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Circular pillar structures of various diameters have been prepared by a focused ion beam (FIB) through a
4-mm-thick epitaxial gallium nitride (GaN) ﬁlm grown on a sapphire substrate. Micro-Raman scattering
is used to measure residual stresses based on the shift of an E2 phonon in the GaN ﬁlm. Measurements
of residual stress proﬁles are compared to Winkler’s elastic formalism for a shear-supported ﬁlm with
proper boundary conditions. The model, optimized at a cleave edge, is compared to the experimental
shape of stress variations inside and outside the pillar structures.
& 2008 Elsevier B.V. All rights reserved.
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1. Introduction
Residual stresses in wide-gap semiconductor gallium nitride
(GaN) layers grown on mismatched substrates, such as sapphire,
are known to be detrimental to the performance of microwave
power and optoelectronic devices due to the piezo-electric effect
in the active region [1]. Current research in this ﬁeld focuses on
the reduction of residual stress by using different substrates for
GaN heteroepitaxy [2,3], utilization of nucleation layers [4] or
nanoheteroepitaxy [5]. The origins of residual stresses in GaN
heteroepitaxial structures are due to lattice and thermal dilation
mismatch with the substrate, doping [6–8] or threading dislocation defects formed during the non-equilibrium growth [2,9]. The
latter effect is especially important for thick GaN layers, where
lattice-mismatch-induced stress relaxes at the vicinity of the
substrate.

 Corresponding author. Tel.: +33 3 87 37 85 64; fax: +33 3 87 37 85 59.

E-mail address: margueron_sam@metz.supelec.fr (S.H. Margueron).
0022-0248/$ - see front matter & 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.jcrysgro.2008.09.145

In this paper, variations of residual stress are made by a
focused ion beam (FIB) cuts of pillar structures. The micro-Raman
scattering technique is used to measure the shifts of the optical
phonon frequency of the E2 mode for GaN. The main advantage of
this approach is the possibility to focus the laser beam to a micron
size, while traditional strain measurements (e.g., X-ray diffraction) still remain challenging for microstructures.

2. Sample preparation and measurement technique
A c-plane epitaxial 4-mm thick GaN layer was grown on a
sapphire substrate using a T-shaped MOVPE reactor [10]. FIB cuts
were done with a dual-beam Fei Strata DB 235 apparatus.
A gallium gun was used to cut through the 4-mm-thick GaN layer
and down to 3 mm inside the sapphire substrate. Pillars with
diameters of 1, 2, 5, 10, 20 and 40 mm were prepared using FIB
cuts, while the surface was protected by the Pt/Ge metal
ﬁlm. Fig. 1 shows different samples after wet etching. Fig. 2
shows a free-standing structure cut fabricated from an edge of
the ﬁlm by isolating the GaN layer from the sapphire substrate.
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Fig. 1. SEM picture of the GaN/sapphire pillars cuts with 1, 2, 5, 10, 20 and 40 mm diameter.

This pseudo-bulk piece of GaN was kept attached to the GaN ﬁlm
by a tiny bridge for operator convenience.
A backscattering Raman Jobin-Yvon Horiba microprobe spectrometer was used in this study with a 100  objective (numerical
aperture of 0.9), a He–Ne laser with a wavelength of 633 nm, and
an X–Y sample stage with an accuracy of 0.3 mm. The excitation
power of the laser on the sample was below 0.3 mW/mm2 to avoid
laser-heating effects on the frequency and the full-width halfmaximum (FWHM) of the optical phonon lines. Spectra were
acquired with a TE-cooled CCD detector using the acquisition time
of 300 s per spectrum. Spectra of a neon calibration lamp were
measured along with the sample spectra showing no temporal
drifts during data acquisition. The frequency accuracy was
estimated better than 0.3 cm1.
The Raman shift of the high-frequency E2 phonon (at about
568 cm1 [11]) is used in our study. This phonon appears in

Raman spectra as an intense band polarized in agreement with
the selection rules described in Ref. [11] for the c-plane-oriented
GaN. As the E2 phonon is non-polar, it is expected to show no
changes with the piezo-electric ﬁeld. This mode is advantageous
in comparison with, for instance, quasi-modes of A1–E1 symmetry
exhibiting signiﬁcant Raman shift with the polarization [7].

