Alj 19Gag g1 N
on quasi-bulk (1010) m-plane GaN substrates was investigated by X-ray diffraction. The anisotropic in-plane stress
leads to an orthorhombic distortion of the lattice, which requires special mathematical treatment. Extending earlier
works, we developed a method to calculate the distortion along [1210], [0001] and [1010] and get the lattice parameters,
Al content, and strain values. The stress relaxation along the two in-plane directions involves two different mechanisms.
First, the stress along [1210] relaxes by the onset of misfit dislocations through the {1010}(1210) slip system while
for thicker layers the stress along [0001] relaxes by crack formation. Comparing the cathodoluminescense emission at
room temperature with the expected bandgap showed that both tensile in-plane strains along [1210] and [0001] decrease

the band gap.

I. INTRODUCTION

III-Nitrides have historically received attention mostly for
electronic and optoelectronics applications. The most com-
mon growth orientation for IIl-nitrides in the wurtzite crys-
tal structures is along [0001], the c-axis. However, con-
siderable efforts have been put into nonpolar and semipolar
[I-nitride orientations allowing to reduce the polarization-
induced fields across heterostructures. However, ternary al-
loys AlGaN and InGaN are often grown heteroepitaxially on
foreign substrates, which leads to anisotropic in-plane stress.
For example, the lattice mismatch of (1010) AIN on bulk GaN
is -0.024 in a direction and -0.04 in ¢ direction. When the
thickness of a mismatched layer exceeds a critical thickness,
stress relaxation occurs. For many materials, stress relaxation
occurs through the formation of the misfit dislocations (MDs)
by the glide along a slip system. However, the common (0001)
plane does not possess a suitable slip system, while semi- and
non-polar GaN have one or more (e.g.! for (1122) orienta-
tion). Moreover, the elastic properties differ along a [1210],
¢ [0001], and m [1010] directions. Thus, the orientation has a
severe impact on the stress and relaxation mechanism?.

For the AlGaN on (0001) GaN the tensile stress leads to
cracking when a certain surface energy has accumulated®*,
although some glide can occur via secondary slip systems>.
The stress relaxation could also be affected by dislocations
(as shown for InGaN®), or by anisotropic stress field, e.g. from
patterned growth’.

For non-polar AlGaN on (1010) GaN, the anisotropic lat-
tice and thermal mismatches lead to different stress on the
surface in [0001] and [1210] directions, and glide is possible.
This leads to an anisotropic distortion of the hexagonal lattice
cell®, which makes X-ray characterization more challenging,
and affects also the critical thicknesses’.

In our study, we grew Aly 19Gag g N layers with different
thicknesses on (1010) GaN quasi-bulk and investigated the

lattice deformation and stress relaxation mechanism. From
this, we could obtain the band gap shift due to strains along
both [1210] and [0001], which has never been done before
and can provide important data for comparison with density
functional theory (DFT) calculation.

Il. EXPERIMENTAL

The substrates were hydride vapour phase epitaxy (HVPE)
grown quasi-bulk GaN from Mitsubishi Chemicals with an of-
fcut of 0.5° to a-direction to suppress spiral growth induced
formation of hillocks!©.

All AlGaN layers have been grown in a horizontal 1x2”
high temperature (TaC coated inner part) metal-organic va-
por phase epitaxy reactor from EpiQuest. After loading the
quasi-bulk (1010) GaN substrates, they were heated up to
1000 °C (thermocouple), and a GaN buffer layer was grown
for 30 minutes with a V/III ratio of 500 under hydrogen.

For the growth of AlGaN layer, the temperature was raised
to 1080 °C with a TMGa partial pressure of 3.2 Pa, a TMAI
dimers partial pressure of 0.9 Pa, and a V/III ratio of 500. Af-
ter growth, the sample was cooled to room temperature imme-
diately under NH3 and H, ambient.

