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High-resolution Raman mapping of the stress distribution in an etched GaN micro-pillar template

and a 5 lm thick GaN layer grown on a micro-pillar patterned GaN template is investigated.

Raman mapping of the E2 (high) phonon shows differences in stress between the coalescing

boundary, the top surface of the pillar region and around the GaN micro-pillar. Increased

compressive stress is observed at the coalescing boundary of two adjacent GaN micro-pillars, when

compared to the laterally grown GaN regions. The electron channeling contrast image reveals the

reduction of threading dislocation density in the GaN layer grown on the micro-pillar patterned

GaN template. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813077]

GaN based light emitting diodes (LEDs) are widely used

in general illumination, displays, and traffic lights. Even

though the efficiency of GaN based LEDs has improved dra-

matically within the last few years, there are still many ways

to improve the overall efficacy of these light sources.

Internal quantum efficiency (IQE) of GaN LEDs can be

improved by further improvements in the crystalline quality

of the materials by reducing threading dislocation density

(TDD).1 High TDD of the GaN layers originates mainly

from the large lattice mismatch between the heteroepitaxial

substrate and the epilayer.2 Lattice mismatch together with

differences in thermal expansion coefficients causes biaxial

stress to the epitaxial layer. GaN is compressively strained,

when c-plane sapphire is used as a substrate material.3 TDs

and other defects are present in GaN and give rise to

stress-relaxation due to the growth of GaN layer on sapphire

substrate.4 Formation of dislocations decreases the high

compressive stress of the epitaxial GaN layer. Several meth-

ods have been employed to reduce the TDD in GaN layers

grown on sapphire substrates: epitaxial lateral overgrowth

(ELO),5 pendeo-epitaxy (PE),6 patterning of substrates,7 etc.

Among these methods, ELO has been widely studied and

proven to be a powerful technique to reduce TDD by 3–4

orders of magnitude.5 Typically, in this technique, GaN layer

is overgrown laterally from the boundary of dielectric mask

stripe (SiO2), and it coalesces at the center of the stripes.

However, TDs originate from the coalescence boundaries

causing differences in crystalline quality and stress between

the laterally overgrown and the vertically grown region in

the GaN layer.8 On the other hand, maskless PE method has

been proposed to enhance the material quality. However,

GaN layers grown by using this technique also exhibit spatial

variations in stress.9 In this work, we study the GaN layer

grown on a micro-pillar patterned GaN template using

Raman spectroscopy. In order to clearly understand the

spatial variations in stress in the GaN layer grown on the

micro-pillar patterned GaN template, high-resolution spatial

Raman mapping is performed.

GaN structures were grown by metal organic vapor

phase epitaxy (MOVPE). A 200-nm thick nickel mask was

deposited onto a 3-lm thick undoped GaN buffer layer

grown on a c-plane sapphire substrate. The nickel mask was

patterned with circular elements using standard photolitho-

graphic techniques. Regrowth of GaN on the pillar patterned

template was performed under a high V/III-ratio of 1500 in

H2 ambient at a pressure of 200 Torr. Growth parameters

were optimized to achieve the high lateral growth rate

needed for coalescence of the pillars. Circular pillars form

hexagonal pattern during regrowth because some GaN planes

grow faster than others. During regrowth, the pillars form

sixfold symmetry around the c-axis with {1 �1 0 0} side-

walls. The laterally grown GaN from the side walls of the

pillar makes no contact with the sapphire substrate due to the

high growth temperature. This small gap between the GaN

and sapphire changes into a three dimensional void at the co-

alescence boundary. The reason for this is the limited access

of the reactant species to the close proximity of the GaN/sap-

phire interface, when the opening between adjacent pillars

gets narrow sufficiently. As a result of regrowth, a network

of embedded 3D-voids is formed around the hexagonal pil-

lars. More detailed information of the patterning process and

the regrowth of GaN on micro-pillar templates is presented

elsewhere.10,11 Raman scattering experiments were per-

formed on the top surface of the GaN micro-pillar template

before regrowth and on a 5 lm thick completely coalesced

GaN layer grown on the micro-pillar patterned template. The

spectra were acquired at room temperature in a confocal

Raman backscattering geometry using the 532 nm line from

a frequency-doubled Nd:YAG laser for excitation. The laser

light was coupled into the microscope using a single-mode

fiber and brought onto a sample using a dichroic mirror and

a 100� microscope objective (NA 0.9). The laser beam di-

ameter is about 400 nm with the spectral resolution of

0.02 cm�1. In the detection beam path, Rayleigh-scattered

light was filtered out using an edge filter and a 50 lm core-a)E-mail: nagarajan.subramaniyam@aalto.fi
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diameter fiber was used as a confocal pinhole, providing the

