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GaN grown with InGaN as a weakly bonded layer
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GaN thin films were grown with InGaN as an interlayer. The GaN films show different stress states

with and without an InGaN interlayer. The influence of the In composition in InGaN on the properties

of the high temperature (HT) GaN overlayer was discussed and potential stress-free points were

extrapolated. The effect of H2 on the growth of HT GaN was found to be that it assisted the

decomposition of InGaN. A nearly stress free GaN single-crystalline film with mirror-like morphology

and single polarity was obtained by inserting an appropriate InGaN interlayer and the growth

mechanism of GaN, with a regular network as the template, was discussed. Our research on the

controllable growth of high-quality GaN thin film is very important for GaN-based optoelectronic and

electronic devices.
I. Introduction

GaN is a wide gap semiconductor of great promise for applica-

tion to blue, violet, and ultraviolet (UV) light emitting devices

and high temperature (HT) and/or highpower devices.1,2 One of

the critical issues in the development of III–V nitrides for device

applications is the lack of a good substrate. Due to the large

mismatches of lattice and thermal expansion between GaN and

the generally used substrates, such as sapphire, silicon or SiC,

high interfacial strain is produced and causes large dislocation

densities in the GaN epitaxial layers.3–6 To release the epilayer

strain, compliant substrates have been proposed for lattice-

mismatched epitaxy. Improved results for GaN layers grown by

metal–organic chemical vapour deposition (MOCVD) on

Silicon-on-insulator (SOI) substrates have been reported.7 Also,

the hydrogen-implanted Si substrate has been used for the

fabrication of the compliant substrate, and the mismatch strains

in the SiC films grown on this substrate have been released and

the crystalline qualities have been improved.8 Recently, self-

separated freestanding GaN was obtained using an NH4Cl

interlayer and the NH4Cl was evaporated during the HT GaN

growth, resulting in void formation, which acts as the key for the

self-separation of the thick HT GaN.9

In this study, we suggest another simple compliant substrate

fabrication technique using a combination of InGaN and low

temperature (LT) GaN layers to relax the stress in the HT GaN

film and the properties of the HT GaN are evaluated. Here, the

LT GaN layer provides a template for the HT GaN overlayer.

The In atoms in the InGaN layer were evaporated during heating

to HT and during the HT GaN growth, resulting in a weakly

bonded layer formation, which assists the relaxation of the stress

in the overlayer.
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II. Experiments

All the samples in our experiments were grown on (0001) Al2O3

substrates in a homemade MOCVD system using NH3, trimethyl

gallium (TMGa) and trimethyl indium (TMIn) as sources. For

the growth of sample A, the Al2O3 substrate was nitrided with

NH3 gas for 3 min at 1050 �C, prior to the deposition of a 20-nm-

thick LT GaN buffer at 550 �C and then a 200-nm-thick GaN

film was grown at 1050 �C. The other samples each have an

InGaN interlayer inserted between the Al2O3 and the LT GaN

layer and N2 diluted TMGa was used to grow the InGaN. The

main difference exists in the growth conditions of InGaN. For

sample B, the InGaN interlayer was grown at 750 �C and 50

Torr, for sample C it was grown at 580 �C and 300 Torr and for

sample D it was grown at 550 �C and 76 Torr. The growth

processes of the three InGaN interlayers all last 30 min and the

NH3 was maintained at a constant flow rate of 3 standard litre

per minute (SLM).

Field emission scanning electron microscopy (FE-SEM: Sirion

and Hitachi S-4800) was used to observe the morphologies of the

products. Energy-dispersive X-ray spectroscopy (EDXS) was

used to determine the In content in InGaN. X-Ray diffraction

(XRD: Rigaku-TTRiii) was used to investigate the epitaxial

relationship of the samples. High resolution XRD (HRXRD:

Bruker D8 Discover using CuKa1 radiation and the Beijing

Synchrotron Radiation Facility) was used to examine the crys-

tallinity and the lattice parameters of the GaN films. The residual

stress in the samples was characterized by HR-Raman

(JYHR800) scattering using a 514.5 nm line of the argon ion

laser. The accuracy during the Raman measurements was

0.3 cm�1 with a lateral spatial resolution of 1.0 mm.
III. Results and discussion

A. The growth results

Fig. 1 shows the surface morphologies of the InGaN interlayers

(labeled as BInGaN, CInGaN, and DInGaN) of samples B, C, and D.