For the structural characterisation by high-resolution X-ray
diffraction (XRD), reciprocal space maps (RSMs) of 5 sym-
metric and asymmetric reflections were measured with a PAN-
alytical PIXcel detector in either an Empyrean or an X pert
MRD PRO diffractometer.

A coarse characterisation of the surface was obtained using
white light holography and selected samples were measured
with a Hitachi atomic force microscope (AFM).

The thickness was estimated from the XRD diffraction
fringes of the symmetric 1010 and 3030 reflection for thin
layers, from interference fringes using vertical deep UV light



reflection, and from cross-sections in scanning electron mi-
croscopy (SEM).

Ill.  SURFACE AND XRD MEASUREMENTS
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FIG. 1. (a)-(g) White light interference topography of the surface of
AlGaN with different thicknesses on m-plane GaN. The size of the
surface area is the same of 31 umx42um. Reciprocal space map
(RSM) of (h)-(n) the 2021 and (0)-(u) 2130 asymmetric reflection at
different thicknesses of AlGaN. Each of the 2021 RSMs and 2130
RSMs span the same area given in the first row.

Fig. 1 left column shows the surface topography measured
by optical interferometry. The surface after growth of 32 nm
AlGaN (Fig. la) was identical to the initial GaN surface.
It was flat without any pits or hillocks. For thicknesses of
118 nm and more, ridges (white stripes) appeared which run
mostly parallel to [1210]. At 240 nm and 320 nm AlGaN the
surface showed additional broad nearly rectangular valleys
along [0001]. Finally, the first cracks along [1210] appear
at 320 nm AlGaN. With the increasing AlGaN thickness, the

cracks get denser and wide and increase the surface height
undulation. However, the cracks only appeared in [1210] di-
rection, which is very different from the [0001] direction.

Fig. 2a shows an AFM image of two ridges with their cross-
section after 118 nm AlGaN growth. The ridges protrude 2-
3nm above the surface. Since the ridges run along [1210]
direction, one might assume these are connected to stacking
faults. However, as one can see in Fig. 1, the ridges tend
to slightly tilt with respect to [1210] with increasing AlGaN
thickness and show even branching, which cannot occur with
stacking faults. Therefore, the ridges are more likely related
to the domain structure of the m-GaN substrates, which is en-
hanced by the stress.

Fig. 2b shows the surface after 960nm AIGaN growth,
which shows the severe cracks together with a strong undula-
tion perpendicular to them. The undulation is possibly related
to the remaining incompletely relieved tensile stress. The ob-
served cracks are roughly parallel to [1210] but with some in-
clination, likely due to residual stress due to the use of misori-
ented substrates and the stress after HVPE growth and wafer-
ing.

To investigate the strain state and Al content of the AlGaN
layers, asymmetric RSMs of the 2021 and 2130 reflections
were measured (Fig. 1). For these two reflections, the X-ray
beam is coplanar with the [0001] in-plane direction for the
2021 reflection and coplanar with [1210] for the 2130 reflec-
tion, which allows for a quick visual interpretation of the re-
laxation along both in-plane directions.

For the 2021 reflection, the AlGaN layer reflection is cen-
tered above the GaN reflection for thin AlGaN layers up to a
thickness of 600 nm and just broadens with increasing thick-
ness. Only for 960 nm and 1910 nm AlGaN maximum posi-
tion deviate in g, from the GaN position indicating a partial
relaxation in this direction, while already for 240 nm thick Al-
GaN an offset in ¢, appears for the 2130 reflection connected
with strong broadening.

After 1910nm, a second AlGaN maxima appear on the
2130 reflection, which indicates a macroscopic tilt of the Al-
GaN crystal lattice along [1210] direction. This phenomenon
has been reported before for m-plane InGaN/GaN and results
from the glide of either (0110) or (1100) planes of the (1210)
slip systems®!12_ In the slip system of {1010}(1210), the
slip plane of (0110) or (1100) can glide either £60° along
[2110] or [1210]. Thus, two symmetrical separated lattice tilts
were produced.