2.1. Theoretical background
A reduction of stress in GaN layers potentially suitable for
devices can be achieved in structures with micrometer-size and
free-standing sidewalls produced from continuous GaN ﬁlms.
Modiﬁed boundary conditions at the stress-free sidewalls of the
pillar structures are expected to result in the stress reduction in
the vicinity of the sidewalls as well. However, stress relaxation
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stresses is given by

DnE2 ¼ aE2 ðsxx þ syy Þ þ bE2 szz  cE2

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðsxx  syy Þ2  4ðsxy Þ2

(6)

where sij is the stress tensor in the Wurtzite basis, and
aE2 ; bE2 ; and cE2 are the stress-related deformation potentials of
the E2 phonon. The literature values of 2aE2 range from 2.4
[14,15] to 2.8 cm1/GPa [16,17]. The nature of this discrepancy is
related to the scattered data of the elastic modulus of GaN. The
shear component cE2 has been estimated recently to be very weak
(o0.3 cm1/GPa) [3]. Consequently, this parameter is neglected in
the following analysis. Since our study focuses on membrane-type
ﬁlms (szz ¼ 0, of Eq. (5)), our consideration is limited to in-plane
stresses, we can replace (sxx,syy) by (srr,syy). The piezospectroscopic shift then reduces to

DnE2 ¼ aE2 ðsrr þ syy Þ

(7)

In the following, Raman shifts are converted into residual
stresses using Eq. (7). The value of deformation potential 2aE2 ¼
2:4 cm1 =GPa is chosen because of the agreement between
experimental and theoretical works [14,15].

3. Experimental results
Fig. 2. Pseudo-bulk cuts of a free-standing GaN layer. Cuts have been done on the
sides and the bottom to keep the GaN layer intact. GaN remains to be attached to
the wafer by a thin bridge.

and pinning due to epitaxial stresses are difﬁcult to model. As a
starting point, the approach proposed by Peng et al. [12] can be
used to model stress relaxation at the vicinity of circular
structures. The model is based on a Winkler elastic formalism,
where the GaN ﬁlm is supported by shear deformation originating
from the sapphire substrate. Considering the cylindrical geometry
of a membrane-like ﬁlm (the thickness of the ﬁlm is much smaller
than the diameter of the pillars), the radial strain ﬁeld u(r) in the
ﬁlm is given by
!

q2 uðrÞ 1 quðrÞ
1
1
 2 þ 2 uðrÞ ¼ 0
þ
r qr
r
r0
q2 r

(1)

where the parameter r0 is determined by the geometry and
material properties of the system as follows:
1
¼
r0

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Esaph ð1  n2GaN Þ
2ð1 þ nsaph ÞEGaN hGaN H

(2)

with Esaph, nsaph and EGaN, nGaN are the corresponding Young
moduli and Poisson ratios of sapphire and GaN, hGaN the thickness
of GaN ﬁlm, and H the extent of shear deformation in the sapphire
substrate. The components of the stress ﬁeld are given by

srr ðrÞ ¼ s0 þ



EGaN
quðrÞ
uðrÞ
þ nGaN
2
r
ð1  nGaN Þ qr

(3)

syy ðrÞ ¼ s0 þ



EGaN
uðrÞ
quðrÞ
þ nGaN
2
qr
ð1  nGaN Þ r

(4)

szz ðrÞ ¼ 0

(5)

Peng et al. have solved this expression for circular holes. In
Appendix, the solutions for stress ﬁeld inside and outside of
pillars are given with various diameters.
To convert the Raman shift into residual stresses, the standard
analysis of deformation potentials in Wurtzite-type structures is
used. According to the symmetry-related formalism described by
Briggs and Ramdas [13], the shift of the E2 phonon in function of

