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In this study, we have studied the etching residual stress for a-plane GaN films grown on r-plane ( 0211 ) sapphire substrate 

with three different structures by low-pressure metal-organic vapor deposition (LPMOCVD). Scanning electron microscopy 
(SEM) and Raman scattering have been employed to study the surface morphology and residual stress before and after 
KOH solution etching. The three phonon modes of E2 (high), A1 (TO) and E1 (TO) and surface etching morphology of a-plane 
GaN have been observed. We calculated the residual stress using the biaxial elastic stress theory. Conclusions show that E2 

(high) phonon shifts decrease after etching with KOH solution for a-plane GaN epilayer, which shows that KOH solution 
etching make the residual stress release. Based on the results, we indicated that there exists an approximate linear relation 
between residual stress etched by KOH solution and biaxial elastic stress system in a-plane GaN epilayers. 
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1. Introduction 
 

In recent years, the Ⅲ-Nitride materials and 

optoelectronic devices have achieved remarkable progress 

for applications in light-emitting devices (LEDs) covering 

the ultraviolet and full visible ranges of the 

electromagnetic spectrum [1]. GaN-based have LEDs have 

experienced considerable success in solid-state lighting. In 

these structures, spontaneous and piezoelectric induced the 

electrostatic fields spatially separate the electrons and 

holes within the quantum wells (QWs), and thereby 

reduced the irradiative efficiency and making the emission 

wavelength redshift [2,3,4]. One approach to mitigate 

these problems is the growth of structures on 

nonpolar/semipolar orientations substrates [5], for example, 

a-plane GaN films have been deposited on r-plane 

sapphire substrate with no polarization fields along the 

grown orientation. Although nonpolar a-plane GaN 

structures in r-plane sapphire substrates are preferable in 

large-scale production, there existed many of questions to 

be solved, for example, there is very limited supply of 

semipolar GaN bulk substrates because of their high cost, 

small area, and complex production procession, and there 

existed larger strain/stress during the nonpolar GaN 

structures. Until to today, there are several study teams and 

many studies on the residual stress of Ⅲ-Ⅴ group 

GaN-based materials by chemical etching have been 

reported [6-9]. Although many research studies have been 

carried out on this topic and several papers on this aspect 

have been published, there have been few general etching 

residual stress studies of a-plane GaN film after KOH 

solution using Raman scattering. Micro-Raman scattering 

is a fast and nondestructive technique to characterize stress 

states in Ⅲ-Ⅴ group nitrides, In this study, the released 

GaN etching stress was characterized in micro-Raman 

backscattering geometry at room temperature, we utilize 

two times (before KOH solution etching and after KOH 

solution etching) Raman scattering to study the residual 

stress of a-plane GaN epilayer in order to avoid the 

influence that between sapphire substrate and a-plane GaN 

epilayer, and indicated that there exists an approximate 

linear relation between the KOH solution etching residual 

stress and biaxial elastic stress system existed in a-plane 

GaN epilayers. 

 

 

2. Experimental procedure 
 

Three different structure a-plane GaN samples were 

grown on r-plane ( 0211 ) sapphire substrates by 

metal-organic vapor deposition (MOCVD) system. Three 

samples with different buffer structures were grown. (A) a 

LT-AlN of about 30-nm thick, denoted as sample A; (B) a 

two step (LT and HT) AlN of about 60-nm thick, denoted 

as sample B; (C) a two step AlN layer and AlN/AlGaN 

superlattice (SL) denoted as sample C. Further details 

about the growth conditions, structure, and properties of 

nonpolar a-plane GaN grown have been published 

previously [10,11]. The etching experiments were carried 

out in 10% (weight fraction) KOH solution in room 

temperature, after wet chemical etching, we rinse the 

a-plane GaN film surface with HCl solution and 
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de-ionized water. Surface morphology was observed by 

Scanning electron microscopy (SEM) before and after 

KOH solution etching. Raman scattering were also 

measured before and after KOH solution etching. The 

micro-Raman measurements were carried out in 

backscattering geometry with the Raman spectrometer 

Jobin Yvon LavRam HR800. An Ar
+
 laser with 514-nm 

wavelength was used as an excitation light source and a 50 

objective was used to focus the incident laser light of a 

power of 14.2 mW on the samples. The spectrometer was 

calibrated using single-crystal silicon as a reference. A 

curve-fitting program was used to fit the Raman spectra to 

determine the Raman frequencies and linewidths. The 

program allows peak to be fitted by using a combination of 

Lorentzian and Gauss peak profiles and subtracting a 

background. 