Different from InGaN on GaN'!, we observed the splitting
of the 2130 reflection on the AIGaN/GaN heterostructure only
at much higher thicknesses. The different tendencies in RSMs
along [0001] and [1210] with increasing thicknesses indicate
the different ways of relaxation for in-plane [0001] and [1210]
directions on m-plane.

IV. CALCULATING THE RELAXATION

First, one has to obtain the lattice constants and from those
the Al-content to finally get the strain. This has been done for
non-polar Il-nitrides by Laskar et al.3. They described the or-
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FIG. 2. Atomic force microscopy images, with corresponding line-cuts in topography obtained from (a) 118 nm (top row) and (b) 960 nm

(bottom row) AlGaN films.

thorhombic distortion by an angular deviation from the 120°
symmetry within the basal plane. However, the use of an an-
gle as a third parameter makes the formulas more complicated
than necessary. Therefore, we modified the method of Fren-
trup et al.!? to a relatively simple procedure. Both methods
require the measurement of the 20 angles of several symmet-
ric and asymmetric reflections, at least three for exact (1010)
orientation. (We ignore the offcut angle of 0.5° which would
in principle need to consider the shear stress, like in the full
semipolar calculation'3.)

A. Obtaining the lattice constants

For any reciprocal lattice vector g = ha* + kb* + Ic*, it is
normal to the (hkl)-plane and its magnitude equal to the re-
ciprocal of the inter-planar spacing of the (hkl)-planes. The
inter-planar lattice distance d of hkl planes for the general unit
cell can be calculated by three lattice parameters a, b, ¢ and
three angles «, 3, 7:

d}ZIzkl = %(thz + S2ok? + S331% 42812 hk + 2823kl + 281341,
ey

with volume V and S;; given by:

V = abe(1 — cos® o — cos® B — cos® y+2cos o cos B cos y)%

2)

S = b*c*sin® o

Sy = a*c?sin® B

S33 = a*b? sin® Y

S12 = abc?(cos o cos B — cos ¥)

S»3 = a*bc(cos B cosy — cos a)

S13 = ab*c(cosy cos o — cos B).

For our case of (1010) orientation, the anisotropic in-plane
stress leads to the orthorhombic distortion still preserves the
orthogonality of coordinates along [1210], [1010], [0001]
(Fig. 3a). Therefore, we set the base angles to a=f=y=90°,
by which the inter-planar spacing of A'k’l’ planes in the or-
thorhombic system can be simplified as:

l/2
+5

1 h/2 k/2
d}%kl

=2y )

To transform the 4-digit Miller Bravais indices hkil of the
hexagonal lattice into a 3-digit system #'k’{" of the orthorhom-
bic lattice, the vectors have to be projected on the base vectors
along [1210], [1010] and [0001]. Here we define the [1210]
as a-direction, [1010] as m-direction, [0001] as c-direction.
As shown in Fig. 3b, the reciprocal lattice vector g can be
described in the form of vector a, m, c as:

g=—ka+ (2h+kym+lec. 4)

Now the expression of the interplanar distance dj; can be
written as:

1 K Qh+k? P
= (;2) t3 )
diy @ m c

Thus, eq. (5) connects the interplanar spacing with the un-
known lattice constants:

1
— = [K2]x1 + [(2h +k)?]xy + [1%]x3,
diy

(6)

where the x;=a=2, x,=m~2, x3=c’2.

According to Bragg’s law, the interplanar distance can be
obtained from the Bragg angle by XRD measurement.

1 o ZSineh]d 2
dg( 1 > (7
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FIG. 3. (a) Schematic diagram showing the relative orientation and the corresponding lattice parameters of wurtzite unit cell of (1010) m-plane
oriented Ill-nitride epilayer. The orthorhombic distortion on m-plane oriented crystals still preserves the orthogonality of coordinates along
[1210], [1010] and [0001]. (b) illustration of the coordinate transformation of the basis vectors in the hexagonal reciprocal space lattice.

