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Abstract
Rutherford backscattering spectrometry (RBS) was performed on GaN layers grown on sapphire and annealed at

temperatures between 500 and 1100 �C. Protons of energy 2 MeV were used for nanoscale depth-resolved RBS mea-

surements. The simulation package SIMNRA was used to extract quantitative information from RBS results. Our

results describe quantitatively the complete evaporation of GaN surface layers followed by partial evaporation of

gallium and nitrogen atoms from successive layers along with incorporation of oxygen from the ambient during an-

nealing. The formation of micron-sized islands or terraces on GaN surface during annealing has been explained using

RBS and atomic force microscopy results.

� 2003 Published by Elsevier B.V.

1. Introduction useful for future nanoscale electronic and opto-

electronic devices [6,7].
Gallium nitride and related alloys are photonic

materials with a tremendous range of applications

in light emitting diodes (LEDs), laser diodes

(LDs), photo-detectors and high temperature

devices. Such devices are critical components of

full-color displays, compact disk (CD) read/write

systems, high-resolution printing and underwater
communications [1–5]. Recently, gallium nitride

based nanowires and nanorods are found to be
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One of the important processes involved in the

fabrication of GaN devices is high temperature

annealing, which is used to remove the damage

produced during earlier fabrication processes. The

development of high conductivity p-GaN was a

long-standing issue in the fabrication of GaN

based devices. This problem was solved using post
growth annealing. It is found that annealing pro-

cess removes hydrogen by breaking Mg–H com-

plexes in p-GaN [8,9], which are considered to be

responsible for the passivation of Mg, the shal-

lowest available p-type dopant in GaN. However,

GaN decomposes during annealing above a certain

temperature. An understanding of the annealing
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of GaN at temperatures used for epitaxial or buffer

layer growth is also useful in improving growth

The backscattered protons were detected using a

semiconductor surface barrier detector of resolu-

3. Results and discussion
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conditions. A number of authors [10–17] have re-

ported annealing results of gallium nitride. Among

them, Vartuli et al. [17] described surface degra-

dation of III–V nitrides, including GaN, using
Auger electron spectroscopy, scanning electron

microscopy and AFM. Previously published results

on annealing of GaN along with surface protection

procedures are given in a comprehensive review by

Pearton et al. [18], which covers all the issues in-

volved during fabrication of GaN devices. Despite

these investigations, the picture is not complete yet

as quantitative measurements of evaporation and
depth dependence of decomposition have not been

explored completely.

We used 2 MeV proton backscattering to

characterize the processes (e.g., evaporation, ab-

sorption and change of thickness etc.) induced in

GaN during annealing. AFM measurements are

combined with nanoscale depth resolved RBS re-

sults to explain the properties of altered new sur-
face-region formed after annealing. It is the first

study, up to our knowledge, which gives the

quantitative analysis of material loss and stoichi-

ometric changes induced in GaN with the depth

resolution of better than 20 nm during annealing

experiments performed over a wide range of tem-

peratures 500–1100 �C.
2. Experimental
An epitaxial GaN film of thickness 3 lm was

grown in an EMCORE D125 metal organic

chemical vapor deposition (MOCVD) reactor on a

sapphire (0 0 0 1) substrate with a 25 nm thick low

temperature buffer layer sandwiched in between. A
number of samples, each of 5� 5 mm2 area, were

cleaved from a GaN wafer and were subjected to

rapid thermal annealing at temperatures between

500 and 1100 �C for a time interval of 60 s in

flowing nitrogen. The sample temperature was

maintained within � 5 �C from the set temperature

during annealing of all the samples. RBS mea-

surements were carried out using the 3.5 MeV
Singletron accelerator at Center for Ion Beam

Applications, National University of Singapore.
tion 13 keV and an area of 50 mm2. The detector

was located at a scattering angle of 160�. The total
beam fluence used for each measurement was

5–10 lC. AFM measurements were also carried
out on the same as-grown and annealed GaN

samples using the tapping mode.
Fig. 1a shows 2 MeV proton backscattering

spectra from as-grown and annealed GaN sam-
ples. Two effects are quite clear from this figure.