3.1. Pseudo-bulk of stress-free GaN
In Eqs. (6) and (7), the variation of the Raman shift is
determined as the difference between phonon frequencies in
stressed and unstressed samples:DvE2 ¼ ðxÞ  v0E2 where x is the
position of the measurement. The phonon frequency vE20 of an
unstressed sample has to be determined on a bulk piece of a
similar material. In order to obtain this reference point, we
prepared a pseudo-bulk GaN sample from the same wafer. At a
cleave edge, a small fraction of the GaN layer was isolated from its
substrate using the FIB (Fig. 2). This pseudo-bulk piece revealed a
constant Raman position for the E2 phonon at 567.25 cm1. In the
following, all changes of the Raman shifts will be reported with
respect to this value.
3.2. Raman shift at the edge
The Raman shift variation of the E2 phonon for a line-scan
proﬁle at the cleaved edge is plotted in Fig. 3. The right axis of the
ﬁgure shows the residual stresses, determined according to Eq. (7)
with the pseudo-bulk reference. The variation of the stress has
been ﬁtted with success by the exponential variation given in
Eq. (13) (see Appendix). The ﬁtted coefﬁcients give a relaxation
decay of r0 ¼ 9.8 mm. The total relaxation occurs for about 3r0,
which is comparable to the 25 mm relaxation length proposed by
Kozawa et al. [18] for the 1–2 mm thick samples.
Using Eq. (2) and the following parameters EGaN ¼ Esaph 400
GPa, nGaN ¼ nsaph0.25 and hGaN ¼ 4 mm, we obtain H10 mm.
The depth of shear deformation in the sapphire substrate is about
the extent of lateral stress relaxation. This equality is due to the
similarity of mechanical properties between GaN and sapphire.
The measurement of the Raman shift between the freestanding GaN and the far ﬁeld represents a maximal shift of
2.85 cm1. According to Eq. (7), this value corresponds to a biaxial
residual stress of 1.2 GPa.
3.3. Raman shift outside the pillars
Raman shifts measured outside the pillars are shown in Fig. 4
for the 5, 10, 20 and 40 mm diameter cuts. The stress ﬁeld variation
is compared to the solution given by Eqs. (11) and (12). However,
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Fig. 3. Raman shift of the E2 phonon as a function of laser beam position on the top surface. Zero of the horizontal axis corresponds to the edge of the cleaved sample. On
the left axis: Raman shift (negative coordinates); on the right axis: residual stresses in GPa given by Eq. (7). The decrease has been ﬁtted by Eq. (13) with n ¼ 0.27,
r0 ¼ 9.8 mm and r0 ¼ 1.2 GPa.

Fig. 4. Raman shift measured outside the pillars from the edge (at the origin) to
the far ﬁeld. Four diameters are represented: 5, 10, 20 and 40 mm. The curves were
obtained from Eqs. (11) and (12) with effective diameter 2r0 equal to 8, 12, 19 and
26 mm.

an effective radius R has been adjusted to reproduce each set of
data. The effective radius was found to be 2r0 equal to 8, 12, 18 and
26 mm for the 5, 10, 20 and 40 mm diameter cuts, respectively. One
can note that the calculated radius underestimates the real value
for the larger pillar diameters. Some reasons of this discrepancy
will be discussed in Section 4.
3.4. Raman shift inside the pillars
Raman shifts measured inside the pillars are shown in Fig. 5.
Only 10, 20 and 40 mm diameter cuts are represented, because for
a smaller diameter no proﬁle could be determined. Fig. 5 shows
the solutions given by Eqs. (16) and (17) for different radii. The
value of residual stresses at the center of the pillar has been
adjusted to get the best ﬁt with experimental data. A very good
agreement of stress proﬁle is then observed inside the pillars.