In the experiment we measured n independent reflection
planes from i = 1...n with indices (h;k;l;) and with the
diffraction angle ;. We can combine the right sides of eq. (6)
and (7) in a matrix equation:

2sin 0y 2
CE)\ /8 ehirn B /o

: = : m2|. (8
(Zsine,,)z K2 (2h, +k,)* 12 c?

)

We define the above matrices as D = AU. The lattice con-
stant can be then obtained by solving the matrix equation

U=(ATA)(ATD) )

in any standard mathematical software package like Mathe-
matica, Matlab, or Octave for a suitable set of at least three
reflections. If there are more than three reflections, also an
error can be estimated.

B. Calculation of relaxation

Stress causes the deformation of the lattice parameters,
which leads to strain, i.e. the change of the lattice parame-
ters. Assuming the X-axis along [1210], Y-axis along [1010]
and Z-axis along [0001] direction, the relation between the
stress ¢ and strain € is given by Hooke’s law which is for the
wurtzite structure

Oxx Ci1 CpCz 0 0 O Exx
Oyy Cp Cip Ci3 0 0 0 Eyy
ox| _|Ci3Ciz Gz 0 0 O €
o. |10 0 0 cu 0 0| |2, |1
Our 0 0 0 0 Cu 0 2€.,
Oxy 0 0 0 0 0 Cgs 2€xy

C;; are the elastic constant.

For (1010) m-plane oriented layers, the crystal is free along
the growth direction. Thus there is no force, which means
oyy = 0. Then, the relationship between the strain values in
different directions can be reduced to:

0=0yy = C126x +C118)y +Ci3€;. (11

Since we have no shear stress, the strain values are given by
the deformations of the lattice along a, m, and c as:

0,AIGaN
a—a’

Eor =" 0AIGaN (122)

0,AIGaN

m-—m>

&y = OAIGaN (12b)

0,AIGaN

CcC—C7

&z =~ 0AIGaN (12¢)

where a, m, and c are the experimentally obtained lattice

parameters, and a%4/GN | 0AIGaN “and (0AIGaN are the un-
strained lattice parameters. Assuming Vegard’s law, the un-
strained lattice parameters and the elastic constants are de-
pending on the Al composition x and are expressed as:

aOAGN —y gAIN | (] — x) G (13a)
mOAIGaN AN | (1 — x) m@aN (13b)
OAIGaN _y AIN (] _ x) GaN (13¢)
C;)j,AlGaN —x C{}’N +(1-x) CgaN. (13d)

Now the Eq. (11) can be numerically solved by iterative
calculation since it only depends on one variable x. Here we
solve it by varying the Al content to minimize oy, (e.g. using
Excel).

V. DISCUSSION

From solving Eq. (9) the lattice parameters were estimated
as shown in Fig. 4. With increasing thickness, the lattice pa-
rameters got closer to the relaxed values for AlGaN with a
composition of 19 % AIN, which is indicated in Fig. 4 by the
dashed lines. Also, a and c are larger than the relaxed values
and thus there is tensile strain in-plane of the surface. Con-
sequently, m shrinks in the vertical direction to minimize the
strain energy, as expected with the orthorhombic distortion of
non-polar oriented wurtzite layers®.

From these lattice parameters, the Al composition (Fig. 5a)
at each thickness was calculated from minimizing Eq. (11).
The Al composition was also estimated from measurements
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FIG. 4. Lattice parameter along the (a) a, (b) m, and (c) ¢ axis with increasing thicknesses calculated from XRD. The dash lines indicate the
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FIG. 5. (a) Al-content calculated from the lattice constants and simulations of @ — 26 measurements using'*!3 (b) CL spectrum of AlGaN peak
with different thicknesses (c) bandgap comparison between measured from CL, calculated from Al-content by lattice parameter determination,
and our fitting (d) strain values of € along [1210], [1010] and [0001] using the Al content from the lattice parameters.