spatial resolution of about 300 nm. The backscattered light

was then directed to an ultra-high throughput spectrometer

equipped with 1800 g/mm grating and thermoelectrically

cooled electron-multiplication charge-coupled device detec-

tor. The XY positioning of the sample was achieved using a

piezoelectric scanning stage, and stepper motor was used for

focus control. The scanning area was 15 lm� 8 lm. The

scanning area is divided into 80 lines, and each line has 200

measurement points. First, the Raman mapping of the E2

(high) phonon was measured in the range of 560 cm�1 to

580 cm�1. In order to obtain the precise E2 (high) phonon

frequency position, the measured values were fitted with a

Lorentzian line shape. Second, the A1(LO) phonon mapping

was performed in the range of 730 cm�1 to 760 cm�1. The

A1(LO) phonon frequency position was fitted using Gaussian

lineshape.

The inset of Figure 1 shows a cross-sectional scanning

electron microscope (SEM) image of the patterned GaN

micro-pillar template prior to regrowth. The height and

width of the pillars are 3 lm and 2 lm, respectively. Figure 1

also shows the Raman spectra of GaN micro-pillar measured

at the center and edge of the pillar top. The Raman spectra

reveal a sharp E2 (high) phonon mode at 567.7 cm�1 at the

center of the micro-pillar. The position of the nonpolar E2

(high) phonon mode is a sensitive indicator for strain.12 The

E2 (high) phonon frequency is in agreement with the thick,

strain-free GaN layer of 567.6 cm�1, which indicates that the

GaN micro-pillar is almost stress-free.13 A large proportion

of the surface area of a GaN pillar is surrounded by free

space which affects the stress inside the crystal. The A1 (LO)

phonon mode is observed at 734.6 cm�1 in the center of the

micro-pillar and is shifted to 739.3 cm�1 at the edge. In addi-

tion, the weak features related to forbidden E1(TO) and

A1(TO) phonons are observed at 559.0 cm�1 and 534.1 cm�1

at the edge of the micro-pillars. The observed Al(LO) pho-

non frequency shift at the edge to higher frequencies com-

pared to the center of the micro-pillar has been explained

previously by (i) LO phonon-plasmon coupling due to Si-

doping8 and (ii) mixing of the A1(LO) with the E1(LO) pho-

non.14 We rule out the possibility of LO phonon-plasmon

coupling in our case due to the undoped nature of the GaN

micro-pillar template. This A1(LO) frequency shift at the

edge of the pillar is therefore related to the mix of A1(LO)

and E1(LO) phonon frequencies for intermediate phonon

propagation directions between the c and a axes. This will be

discussed later in the text. Also, the E1(TO) and A1(TO) pho-

non modes are observed from the edge due to off-axis pho-

non propagation, which also supports the A1(LO) phonon

shift to higher frequencies.15

In order to understand the strain distribution in the over-

grown GaN layer, we have performed Raman mapping from

560 to 580 cm�1 to cover the E2 (high) phonon frequency.

Figure 2(a) shows an optical microscope image of the top sur-

face of a smooth 5-lm-thick-fully coalesced GaN layer grown

on a GaN micro-pillar template. The hexagonal GaN pattern

with the coalescing boundary between two micro-pillars and

the coalescing point between three GaN micro-pillars can be

seen as brighter areas in the image. The cross-sectional SEM

image of the void structure is shown in Ref. 11. Figure 2(b)

shows the Raman image constructed from the E2 (high) pho-

non peak position of the GaN layer grown on GaN micro-pillar

template fitted using a Lorentzian line shape from 560 cm�1 to

580 cm�1. The Raman image clearly shows the hexagonal pat-

tern with coalescing boundary and the coalescing point in

bright yellow color, which arises from E2 (high) phonon peak

shift from 569.1 cm�1 to about 570.3 cm�1. Also, the black

FIG. 1. Raman spectra of micro-pillar patterned GaN template measured in

the center and the edge. The inset shows a SEM image of the micro-pillar

patterned GaN template.