All the three InGaN interlayers show comparatively uniform and

integral morphologies and are good soleplates for the
CrystEngComm
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Fig. 1 Surface morphologies of InGaN interlayers (a) BInGaN, (b) CInGaN, (c) DInGaN.

D
ow

nl
oa

de
d 

by
 L

ib
ra

ry
 o

f 
C

hi
ne

se
 A

ca
de

m
y 

of
 S

ci
en

ce
s 

on
 3

0 
N

ov
em

be
r 

20
10

Pu
bl

is
he

d 
on

 2
5 

N
ov

em
be

r 
20

10
 o

n 
ht

tp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
0C

E
00

34
5J

View Online
forthcoming growth of LT GaN and HT GaN. The In compo-

sitions are determined by EDXS to be 17.5% for BInGaN, 58.6%

for CInGaN, and 80.4% for DInGaN.

Fig. 2 shows the SEM images of the four as-grown GaN

samples. Fig. 2(a)–2(d) show the surface morphologies of

samples A–D, respectively, and Fig. 2(e)–2(h) show the side

views of the corresponding samples. Apparently, samples B and

C exhibit smooth and uniform morphologies, while samples A

and D have some fluctuations with some pits at the surface. The

cross sections of samples B, C, and D exhibit some voids which

are produced by the evaporation of In atoms. It is clearly seen

that by inserting an appropriate InGaN layer, the surface

morphologies of samples B and C are greatly improved.

HR-Raman measurement was carried out to investigate the

stress states of the samples, and the Raman spectra of the four
Fig. 2 SEM images of the as-grown samples (a)A, (b)B, (c)C, (d)D by

plan view and (e)A, (f)B, (g)C, (h)D by cross-sectional observations.

CrystEngComm
GaN samples are shown in Fig. 3. The four samples perform

similarly in the Raman spectra, mainly composed of the EH
2 , EL

2

and A1(LO) modes of GaN, with some peaks originating from

the Al2O3 substrates as well. Usually, the peak shift of EH
2 is used

to represent the stress state and a blueshift is induced by

compressive stress, while a redshift is induced by tensile stress.10

However, the Raman shifts of the EH
2 phonon differ,

566.784 cm�1, 567.803 cm�1, 568.721 cm�1 and 568.220 cm�1 for

samples A, B, C, and D, respectively, indicating different stress

states in the four samples. As EH
2 has an intrinsic value of

567.5 cm�1 for stress-free GaN,11 samples B, C and D exhibit

compressive stress, while sample A exhibits tensile stress. Of all

the four samples, sample B has the minimum stress and is close to

the stress-free state.

To further demonstrate the stress states determined from

Raman spectra, we also performed HRXRD measurements. The

diffraction patterns of the q–2q scan of the four samples are

shown in Fig. 4. The experimental data are fitted using least-

squares refinement with Voigt curve and thus peak positions are

precisely determined. The peak positions of GaN (0002) and

(0004) are combined to eliminate the zero shift and to evaluate

the Bragg angles of GaN (0002)12 and then the c axis lattice

parameters of GaN can be determined. For example, the peak

positions of GaN (0002) and (0004) for sample A are 34.6027�

and 72.9809�, respectively, so the zero shift is calculated to be

�0.0055� and the Bragg angle of GaN (0002) is 17.2959�.

Accordingly, the c axis lattice parameters for samples A, B, C

and D are determined to be 5.1817 �A, 5.1860 �A, 5.1864 �A and

5.1844 �A, respectively. As the value for the stress-free GaN is

5.185 �A,9,13 sample A should have a residual tensile stress with

samples B and C exhibiting compressive stress, which is consis-

tent with the results obtained from Raman measurement, though

sample D exhibits a tiny tensile stress, which is not consistent

with the result from Raman measurement. Here, the c axis lattice

parameters for samples B and D are close to the stress-free value,

though the value for sample D is a little closer. Consequently, the

stress states of the samples we have obtained are credible in the

main.