of the symmetrical 1010 and 3030 reflections at 32 nm and
118 nm thickness and their simulations using the method of
Oehler et al.'*!> which assumes fully strained layers. Inde-
pendently, the samples were measured with room-temperature
cathodoluminescence (CL), as shown in Fig. 5b. It can be
observed a tendency of a shift of AlGaN peak with thick-
nesses from 3.71 eV to 3.79 eV. The shift in the CL wave-
length may be related to the effect of strain on the bandgap.
The bandgap of relaxed AlGaN would be expected at E,(x) =
3.413(1 —x) +6.2x — box(1 —x) assuming a bowing parameter
of 0.8eV!% an AIN band gap of 6.2eV!"-1® and 3.413eV!920
for GaN at room temperature.

A. Effect of strain on the bandgap

We calculated the bandgap for unstrained AlGaN using the
Al-content determined from the lattice constants. As shown
in Fig. 5c, the deviation between the measured and calcu-
lated bandgap is decreasing with increasing thickness, i.e. de-
creasing strain. Comparable results have been reported only
for GaN (0001) where the out-of-plane lattice constant was
measured along [0001] direction from the 0002 reflection 26
diffraction angle®"?? even though the samples were strained
in-plane. The out-of-plane strain along [0001] (€&.,) can be
converted to in-plane strain along [1210] (&) for (0001) by



Hooke’s law

Cs3

P 14
T (14)

Ex = —

For (0001) oriented epilayers, the uniform in-plane strain

preserves the hexagonal symmetry of the basal plane, there-
fore, £=¢yy.

The transition energies for (0001) orientation are a linear

function of the applied strains®*:

Eqs= EA(O) + (acz _Dl)ezz + (act _DZ)EL - (D3£ZZ +D4£L)
(15a)

with &) =€, + &y, D; are the valence-band deformation poten-
tials, a., and a.; are conduction-band deformation potentials.
In the following we assume a., —D; = —3.1eV, a; — Dy =
—11.2eV, D3 =8.2eV, and Dy = —4.1eV from Ghosh et al.>*.
Then eq. (15a) can be written as:

Eq = E4(0)— 11.3eVe,. — 14.2eVey,. (15b)

For (0001) orientation, the strain & can be substituted by
&, using eq. (14). Hence, E4 becomes a linear function of &,
as:

Efs =FEA(0)+12.9eVe,. (15¢)
Using the above values (from ref.?*) for the different defor-
mation potentials gives a linear coefficient of 12.9eV for the
A exciton. This is comparable to the reported value of 12V
by Amano et al.??> and 15.4¢V by Shikanai et al.?!.
For this publication, we assume a similar linear relation of
the bandgap of the two in-plane strains:

Ex = EA(0) + Wig + Whgy,. (16)

with W; and W, the coefficients for &,, and &,,.

From the CL, we obtained a set of bandgaps of AlGaN,
which is E4. With the calculated bandgap obtained from Al-
content (E4(0)), and different strain along [1210] and [0001],
it is possible to obtain W; and W, by numerically solving the
following matrix equation:

Ey Ex(0)1 &1 &1 1
D= : wi . (17)
EAn EA (O) n €m Exmn W2

As result, the bandgap dependence is:
Ep =EA(0) —19.7eVe, — 16.2eVe,,. (18)

Thus, we obtained linear coefficients of -19.7 eV for strain
along [0001] and -16.2¢eV for strain along [1210]. It is en-
lighting to compare the result of eq. (18) with eq. (15b)
because experimentally only the cumulative effect of both
strains can be measured in (0001) orientation.

However, we have to mention that the deformation poten-
tial for the valence band and conduction band for (1010) still
needs further calculation.