Firstly, the shift of the low energy edge of the

gallium signal, which appears between 1300 and

1900 keV. This is unambiguously recognizable

because there is a relatively large gallium edge

overlapped with the weak nitrogen signal. It is

interpreted as a reduction of GaN thickness. The

other effect is a stoichiometric change in the near-
surface region after partial decomposition of GaN

layers. This change in stoichiometry is caused by

the evaporation of gallium and nitrogen atoms and

incorporation of oxygen from the ambient where it

was present as an impurity during high tempera-

ture anneals. These annealing effects are shown in

Fig. 1b schematically.

From backscattering spectra, shown in Fig. 1a,
it is difficult to see changes in the different species

(Ga, N and O) in the GaN film after annealing due

to the overlapping of backscattering signals from

different species. We have fitted the experimental

data in Fig. 1a using the simulation code SIM-

NRA [19]. As an example, experimental and sim-

ulated proton backscattering spectra are shown

in Fig. 2 in case of the GaN sample annealed at
1050 �C. Similarly, simulation was performed for

all samples to separate backscattering signals of

different species. Separated backscattering signals

of gallium, nitrogen and oxygen are shown in Figs.

3a–c, respectively. Fit error in all regions of spec-

tra for data of all the samples is less than 3%.

Considering Figs. 3a and b, we can compare the

effects of high temperature on the gallium and ni-
trogen sub-lattices. These figures show quantita-

tively that high temperature induced changes in



the gallium lattice are less dramatic than found in
the nitrogen lattice. The altered surface-region is

The modes available for material loss from

GaN during annealing include [20–23],

Fig. 1. (a) Backscattering spectra using 2 MeV protons from

annealed GaN samples. Vertical arrows show the positions at

which signals from corresponding elements at the surface are

expected to appear. Only selected spectra are shown to avoid

overlapping. Lines are drawn to guide the eye. (b) Schematic

diagram showing different regions observed in annealed GaN

samples. The thickness of these regions can be seen in Figs. 3

and 5.
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Fig. 2. Experimental and simulated (SIMNRA [19]) proton

backscattering spectra in case of GaN sample annealed at

1050 �C.
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severely depleted of nitrogen and in the case of the

sample annealed at 1100 �C, a 100 nm deep sub-

surface-region is almost free of nitrogen. In this

surface layer, oxygen incorporation is observed.

The stoichiometry of the 100 nm surface layer of

the annealed GaN samples as determined using a

2 MeV proton beam is given in Table 1.
2GaN ðsÞ ! 2Ga ðgÞ þN2 ðgÞ ð1Þ

2GaN ðsÞ ! 2Ga ðlÞ þN2 ðgÞ ð2Þ

xGaN ðsÞ ! xGaN ðgÞ or ½GaN�x ðgÞ ð3Þ
The formation of a Ga-rich surface and gallium

droplets [24] on a GaN surface during annealing

can be enhanced by the presence of hydrogen, in-

corporated during growth, through a reaction re-

ported by Morimoto [21],

GaN ðsÞ þ 3

2
H2 ! GaðlÞ þNH3 ð4Þ

The results given in Table 1 show that mode of

material loss is dominated by the reaction given in

Eq. (2) due to observed preferential loss of nitro-

gen during high temperature annealing. After de-

composition of GaN followed by incorporation of

oxygen, the altered surface-layer becomes a mix-

ture of gallium metal islands or droplets, gallium
oxide (preferably Ga2O3) and gallium oxynitride

with components ratio depending upon the an-

nealing temperature. The chemical reactions for

the formation of Ga2O3 and gallium oxynitride are

[25,26],



4GaNþ 3O2 ! 2Ga2O3 þ 2N2 ð5Þ gallium oxynitride (Ga2O3�xNð2=3Þx [25] or GaOx

N1�x [26]).
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Fig. 3. Depth profiles of gallium (a), nitrogen (b) and oxygen (c) backscattering signal from annealed GaN as determined by fitting the

experimental backscattering data, shown in Fig. 1a, with the simulation code SIMNRA [19]. The gap between the backscattering

signals at the edges of broken region in each case is due to the change in backscattering cross section of penetrating protons from

respective atoms.
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4GaNþ 3O2 ! 2Ga2O3�xNx þ ð2� xÞN2 þ xO2