FIG. 2. (a) Optical microcopy image of completely coalesced smooth 5 lm

thick GaN layer grown on micro-pillar GaN template. (b) Raman mapping of

E2 (high) phonon of a smooth 5 lm thick GaN layer grown on micro-pillar

patterned GaN template measured in the region of 560 cm�1–580 cm�1. The

scale bar shows the frequency position.
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color regions are visible close to the coalescing boundary and

point. This region grows laterally from the sidewall of the GaN

micropillar template, and a line profile of E2 (high) phonon

peak position across the horizontal line is shown below. The

line profile shows that (i) the entire E2 (high) phonon is shifted

to higher wavenumber compared to the strain-free thick GaN

(567.6 cm�1), it is also seen that the wavenumber is shifted,

(ii) upwards in the coalescing boundary, and (iii) downwards

in the laterally grown region. Maxima and minima of the E2

(high) phonon frequency are observed at 570.3 cm�1 at the

coalescing boundary and at 569.1 cm�1 at the laterally

grown regions. The relation between E2 (high) phonon fre-

quency shift and the residual stress is given by12

Dxðcm�1Þ ¼ x� x0 ¼ KDrxx, where x and xs are the E2

(high) phonon frequencies of GaN on micro-pillar patterned

GaN template and bulk GaN, respectively. K (cm�1/GPa) is

proportionality constant and equal to 2.56 cm�1/GPa.16 Drxx is

the in-plane stress. The calculated residual stress value of the

top surface of the GaN layer is shown in blue color in Figure

2(b). The maximum compressive stress is 1.05 GPa at the coa-

lescing boundary and the minimum is 0.65 GPa at the laterally

grown region. The stress is approximately 0.8 GPa at the top of

the pillar region.

The maximum stress relaxation (minimum stress value) is

observed in the laterally grown region, which is close to the

coalescing boundary area. To further understand the stress

relaxation in the laterally grown region, we have performed

A1(LO) phonon mapping. Figure 3 shows the Raman intensity

image of A1 (LO) phonon fitted using Gaussian line shape

from 720 cm�1 to 760 cm�1, and the corresponding peak posi-

tion is shown. The mapping shows the sixfold symmetry (seen

as black color) in the laterally grown region around the c-axis

with {1–1 0 0} sidewalls, which is more clearly visible than in

the E2 (high) phonon (non-polar) mapping (Figure 2(b)). The

A1(LO) phonon frequency at the top surface of the pillar region

is observed at 736.8 cm�1. On the other hand, the A1(LO) pho-

non frequency is observed at 742 cm�1 in the laterally grown

region and at the coalescing boundary, the A1(LO) phonon fre-

quency is observed at about 737.8 cm�1, which is located close

to the Al (LO) phonon mode. Previously, the A1(LO) phonon

shift to higher frequency, due to phonon-plasmon coupled

mode, has been studied in ELO GaN.8 In this case, Si atom dif-

fuse into the GaN layer from the SiO2 stripes, which causes the

relaxation of strain in the layer. However, in our case, the

increase of A1(LO) phonon from 736.8 cm�1 (top surface of

pillar) to 742 cm�1 towards the center of the laterally grown

region is observed due to the mixing of A1(LO) phonon with

E1(LO) phonon. In our Raman experiments, we have used

zðx; xÞ�z backscattering configuration, which allows E2 (high)

and A1(LO) phonon mode. However, E1(LO) phonon is forbid-

den by the selection rule from the geometry used in our Raman

measurements.17 Previously, the mixing of A1(LO) and

E1(LO) phonon mode has been reported as quasilongitudinal

(QLO) modes due to the surface tilt relative to the c-axis in

ELO GaN layer.18 Based on our SEM image shown in Ref. 11,

inclined {1 �1 0 1} growth facets are formed around the

micro-pillars prior to film coalescence. The observation of

QLO mode is related to the tilted facets around the micro-

pillars. The tilted facets cause the light refraction away from

the normal incidence. The intermediate energies of the QLO

mode lie between the A1(LO) and E1(LO) phonon mode

can be calculated using19 x2
QLOðLOÞ ¼ x2

A1ðLOÞcos2ðhÞ
þx2

E1ðLOÞsin2ðhÞ, where h is the angle between phonon propa-

gation direction and c-axis of the sample. The LO phonon has

a frequency between that of the A1(LO) mode (phonon propa-

gation along the c-axis, h is equal to 0�) and that of E1(LO)

phonon mode (h is equal to 90�).20 This indicates that phonon

propagation is along the c-axis in the area on top of the pillar

region meaning that this region has (0 0 0 1) c-axis. On

the other hand, the observed A1(LO) phonon frequency at

742 cm�1 in the laterally grown region is close to the E1(LO)

phonon mode of 743 cm�1, which means that the phonon prop-

agation is tilted from the c-axis.