All the four GaN samples show c-plane orientation and no

signal of InGaN can be observed by XRD. Fig. 5(a) shows the q–

2q scan of sample B, which is the sample with a tiny stress and

best morphology and the q–2q scan of BInGaN is also shown for

comparison. Both sample B and BInGaN show (0002) and (0004)

diffraction peaks and no InGaN peaks can be observed in sample

B, indicating no visible In atoms present. Both plan-view and

side-view EDXS are measured to further demonstrate the

absence of In atoms in sample B, and they are shown in Fig. 5(b)

and 5(c). Again no In correlated peaks are observed in Fig. 5(b)
This journal is ª The Royal Society of Chemistry 2010
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Fig. 3 HR-Raman spectra of the four as-grown samples A, B, C, and D.

Fig. 4 HRXRD q–2q patterns of the four as-grown samples A, B, C,

and D.

Fig. 6 SEM images of the etched sample B, (a) for the surface and (b) for

the cross section.
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and 5(c), so we draw the conclusion that no visible In atoms are

residual in sample B after the growth of HT GaN.

The smooth and nearly stress free sample B was then etched in

hot phosphoric and sulfuric acids (1 : 3 v/v) and the images of the

etched sample are shown in Fig. 6(a) and 6(b). Hexagonal

pyramids are observed, which indicates N polarity for sample

B.14 This can be explained by the GaN overlayer in sample B

inheriting the N polarity from the nitrided sapphire substrate.15,16
Fig. 5 (a)XRD q–2q patterns of sample B and BInGaN, (b) plan-view and (c) si

particles for conductive coating.

This journal is ª The Royal Society of Chemistry 2010
This leads to an interesting and significant result that the nearly

stress free GaN thin film with mirror-like morphology and single

polarity can be obtained by inserting an appropriate InGaN

interlayer.
B. The influence of In composition in InGaN

To study the influence of In composition in InGaN on the

properties of the HT GaN overlayer, we analyzed the decom-

position of InGaN theoretically by thermodynamics. As the

decomposition rate of InN is about two orders larger than that of

GaN,17 we neglected the decomposition of GaN during heating

to HT (1050 �C). Therefore, the decomposition of InGaN can be

simply expressed by the reaction:
de-view EDXS of sample B. Au correlated peaks in (c) come from the gold

CrystEngComm
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InxGa1�xN ¼ ð1� xÞGaNþ xInþ x

2
N2 (1)

As for the pure InN decomposition reaction, the Gibbs free

energy of reaction per mole can be expressed as:

DrGm ¼ DrG
q
m þ RTln

�
P

Pq

�1
2

(2)

where DrG
q
m is the standard Gibbs free energy of reaction and P,

Pq are the partial pressure of N2 and the standard atmospheric

pressure, respectively. When InN decomposition gets to equi-

librium, eqn (2) can be modulated to:

DrG
0
m ¼ DrG

q
m þ RTln

�
P0

Pq

�1
2

¼ 0 (3)

Here, P0 is the equilibrium partial pressure of N2. Thereafter, the

Gibbs free energy of reaction per mole can be expressed alter-

natively as:

DrGm ¼ RTln

�
P

Pq

�1
2

�
P0

Pq

�1
2

(4)

Finally, as for the InGaN decomposition reaction in eqn (1),

the Gibbs free energy of reaction per mole can be elicited:

DGm ¼ xDrGm � RT(xlnaI + (1�x)lnaG) (5)

where aI and aG are the activities of InN and GaN in the InGaN

alloy,18 respectively.