ð6Þ

In the 1100 �C annealed sample, the ratio of gal-

lium to oxygen is approximately 2:3, with a very
small percentage of nitrogen which suggests that

most of the 100 nm surface layer in this case is

probably Ga2O3. In contrast, the stoichiometry of

1000 and 1050 �C annealed samples suggests the

presence of metallic gallium, GaN, Ga2O3 and
It is observed that gallium loss becomes ap-

preciable only at temperatures beyond 1000 �C.
The mechanism of gallium loss in our experiments

can be attributed to the reaction initially studied

by Frosch and Thurmond [27] which involves the
gallium liquid and gallium oxide produced during

as initial products,

4

3
Ga ðlÞ þ 1

3
Ga2O3 ðsÞ ! Ga2O ðgÞ ð7Þ



The above reaction explains the mechanism of

gallium loss at temperatures (1000–1100 �C) much

Table 1

Composition of 100 nm surface layer of as-grown and annealed

GaN samples determined using a 2 MeV proton beam back-

scattering

Annealing temperature Ga N O

(�C) (%) (%) (%)

As-grown 50 50 –

500–800 50 50 –

900 47 43 10

1000 45 29 26

1050 42 25 33

1100 38 4 58
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lower than its boiling temperature.

AFM images in Fig. 4 show formation of mi-

cron-sized islands or terraces in GaN samples,

which are annealed at temperatures higher than

1000 �C. The size of the islands increases with the

annealing temperature. The stoichiometry of the
annealed samples, given in Table 1, suggests that

these islands might be Ga metal droplets or Ga2O3

poly-crystallites, which increase their size by coa-

lescence due to the increase of diffusion at high

temperatures. Fig. 5 shows RMS surface rough-

ness measured using AFM and the thickness of

altered region determined by RBS as a function of

annealing temperature. The surface roughness and
the width of the altered region show similar de-

pendences on annealing temperature. This sup-

ports the idea that nitrogen and gallium are

evaporated after decomposition at high tempera-

ture followed by incorporation of oxygen from the

ambient, creating the potential for formation of

new phases as Ga2O3 and gallium oxynitride.
4. Conclusions

mental data with a fit error of less than 3%. These

quantitative results have been used to explain the

Fig. 4. AFM images of (a) as-grown, and annealed GaN at

temperatures of (b) 1050 �C and (c) 1100 �C. All images are

over an area of 4� 4 lm2 with a full-scale height of (a) 60 nm,

(b) 500 nm and (c) 800 nm.
Complete evaporation of GaN surface layers

followed by the alteration of the new surface-re-

gion is observed at temperatures, which are im-

portant for growth and processing of GaN. The

reduction in the thickness of GaN thin layers due
to the material loss and the stoichiometry of the

altered surface-region after annealing have been

determined quantitatively by fitting the experi-

processes involved during evaporation and stoi-

chiometric changes. The depth of the altered sur-



face-region measured using RBS is found to have a

relationship with AFM results of surface rough-
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Fig. 5. RMS roughness of annealed GaN samples using AFM

and the depth of the altered surface-region (WSC) using RBS as

a function of annealing temperature.
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ness. Combined RBS and AFM results explain the
formation of micron-sized islands or terraces on

GaN surface during annealing. Our nanoscale

depth resolution results are useful for further de-

velopment of fabrication procedure of GaN based

conventional and nanoscale devices.
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