B. The anisotropic stress relaxation

The thick 1910 nm layer shows two distinct maxima for
the 2130 reflection, which suggests that the {1010}(1210)
slip system. The different change in reciprocal space along
[1210] and [0001] i.e. the two distinct maxima and the sud-
den broadening and deviation in ¢, only appeared for the 2130
reflection along [1210] as well as the different surface mor-
phology i.e. cracks only observed along [1210] both suggest
the anisotropic stress relaxation mechanisms along the two in-
plane directions.

Along [1210] direction, the {1010}(1210) slip system ac-
counts for the relaxation of tensile stress in the m-plane
system®. Along [0001] direction, tensile stress is relaxed by
the formation of cracks since there is no suitable slip system?>.
While the stress relaxation of m-plane AIGaN on GaN has
been investigated focusing either on the prismatic slip” or
cracking®, the development of the relaxations are strongly
connected with in-plane directions and is anisotropic.

The strain values along different directions (Fig. 5d) give
further insight into the relaxation process. As expected from
the lattice constants, the strain decreases with increasing
thickness. Between 118 nm and 240nm, the strain along
[1210] start to relax. It is already half relaxed after 240 nm and
strongly relaxes with further thickness increase. In compari-
son, along [0001] it shows coherent growth to 320 nm, consis-
tent with the observation that the first cracks just appeared in
320 nm AlGaN. Compared to the [1210], the strain relaxation
process along [0001] is slower with increasing thickness. Still
half of the initial strain is left at 900 nm, and even the thick-
est layers at 1910 nm still show some strain. The result nicely
illustrates that the stress relaxation is anisotropic on m-plane
and it is easier to relax stress via slip compared to cracking.

C. Critical thickness along the different directions

For 2130 reflection, it broadens strongly in XRD-RSMs
(Fig.1) for AlGaN between 118 nm and 240 nm along [1210],
correlating with the onset of large undulations in the white
light interference microscopy images parallel to [0001] ob-
served in 240 nm sample. At this thickness, the in-plane strain
along [1210] strongly decreases (Fig. 5d). Hence, we obtained
the occurrence of stress relaxation along [1210] in our 19%
AlGaN is between 118 nm and 240 nm.

For the estimation of the critical thickness (h.) for stress
relaxation along [1210], the Matthews and Blakeslee (MB)
model is adopted, given in eq. (19). The MB theory predicts
h. for the MD formation. It is based on energy equilibrium
between the formation of a MD with Burgers vector at the
interface of the strained epilayer on a substrate with different
lattice parameter through slip.?®

b 1-—vcosia he
= In—+1 19
! hC4ﬂ(l+v)cosl(n|b|+) (19

Where f is the lattice mismatch between AlGaN and GaN, v
is the Poisson’s ratio, b is the Burgers vector. The angular



factors A and o depend on the slip system: The angle A is
between the Burgers vector b and the interface. The angle o
is between the dislocation line and the Burgers vector.

The Poisson’s ratio for (0001) GaN is defined as @ =

€,

2z

G _ 712*—‘,", therefore, v = 0.23. While for m-plane GaN,

"~ 2Ci3
. . . C1pC33—Ch,
there are two independent Poisson ratios, Vg, = ———5* =
C11C33—Ci3

0.32 and Ve = 1C+13C12 = 0.21 (appendix). For slip along
[1210], the slip system is approximately 60° inclined. There-
fore, v, should be adopted in MB model for 4.. While for the
[0001], the only slip plane would be the (0001) plane which
is 90° to the growth plane. The equation of MB model cannot
produce a solution as the denominator becomes zero and thus
the MB model cannot be applied for crack formation.
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Fig. 6 compares the calculated h, estimated from
{1010}(1210) slip system with the experimental results, here