Fig. 7 shows the Gibbs free energies of reaction per mole for

InxGa1�xN decomposition reactions, with x ¼ 0.175 to x ¼
0.804. The Gibbs free energies of reaction per mole for the

decomposition of pure InN and GaN are marked for compari-

son. Here, the partial pressure of N2 is 25 Torr. It is found that

for all of the three InGaN interlayers in the temperature range of

550 �C to 1050 �C, DGm < 0 and the higher the In content is, the

lower the DGm is. This means that all of the three InGaN inter-

layers can be decomposed thermodynamically and a higher In

content leads to a larger driving force for InGaN decomposition.

To investigate the template before HT GaN growth, we heated

the LT GaN/InGaN layers to 1050 �C and then cooled them
Fig. 7 Gibbs free energies of reaction per mole for InxGa1�xN decompositio

partial pressure of N2 is 25 Torr.

CrystEngComm
down. The SEM images of the three annealed templates are

shown in Fig. 8. It can be seen in Fig. 8(a) that lots of tiny voids

are produced, with a dimension of several nanometres to tens of

nanometres, leaving the matrix a continuous network. Fig. 8(b),

however, exhibits some big voids with a dimensions from several

nanometres to as large as hundreds of nanometres, meaning the

network is partly broken off. No network can be found in the

annealed template of sample D, and the LT GaN/InGaN layers

are almost evaporated, leaving only a small fraction of the layers

surrounded by nucleation sites, as shown in Fig. 8(c). This is

consistent with the different driving forces for InGaN decom-

position with different In contents, as obtained from the

thermodynamic calculations. In addition, the more compact

microstructure of the InGaN with the lower In composition,

than that of the InGaN with high In composition (as is shown in

Fig. 1), also contribute to the different decomposition rates of the

InGaN interlayers. BInGaN, grown at 750 �C, with the most

compact microstructure, should be relatively difficult to

decompose, while DInGaN, grown at 550 �C, with the least

compact microstructure, should be easier to decompose kineti-

cally. Therefore, the InGaN with a higher In composition is

easier to decompose, both thermodynamically and kinetically.

Therewith, we proposed a model to simulate the growth

process of GaN, with a regular network as the template and this

is sketched in Fig. 9. HT GaN growth was initiated on top of the

network and this proceeded to grow laterally over the void region

with nearly vertical side-walls. The GaN continued to grow

laterally until it coalesced with the laterally growing material

from an adjacent mesa. After the film coalescence, the GaN film

continued to grow vertically. This is quite similar to the case of

lateral epitaxial overgrowth on a patterned substrate19 and can

therefore be considered as self-patterned lateral epitaxial over-

growth.

The Raman shifts of the EH
2 phonon and the c axis lattice

parameter shifts of the four GaN samples are plotted as func-

tions of the In content in the InGaN interlayers in Fig. 10. It can

be clearly seen that blue shifts of the EH
2 occur as the In content

increases and then red shifts take place as the In content further

increases. Similarly, the c axis lattice parameter increases as the

In content increases and then decreases as the In content further

increases. The two sets of data arrive at a uniform trend. There

are three types of strains in the GaN/Al2O3 heterostructures,10

tensile strain for lattice misfit, compressive strain for thermal
n reactions as a function of temperature with different In contents. The

This journal is ª The Royal Society of Chemistry 2010
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Fig. 8 SEM images of the annealed templates of samples (a) B, (b) C and (c) D.

Fig. 9 Growth model of GaN, with a regular network as the template.

Fig. 10 Raman shifts and c axis lattice parameter shifts as functions of

the In content in the InGaN interlayers. The round dots are experimental

data from Fig. 3 and Fig. 4 and the triangles are extrapolated by the

fitting curves to find the stress-free points.
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misfit and tensile strain for defect strain. For sample A, there