 

 

3. Results and discussions 

 

3.1 Surface etching pits morphology on a-plane  

   GaN epifilms 

 

Fig. 1 shows the typical SEM surface morphology of 

sample A. Fig. 1 (a) shows that there exist some triangle 

pits on a-plane GaN epilayer surface. The origin of the pits 

is not yet clarified, Wu et al. [12] suggested that the pits 

are pyramidal V-defects, which are distinguished from the 

V-shaped defects from in c-plane GaN by the fact that they 

are not caused by screw dislocations [13]. Fig. 1 (b) shows 

that there are much more etch-pits on a-plane epilayer 

surface through KOH solution etching, which are 

distinguished from the shape before KOH solution etching. 

We observed that there are more triangle pits and little 

pentagonal pits on a-plane epilayer surface before KOH 

solution etching, these pits are smaller in size and 

shallower in depth. After KOH solution etching, we found 

that there are more pentagonal pits on a-plane GaN 

epilayer surface, and these etch-pits are obviously larger in 

size and depth. Although there is a tiny change of pit 

density on sample surface, in fact, the size and depth of 

etch-pits become larger than before etching due to KOH 

solution etching. It is KOH solution etching that makes the 

residual stress between sapphire substrate, buffer layer and 

epilayer film can be released. One of possible etching 

mechanism of KOH solution etching is shown in Fig. 2. 

Neighboring two triangle pits were etched by KOH 

solution for the reason of large in size and incorporated 

one pentagonal pit.  

 

 

     

(a) 

 

(b) 

 

Fig. 1. SEM morphology of surface pits in sample A. (a) 

before etching; (b) after etching. 

 

 

Fig. 2. KOH solution etching mechanism for sample (a). 

 

 

3.2 Raman scattering in a-plane GaN epifilms 

 

Raman scattering is a standard technique to 

characterize the strain conditions in III-V alloy systems 

[14]. Raman scattering were carried out for the three 

a-plane samples before and after the KOH etching solution 

at room temperature. In order to make the experimental 

data creditable and comparable, we measured the same 

point on the surface of the three samples before and after 

the etching KOH solution. The Raman shifts of the three 

phonon modes of E2 (high), A1 (TO) and E1 (TO) were 

measured. Many studies thought that the Raman shift of 

the GaN E2 (high) phonon mode is related not only the 

quality of the crystal, but also residual stress existed in the 

epilayers [6].The frequency of E2 (high) mode is sensitive 
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to strain as expected from the atomic displacement scheme 

(of N atoms and perpendicular to the c-axis). As can be 

seen in Fig. 3, under the backscattering ( )x yy x  mode, 

the E2 (high) phonon peak appears at 569.50 cm
-1

 before 

KOH solution etching for sample A, while E2 (high) 

phonon peak appears at 568.15 cm
-1

 after KOH solution 

etching, which is smaller than before KOH solution, 

Obviously. The similar tendency is also exhibited in 

sample B and sample C. The reason for change of E2 (high) 

phonon peak is that KOH solution makes the residual 

stress release in a-plane GaN epilayer, and this change can 

be character by Raman frequency shift of E2 (high). The 

relation between the etching residual stress   and the 

measured Raman shift of the E2 (high) phonon line   

is derived from the following equation: = k  . 

Where   is in-plane residual stress, and k is the linear 

stress-shift coefficient (k=2.40 cm
-1

/GPa) [15] for the 

biaxial stress system. The relation shows that the residual 

compressive stress with 0.5629GPa, 0.4304GPa and 

0.1896GPa is induced in a-plane GaN crystal for sample A, 

B and C, respectively. We listed Raman frequency shifts in 

Table 1 as following. In fact, we calculate the residual 

stress of the three samples without using the E2 (high) 

phonon peak value 567.5 0.2 cm
-1

 [16]. In other words, 

through two times (before and after KOH solution etching) 

Raman scattering, we avoid the influence that came from 

sapphire substrate, and thus improve the residual stress 

precision for a-plane GaN epilayer. 
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Fig. 3. Raman frequency shifts of sample (a), geometer  

mode: ( )x yy x . 