AGaN —AAlxGay _ N 1
b = aAZG(/lN? a(x) = aAlGaN’ f = AGaN = s COSA - §a

sina = 1. The blue solid line correspond to the /. using
v = 0.32. The green triangle represents the /. reported by
A. M. Smirnov et al.? for 13% AlGaN, the slip already hap-
pened at 180 nm. The red bar represents our case that found
the onset of slip for 19% AlGaN between 118 nm to 240 nm.
Due to the lack of a suitable slip system for [0001]
direction®® and the orthogonality of the slip system of
{1010}(1210) and the c-plane, even if the stress is fully re-
laxed along [1210], the stress along [0001] would remain al-
most the same. Indeed, this can be seen in Fig. 5d up to
320nm, when already half the strain along [1210] was re-
laxed. Consequently, the first cracks along [1210] appeared at
320 nm AlGaN and their numbers increased with increasing
AlGaN thickness. Thus, we found for 19% AlGaN a critical
thickness for cracking between 240 nm and 320 nm, which is
much higher than the values of 120-150nm for 17% AlGaN
from Young et al.?” and our results are more similar to (1122)
which showed no cracking for 15% up to 250 nm AlGaN?>.

TABLE I. Elastic constant, lattice constant, bandgap and bowing pa-
rameter of AIN and GaN used in the calculation.

Materials Cj; Cjp Ci3 Cs3 ap co E, Bowing
(nm) (nm) (V) (eV)
AIN 384 137 109 386 0.311197 0.498089 6.2 0.8
GaN 362 137 105 358 0.31894 0.518614 3.413 -

The much earlier onset of cracking reported by Young et al.
for (1010) might be related to their surface treatment, since
both (1010) should first relax stress via slip along [1210] and
thus show a later onset of cracking. Instead, a value of 120-
150 nm would be similar to the (0001) orientation, where the
onset of cracking of 17% AlGaN was reported at 110 nm?8.

VI. CONCLUSION

We have systematically studied the development of strain of
19 % (1010) AlGaN layers on GaN. To assess the strain state,
we developed a relatively simple method to calculate the lat-
tice parameters and Al content from XRD measurement for m-
plane AlGaN. The stress relaxation for m-plane Al1GaN/GaN
heterostructure is anisotropic along the in-plane directions.
The stress along [1210] is relaxed first by prismatic plane slip
for layers thicker than 118 nm while the stress along [0001]
relaxes by cracks formation for layers thicker than 240 nm
due to the lack of a slip system. Furthermore, stress relax-
ation progresses much fast with an increasing thickness along
[1210] direction. From the shift of the CL emission, we could
show that the bandgap decreases with increasing tensile strain
no matter if along [0001] or [1210]. From this, we obtained
the relation of the bandgap energy on m-plane with the strain
Ey=FEy—19.7 eVS[OOOl] — 16.26\/8[1210].
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Appendix A: Poisson ratios of GaN

According to the definition of the Poisson’s ratio, it is the
negative ratio between transverse strain (&) and longitudinal
strain (&) in the elastic deformation. Theoretically, the value
of Poisson’s ratio is ranging between -1 and 0.5. For most ma-
terials, the Poisson’s ratio is between 0 and 0.5. In anisotropic
materials, the Poisson ratio can exceed 0.5 along certain di-
rections.

For m-plane GaN, the deformation is orthotropic and we
have three different Poisson ratios. To obtain them, the



Hooke’s law can be expressed in matrix form as eq. (A1)

1 Vyx Vax

E o —F 0 0 0
Exx Yy 1 vy 0 0 0 Oxx
gvy Ex Ey E; ny
€ N O o
22 _ E; Ey E; % 4
28y, 00 0 &5 0 0 Oy
28 0 0 0 0 L o0 O
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(AD)

E; is the Young’s modulus along axis i, G;; is the shear modu-
lus in direction j on the plane whose normal is in direction i,
v;; is the Poisson’s ratio when a strain in direction j when an
strain is applied in direction i.

The 6 x 6 matrix of eq. (A1) is the inverse of eq. (10). Thus,
we can invert eq. (10) the Poisson’s ratio along different direc-
tion for m-plane GaN can be obtained. For our case we need
the two Poisson ratios Vyy = Vg, and V;y = V. The can be di-
rectly compared from the matrices using the coefficients from
Tab. A:
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