4. Discussion
4.1. Thermal stress contribution
The amount of residual stress relaxation between far ﬁeld and
pseudo-bulk piece is, to our knowledge, an original and reliable

Fig. 5. Proﬁle of Raman shift measured inside the pillars from the center (at origin)
to the pillar edge. Three diameters are represented: 10, 20 and 40 mm. The curves
were obtained from Eqs. (16) and (17) with a residual stress value in the center of
the pillars adjusted as shown in Fig. 6.

estimation of ﬁlm/substrate stresses. The pseudo-bulk piece has
undergone the same elaboration conditions as any other spot of
our GaN/sapphire sample. Also, any implantation or amorphization [6–8] would be limited as compared to the size of the pseudobulk piece (5  15 mm2). From this experiment we found a
2.85 cm1 shift in the ﬁlm, which corresponds to 1.2 GPa biaxial
stress.
Theses values can be compared to the thermal stress originating from thermal expansion mismatch between the sapphire
substrate and the GaN layer. The thermal stress in the GaN layer
can be evaluated as follows:

sGaN;th ¼

EGaN
ðaGaN  aSaph ÞDT
1  uGaN

(8)

where DT is the difference between the deposition and the
ambient temperatures. aGaN and asaph are the thermal dilatation
coefﬁcients of GaN and sapphire, EGaN and nGaN are already
deﬁned in Eq. (2). With aGaN ¼ 5  106 K1, asaph ¼ 8  106 K1
and a deposition temperature of 1000 1C, Eq. (8) gives a
compressive residual stress of about 1.1 GPa in GaN ﬁlms on
sapphire. This simple evaluation corresponds roughly to the
residual stresses measured between the pseudo-bulk and the far
ﬁeld in our experiments.
Meanwhile, the lattice mismatch of the GaN/sapphire is
strong (about 13%). The relaxation of the epitaxial layer during
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high-temperature growth generates dislocations and a stress
gradient through the thickness of the GaN ﬁlm [1]. A measurement through the cross-section from the top GaN layer to the
sapphire interface was carried out. No variation of the Raman shift
and phonon line width was observed along the cross-section for
all Raman-active modes. We believe that the relaxed thickness is
small enough for being detected in Raman scattering experiments
with a laser beam size of 1 mm.
4.2. Residual stress corrections in the pillars
Stress relaxation inside the pillar was not taken into account by
the calculated values from Eqs. (16) and (17). In order to include
this discrepancy, the values at r ¼ 0 were shifted to the measured
values. Fig. 6 shows the residual stress measured at the center of
the pillar and the values expected from the calculation with the
parameters r0 given at the edge of the sample. A signiﬁcant
difference is found between experimental and calculated values.
The experimental data give an exponential variation with pillar
diameters with a relaxation distance of about 34 mm. This value
appears to be about twice the one determined at the edge, as
expected by a relaxation in two directions from the center of the
pillars (2  9.8 mm2).
Meanwhile, the model predicts a sigmoid variation with the
pillar diameter. The experimental data suggest a faster building
stress for small diameters than predicted. This difference may be
accounted by the membrane-like approximation. In fact, this later
approximation neglects the volume deformation of the pillar and
supposes an inﬁnitely deep cut. Indeed, we have determined the
penetration depth of shear deformation, H, to 10 mm, which is
larger than the experimental value of the FIB cut through the
sapphire substrate (3 mm).

Fig. 7. Experimental width (FWHM) of the E2 phonon as a function of residual
stresses. The increase in Raman width for the small diameter may result from
stress convolution with the laser probe. The linear ﬁt (dot line) is a guide for the
eyes.

with compressive stresses in the case of GaN layers of different
thicknesses, whereas Klose et al. [19] did not observe any change
in Raman width with applied stresses.
An explanation for the increase of Raman width can be related
to an inhomogeneous strain ﬁeld release through the ﬁlm due to
dislocation and defects [2,9]. In fact, we point out that a large
relaxation has happened due to epitaxial deposition. However,
such a relaxation would probably not give a linear relation
between residual stress and FWHM. This effect remains challenging to conﬁrm by standard techniques such as transmission
electron microscopy (TEM) due to the perturbation of sample
preparation and stress relaxation. Another explanation is the
increase of phonon lifetime with biaxial stress in the ab plane.
This point would be original and necessitates to be conﬁrmed.