 

Table 1. Raman frequency shifts of three samples and their scattering geometer modes. 

 

Backscattering 

configuration 

Active mode Sample A 
1/ cm   

Sample B 
1/ cm   

Sample C 
1/ cm   

( )x yy x  
A1(TO) 0.00 -0.531 -1.419 

E2(High) -1.351 -1.033 -0.455 

( )x yz x  
E1(TO) 0.00 0.00 -0.504 

E2(High) -0.086 -1.351 -0.455 

( )x zz x  A1(TO) -0.530 -0.532 -0.383 

 

Considering the X-axis along [1120] , Y-axis along 

[1100]  and Z-axis along [0001] direction, the strain-stress 

relation for hexagonal crystals with a C6v symmetry matrix 

can be expressed as [17]:  
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        (1) 

 

where Cij are the stiffness constants of a-plane GaN film. 

For a-plane nitride epilayers, in the case of a biaxial 

stress, a lattice constant is fixed, whereas the c lattice 

constant is free to relax. The biaxial strain is 0

0

xx

a a

a



 , 

and the strain in the perpendicular direction is given by 

  1 1 1 2

1 3 1 3

z z x x y y

C C

C C
               (2) 

We can calculate the residual stress from the equation 

(2), all of the lattice parameters of a-plane GaN films can 

be found in Reference [11] in Table 2 and Some 

mechanical properties of wurtzite GaN listed in Table 2. 

 

 

Table 2. Lattice constant for samples A, B and C. 

 

Samples lattice a(Ǻ) 

A 

B 

C 

3.1945 

3.1937 

3.1901 
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Table 3. Several set of mechanical properties of wurtzite 

GaN, the units are in GPa. 

 

Parameters Values 

C11, C12, C13, C33, C44 

C11, C12, C13, C33, C44 

Poisson’s ratio 

377, 160, 114, 209, 81.4 [18] 

390, 145, 106, 398, 105 [19]   

0.372 [20], 0.38 

 

Using equation (2) and Table 3, we can obtain the 

stress value of 0.7275GPa, 0.6082GPa and 0.1424GPa for 

sample (a), (b) and (c), respectively.  

In order to probe the dependence of the two methods 

for calculating residual stress, we plot the function relation 

between change of Raman frequency shifts and biaxial 

elastic stress for a-plane GaN epilayer, as shown in Fig. 4. 

We can find that there exists an approximate linear relation 

between biaxial elastic stress and residual stress calculated 

by change of Raman frequency shifts for a-plane GaN 

epilayer. From  discussion above, the conclusion can be 

obtained that the two methods that character the residual 

stress for a-plane GaN epilayer exists a simple linear 

relation. One of the disadvantages of the method is that the 

KOH solution etching can avoid the influence of sapphire 

substrate and improve the precision of the residual stress. 

And so we can characterize and calculate the etching 

residual stress by Raman scattering. 

 

0.2 0.3 0.4 0.5 0.6

0.2

0.4

0.6

0.8

B
ia

x
ia

l 
el

as
ti

c 
st

re
ss

/G
P

a

Raman shift stress/GPa  

y=1.612x-01429

 

 

 
Fig. 4. Relation between biaxial elastic stress and calculated 

stress by Raman frequency shifts. 

 

4. Conclusions 

 

In summary, we present a micro-Raman scattering 

study on a-plane GaN epilayer residual stress by KOH 

etching solution. After KOH solution etching, E2 (high) 

frequency shifts changes to lower frequency shifts 

compared with before KOH solution etching, which shows 

that etching make the residual stress release. And a simple 

approximate linear relation exists between the two 

methods to calculate residual stress, which indicates that 

Raman scattering frequency shifts can be used to 

characteristic the residual stress of KOH solution etching 

for semiconductor materials. 
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