This region is corresponding to the maximum stress

relaxation (laterally grown region) observed in E2 (high)

phonon mapping. This indicates that the GaN grown from

the {1–1 0 0} sidewall of the GaN micropillar, which does

not have direct contact with the sapphire substrate causes the

minimum stress value. A difference in compressive stress of

0.15 GPa between the top of the pillar region (vertical

growth) and lateral growth is determined. We conclude that

the stress relaxation in the laterally grown region is due to

the GaN grown lateral direction from the sidewall of the

GaN micropillar.

On the other hand, the maximum stress is observed in the

coalescing boundary from the top surface of the GaN layer

(Fig. 2(b)). Previously, increasing compressive stress in coa-

lescing boundary compared to the wing region is reported in

ELO GaN.21 This compressive stress at coalescing boundary

in ELO GaN has been attributed to (i) void formation and (ii)

crystallographic tilting. The stress concentration with differ-

ent void geometries in ELO GaN has been studied by finite

element analysis and Raman measurement.22 Also, it has

FIG. 3. Raman mapping of coalesced smooth 5 lm thick GaN layer grown

on micro-pillar patterned GaN template measured in the region of

730 cm�1–760 cm�1 (A1(LO) phonon).

012102-3 Nagarajan et al. Appl. Phys. Lett. 103, 012102 (2013)

Downloaded 30 Jul 2013 to 130.159.234.83. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



been suggested that a thick overgrowth of the GaN is neces-

sary to reduce the effect of voids on stress at the surface of

the GaN layer. On the other hand, the possible mechanism for

a compressive stress at the coalescing boundary is crystallo-

graphic tilting. In the coalescence boundary, the crystallo-

graphic tilt originates from the self-organized propagation of

dislocations coming from the micro-pillar region which bun-

dle the dislocation along the void direction. This bundling

effect helps to reduce the vertical dislocation density.23

To further understand the effect of dislocation formation

on stress in the coalesced GaN over grown layer, we have

performed electron channeling contrast imaging (ECCI) in a

field emission scanning electron microscope. Changes in

crystallographic orientation or changes in lattice constant

due to local strain are revealed in ECCI as changes in grey

scale in an image constructed by monitoring the intensity of

backscattered electrons, when the electron beam is scanned

over a suitably oriented sample. Extremely small orientation

changes are detectable, enabling small angle tilt and rotation

boundaries and dislocations to be imaged. Images with a re-

solution of tens of nanometers are obtainable in ECCI. More

detailed information on ECCI is given elsewhere.24 In ECCI,

vertical TDs are revealed as spots with black-white (B-W)

contrast. Figure 4 shows typical ECC images of the 5-lm-

thick GaN layer grown on the micropillar patterned GaN

template (a) and of a 5-lm-thick GaN layer grown on a sap-

phire substrate (b), revealing TDs and low angle grain boun-

daries. By counting the B-W spots, the dislocation density

can be estimated. The TDs in the GaN grown on the micro-

pillar patterned GaN template appear to be randomly distrib-

uted with no apparent correlation to the underlying template.

The total TD density (edge, screw, and mixed) was estimated

to be 1.5� 108 cm�2. This is lower than the dislocation den-

sity for the GaN layer grown directly on sapphire

(3.3� 108 cm�2). This illustrates that the use of a micropillar

patterned GaN template is indeed useful for the reduction of

the dislocation density in a subsequently overgrown layer.

In summary, we have performed Raman mapping of a

GaN layer grown on micro-pillar patterned GaN template.

Raman mapping of E2 (high) phonon clearly reveals the

stress distribution in different regions of the top surface of

the pillar, the coalescing boundary and GaN grown in lateral

direction. The maximum stress relaxation is observed in lat-

erally grown GaN region close to the coalescing boundary.

The A1(LO) phonon shifts close to E1(LO) phonon in

between on top of the pillar region and the coalescing bound-

ary, which is an evidence of GaN growth from the sidewall

of the micro-pillar template. The maximum stress is

observed in the coalescing boundary due to crystallographic

tilting and voids.

This work was supported by the Academy of Finland

through Project No. 13256332.
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