may be residual lattice mismatch strain and defects in it, so it

exhibits a visible tensile stress. For samples B and C, the weakly

bonded InGaN layers have relieved the lattice mismatch strains

and this has resulted in a compressive thermal stress in these

samples. Besides, the lesser stress in sample B than in sample C

predicates that 17.5 % of In in the InGaN can better relieve the

stress. 58.6 % of In may produce voids that are too big in the LT

GaN/InGaN template during heating, therefore, the HT GaN

overlayer has more contact with the substrate, resulting in

a larger compressive thermal stress. Although the stress state of

sample D differs in the Raman and HRXRD measurements, the

larger c axis lattice parameter and larger Raman shift of sample

D than those of sample A (without the InGaN interlayer) both

indicate the relaxation of the tensile strain. This may be caused

by the assistance of a comparatively disordered nucleation layer,

as shown in Fig. 8(c), in the relaxation of the lattice mismatch

strain. Strain-free points are inferred by extrapolating the two

sets of data and two points are obtained from each data set. Two

of the four points overlap at around x ¼ 0.12 and the other two

are at x ¼ 0.74 and x ¼ 0.94, respectively. However, as discussed

above, a high In content leads to a large driving force for InGaN

decomposition, leaving no network in the template (like

Fig. 8(c)) and leading to a deteriorated morphology (like

Fig. 2(d) and 2(h)). Therefore, x ¼ 0.12 with a continuous net-

like template is the potential point for stress-free GaN growth.

C. The effect of H2 on the growth of HT GaN

As presented above, a nearly stress-free GaN thin film with

mirror-like morphology and single polarity can be obtained by

inserting an In0.175Ga0.825N interlayer. However, is it enough just

to control the In composition in InGaN? Another sample
This journal is ª The Royal Society of Chemistry 2010
(sample E) was grown in conditions similar to those used for

sample B, with the only difference being the carrier gas used

during the growth of HT GaN, H2 was used for sample B and N2

was used for sample E. Fig. 11 shows the SEM image, XRD

rocking curve, Raman spectrum and EDXS of sample E. It is

apparent that the surface morphology and the crystallinity of

sample E are both worse than those of sample B and a large

tensile stress was obtained, as the Raman shift of EH
2 is

565.957 cm�1. What is more, strong fluorescence was observed in

the Raman spectrum of sample E. EDXS in Fig. 11(d) exhibits

obvious In peaks, indicating the presence of In atoms in sample

E. All the poor instances of sample E can be explained by the fact

that H2 can assist in the decomposition of InGaN. N2 prevents

the decomposition of InGaN, based on eqn (1), thus leaving

some In atoms in sample E, even after the growth of HT GaN.

The In atoms diffuse during the growth of HT GaN and some

defects are produced. Therefore, the crystallinity, as well as the

morphology of the sample, is deteriorated and the fluorescence in

the Raman spectrum is attributed to the defects produced by the

diffusion of In atoms. Therefore, the In composition in the

interlayer and the H2 carrier gas used during the growth of HT

GaN both play important roles in the controllable growth of

high quality GaN thin films.

Through modulation of the In composition in the InGaN

interlayer and the flow rate of the H2 carrier gas, we have
CrystEngComm
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Fig. 11 (a) SEM image, (c) raman spectrum and (d) EDXS of sample E.

(b) XRD rocking curves of samples B and E.
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obtained a smooth GaN film with a thickness of 200 nm. The

GaN (0002) full width at half maximum of the XRD rocking

curve is 0.13�. However, more efforts are still needed to further

improve the efficiency of the InGaN interlayer.

IV. Conclusions

In summary, a compliant substrate composed of InGaN and LT

GaN layers was produced to release the stress in the HT GaN

film. The InGaN interlayer with an appropriate In composition

can lead to a regular netlike template, for the following growth of

GaN, which allows self-patterned lateral epitaxial overgrowth.

In this way, a nearly stress-free GaN single-crystalline film with

mirror-like morphology and single polarity was obtained.

InGaN with 12% of In is a potential interlayer for stress-free

GaN growth. H2 can assist the decomposition of InGaN, while

N2 prevents the decomposition of the InGaN, thus use of a H2

carrier gas is also crucial for the growth of high quality GaN thin

films. The research in this paper helps us to better understand the

growth processes and controllable growth of GaN thin films on

a LT GaN/InGaN compliant substrate in a MOCVD system.
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