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This work represents a complete study of GaN annealed in H2, HCl, NH3 and N2. The GaN ther-
mal behavior was evaluated by comparison of MOCVD and HVPE samples. The MOCVD films
were found to obey a dissociative sublimation mechanism with only gaseous species forming, while
the HVPE films reacted with ambient gases to form condensed Ga in addition to the gaseous
species. Differences in crystal quality for MOCVD and HVPE samples resulting from the different
growth mechanisms account for the observed difference. This analysis of the thermal stability of
GaN is extended to include how polarity affects the thermal behavior of GaN during growth and
annealing of MOCVD and HVPE films.

1. Introduction The recent development of GaN based blue light emitting diodes
(LEDs) and lasers [1] and high power/high temperature electronics [2] has led to a
flurry of research in the III-nitrides. The concept of thermal stability is intricately inter-
twined with every aspect of GaN growth and processing. Hence a detailed study of the
reactivity of GaN with various ambient gases is critical to the understanding of these
issues as well as the future development of complex devices [3].
On heating, GaN can undergo the following possible routes depending on the anneal-

ing conditions (Table 1): dissociative sublimation with no decomposition into the liquid
phase or thermal decomposition accompanied by liquid gallium droplet formation [4–
6]. By undertaking a series of evaporation experiments in various ambient gases we
have observed either thermal decomposition or etching (sublimation) of GaN depend-
ing on the nature of the ambient gas, annealing temperature, and growth technique,
and GaN surface morphology and polarity.

2. Experimental For comparison, HVPE and MOCVD samples of GaN were pre-
pared at University of Florida. MOCVD is the standard method for producing thin
GaN epilayers, while HVPE is a common alternative for producing GaN samples.
The growth conditions for the samples were as follows: MOCVD cold-wall horizontal

reactor, HVPE hot-wall horizontal reactor; temperature: MOCVD at 850 �C, HVPE at
950 �C; pressure: MOCVD at 76 Torr, HVPE at 760 torr; V/III ratio: MOCVD 3000,
HVPE 125; thickness: MOCVD, 1 mm and HVPE, 10 mm both on c-sapphire
(7 � 5 mm2 pieces) [7]. These samples were then annealed for 30 min in a hot wall
furnace under various ambient gases from 500 to 1400 �C.
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3. Results In this paper the study of GaN annealed in H2, HCl, NH3 and N2, (the
most common processing gases) was completed (Table 1). Additionally, the differences
between MOCVD and HVPE films in these gases were compared. All films were char-
acterized by use of AFM, AES, SEM, and EDS.

3.1 Annealing in HCl The HCl annealing study of MOCVD and HVPE films illus-
trates the general results found for the thermal stability of GaN.

Annealing of MOCVD GaN: A comparison of MOCVD GaN for different anneal
temperatures was performed under HCl gas. As is evident from the series of SEM
pictures in Figs. 12) a to c the surface of GaN is still intact at 800 �C. At 900 �C, these
films begin to sublimate as is seen in Figs. 1b, c where the white area is GaN, the gray
one is the original GaN, and the black is the sapphire substrate. At 900 �C nearly 1/4 of
the film has sublimated leaving only the substrate (black areas). At 965 �C 3/4 of the
film has sublimated.
The surface of the MOCVD films has excellent structural quality and specular sur-

faces which possess high kinetic barriers that prevent GaN from thermally decomposing
into liquid (gallium) and gas phases during the anneal. Figure 1d shows AES of
MOCVD GaN annealed in HCl exhibiting slight sublimation (N and Ga loss) beginning
at 800 �C. This agrees with the previous SEM/EDS results. Thus, HCl anneals of
MOCVD GaN follow a dissociative sublimation route that can be expressed as the
following simplified reaction:

GaNs þHClv ¼ GaClv þ 1=2Hv
2 þ 1=2Nv

2 : ð1Þ
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Tab l e 1
GaN thermal behavior comparison of MOCVD and HVPE samples

annealing
gas

growth
technique

mechanism evaporation
point

comment

HCl MOCVD sublimation 800 �C slight etching above
800 �C

HVPE decomposition 800 �C etching above 900 �C

H2 MOCVD sublimation 800 �C completely sublimed
by 900 �C

HVPE decomposition 800 �C 100 mm droplets at
900 �C

NH3 MOCVD sublimation small effect at
965 �C

roughens above 800 �C

HVPE decomposition small effect at
965 oC

smooths above
800 oC

N2 MOCVD negligible completely stable
to 1400 �C

from 40 to 760 Torr

HVPE decomposition 1200 �C negligible influence
of pressure

2) Colour figures are published online (www.physica-status-solidi.com).



The validity of this reaction was justified by performing equilibrium closed box-type
calculations for the GaN and HCL mixtures using thermodynamic data for solid GaN
[4] and for all possible gas species in the Ga–N–H–Cl system [8, 9] employing Ther-
mo-Calc software [10].