4.3. Residual stress and Raman width
Another ﬁnding is the change of the FWHM of the Raman lines
with the residual stress in Fig. 7. Experimental measurements at
low laser power density conﬁrm that it was not due to laserheating phenomena. Fig. 7 represents a linear decrease of FWHM
with increasing compressive stresses except at low stresses where
we assumed that the anomaly is due to the convolution of stress
ﬁeld variations in the small-diameter pillars with the laser probe
size. The decrease of the FWHM is an original ﬁnding. For
instance, Kozawa et al. [18] found an increase of phonon FWHM

5. Conclusion
This work focuses on the inﬂuence of epitaxial stress in highly
constrained structures. An original method of the gradual
variation of residual stresses in epitaxial layers is presented. This
method utilizes modiﬁed boundary conditions for pillar structures
prepared by the FIB. Raman shift of E2 phonons is used for the
measurement of residual stresses inside the pillars. A comparison
with an elastic model for a shear-supported ﬁlm shows some
discrepancy that may originate from plastic relaxation in the ﬁlm.
Meanwhile we are able to scale perfectly the model to reproduce
stress variations in the pillar structures. The use of micro-Raman
spectrometry may gain more importance to separate elastic and
plastic relaxations.
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6. Appendix
Fig. 6. Experimental and calculated residual stresses in the center of the pillars as
a function of diameter except for 150 mm, which corresponds to the far-ﬁeld
measurement far away to any FIB cuts and edges. The building stresses in the ﬁlm
are faster than the one calculated especially for small pillars. Experimental data
are ﬁtted by an exponential function with a length decay of 34 mm.

Here we present analysis of the strain and stress ﬁelds inside
and outside the pillar for a thin ﬁlm supported by a shear force.
The geometry of the calculation is given in Fig. 8. The GaN ﬁlm is
supposed to be thin as compared to both the sapphire substrate

ARTICLE IN PRESS
5326

S.H. Margueron et al. / Journal of Crystal Growth 310 (2008) 5321–5326

z

8. Inside the pillars

uθθ
R2

urr

The solution of Eqs. (1)–(5) inside the pillar was calculated
with the limit conditions u(r ¼ 0) ¼ 0 and srr(r ¼ R) ¼ 0. The
strain ﬁeld is given by

R1

uðrÞ ¼ CR

GaN

ð1  n2 Þs0
I1 ðr=r 0 Þ
Eox

(14)

where I1 is the modiﬁed Bessel function of the second kind and C
is a constant given by

sapphire

C¼
Fig. 8. Cylindrical geometry of the pillar.

and the radius R (R1 or R2) of the pillars. The cut is supposed to be
inﬁnitely deep. The solution of Winkler elastic formalism
equations (1)–(5) is given in the following for different boundary
conditions.

7. Outside the pillar

ð1  n2 Þs0
K 1 ðr=r 0 Þ
E

(9)

where K1(x) is the modiﬁed Bessel function of the second kind and
C is a constant given by
C¼

1
½R=r 0 K 0 ðR=r 0 Þ þ ð1  nÞK 1 ðR=r 0 Þ

(10)

The radial and tangential stress ﬁelds are then given by



K ðR=r 0 Þ
srr ðr ¼ RÞ ¼ 0 ¼ s0 1 þ CR 1=r 0 K 0 ðR=r0 Þ þ ðn  1Þ 1
R
(11)




syy ðrÞ ¼ s0 1 þ CR n=r0 K 0 ðr=r0 Þ þ ð1  nÞ

(15)

The radial and tangential stress ﬁelds are then given by



I ðr=r 0 Þ
srr ðrÞ ¼ s0 1 þ CR 1=r0 I0 ðr=r0 Þ þ ðn  1Þ 1
r




syy ðrÞ ¼ s0 1 þ CR n=r 0 I0 ðr=r 0 Þ þ ð1  nÞ

I1 ðr=r 0 Þ
r



(16)

(17)
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