Anneal of HVPE GaN: Figure 2 a shows small droplets on top of GaN hexagonals
starting to form at 800 �C. These droplets were identified as consisting of elemental
gallium according to the EDS analysis. Thus, at high temperature, partial decomposition
occurs for HVPE films under HCl ambient
Aside from the partial decomposition, Figs. 2a and b show that simultaneously the

GaN surface is being etched, exaggerating hexagonal pyramids. In Fig. 2c, AES shows
decomposition (nitrogen decrease) of the GaN at higher temperatures. A plot of AFM
root mean square roughness versus annealing temperature (Fig. 2d) shows the differ-
ence between MOCVD and HVPE films. MOCVD films begin to roughen above
900 �C as the etching occurs. Figure 2d shows that the HVPE films begin to roughen at
800 �C. The reaction of HVPE GaN film with the HCl gas can be expressed as the
following decomposition route:

2GaNs þHClv ¼ Ga1 þGaClv þ 1=2Hv
2 þNv

2 : ð2Þ

3.2 Annealing in H2 For MOCVD GaN films annealed in H2 up to 700 �C, no
change in film composition or morphology is observed. Annealing at 900 �C resulted in
the complete sublimation of GaN film. On the contrary, HVPE GaN shows thermal
decomposition at as low as 800 �C, evident by the small size Ga droplets. The sublima-
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Fig. 1 (colour). MOCVD GaN annealed in HCl; SEM at a) 800, b) 900, c) 965; d) AES of
MOCVD GaN annealed in HCl; e) AFM of MOCVD annealed in HCl at 900 �C



tion reaction for the MOCVD film can be summarized as follows:

GaNs þHv
2 ¼ 1=2Gav þ 1=2GaHv þ 1=4Nv

2 þ 1=2NH3 : ð3aÞ

The decomposition reaction for the HVPE GaN can be expressed as

GaNs þ 3=4Hv
2 ¼ Ga1 þ 1=4Nv

2 þ 1=2NH3 : ð3bÞ

3.3 Annealing in NH3 The HVPE film showed a slight surface smoothing caused by a
mild etching effect. It is postulated that H-containing species from decomposing NH3

gas, may have attacked the energetically unstable island structures on the surface of the
GaN. In a competing process, active nitrogen species from ammonia gas would shift the
decomposition reaction: GaNs ¼ Gal + 1/2 N2

v to the left, thus inhibiting gallium nitride
from decomposing. Overall, both MOCVD and HVPE films are relatively stable in
NH3 ambient in the temperature range studied.

3.4 Annealing in N2 It was necessary to apply extremely high annealing temperatures
for both MOCVD and HVPE GaN in order for any surface degradation to occur. HVPE
films did not decompose until 1200 �C and MOCVD films were completely stable in the
range studied (up to 1400 �C). Even at high temperature, minimal dependence on anneal
pressure (40 to 760 Torr) was seen in the evaporation rate. A detailed study of GaN
thermal behavior in vacuum, argon and nitrogen atmospheres is underway.
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Fig. 2 (colour). HVPE GaN annealed in HCl at 965 �C; a) SEM, b) AFM, c) AES of HVPE GaN
annealed in HCl; d) AFM rms roughness vs. temperature for MOCVD and HVPE GaN annealed
in HCl
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4. Discussion
4.1 Summary of thermal annealing This work represents a complete study of GaN
annealed in HCl, H2, NH3 and N2. The GaN thermal behavior was evaluated by com-
parison of MOCVD and HVPE samples (Table 1). In general, the MOCVD films were
found to obey a dissociative sublimation mechanism while the HVPE films followed a
decomposition pathway with liquid gallium droplet formation. The MOCVD films ap-
pear to have higher kinetic barrier towards decomposition. This difference cannot be
accounted for by contaminants as the SIMS profile showed negligible chlorine and oxy-
gen impurity concentrations in both films. The different polarity, and resulting crystal
quality and structure account for the observed difference.

4.2 Polarity A wet etch (RT or 100 �C) with NaOH (or H3PO4 or H3PO4/H2SO4)
rapidly etched the rough HVPE GaN surface, and in fact etched the surface into hexa-
gonal facets. A similar result was seen with HCl gas anneals. Our wet and dry etch
results agree with experimental wet etch results from [11]. Smoother MOCVD films
etched slower and did not preferentially etch any of the faces of GaN. Using the prior
notation, our rough HVPE films were clearly N-face, while our MOCVD films were
Ga-face [12]. To understand why the N-face HVPE films were rougher, several related
phenomena are easily tied together. N-face films are known to have pyramidal growth
compared to Ga-face films that show a slower layer-by-layer growth mechanism. The
N-face films are structurally less stable with energetic pyramidal faces that would be
highly susceptible to etching. As observed in this study the N-face films etch quickly
into hexagonal pyramids. A more detailed account of the thermal stability of GaN and
the influence of polarity of GaN is in progress [13].
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