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bstract

xidation behavior of AlN films deposited on Si substrates by unbalanced magnetron sputtering was investigated over temperatures of 700–1200 ◦C
n different atmospheres by analyzing changes in appearance and crystalline phases, as well as microstructures. The atmospheres contained air,
itrogen, and forming gas (N2/H2 = 9), which exhibited drastically different nitrogen/oxygen partial pressure ratios. Observed color changes in
ppearance were associated with oxidation of the nitride film, which was analyzed by exploring Gibbs free-energy changes at various temperatures

nd nitrogen/oxygen partial pressures. Different phases of oxidants including intermediate �-Al2O3 and thermodynamically stable �-Al2O3 were
iscerned by X-ray diffraction. Oxidation of AlN and phase transformation in Al2O3 depended on not only the temperature but the nitrogen/oxygen
artial pressures. Microstructures of both oxide phases could be resolved by micro-Raman spectroscopy.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Aluminum nitride (AlN) has been widely used in many elec-
ronic and opto-electronic applications owing to its excellent
hysical and chemical properties, such as high chemical stability
nd thermal conductivity (100–260 W/m K).1,2 Moreover, c-axis
riented aluminum nitride exhibiting considerably high surface
coustic wave velocity (5070–5120 m/s) could be employed for
urface acoustic wave devices.3 Annealing is an important tech-
ique to understand the microstructure of materials. Besides,
lN films may be utilized at mediate or high temperatures in
ifferent atmosphere; hence, it is essential to investigate oxida-
ion behavior of the films under those conditions. This is part
f our systematic studies on oxidation/degradation of nitride
lms at high temperature under controlled atmosphere. In our
revious research conductive nitride films, such as TiN,4 CrN,5

nd ZrN6 concerning the subject have been investigated, here

ielectric AlN is the focal point.

Aluminum nitride would be oxidized to alumina (Al2O3)
n oxidizing environment and the thermodynamically stable

∗ Corresponding author. Tel.: +886 4 22851455; fax: +886 4 22857017.
E-mail address: fhlu@dragon.nchu.edu.tw (F.-H. Lu).
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hase is �-Al2O3. Before reaching �-Al2O3, several interme-
iate phases might be present during oxidation of aluminum
itrides. Although quite a few studies concerned oxidation of
luminum nitride, most of them focused on the material either
n the bulk [e.g., Refs.7,8] or powder [e.g., Refs.9,10] form; only a
ew of them considered the thin film material.11–14 Among these
tudies focusing on thin films, only the environment of pure oxy-
en, air, or N2/O2 mixing gases but with a very small oxygen
artial pressure range14 has been considered. So far there is a lack
f systematic studies on oxidation of AlN films under different
tmospheres possessing, especially very different nitrogen and
xygen partial pressures. Furthermore, very few researches have
een conducted on the microstructure evolution during oxidation
r phase transformation in such a material.

The aim of this research is to investigate oxidation behavior
f aluminum nitride thin films at high temperatures under con-
rolled atmosphere with drastically different nitrogen/oxygen
artial pressure ratios. Changes in microstructures during oxi-
ation and phase transformation are also investigated.
. Experiments

AlN films were reactively sputtered onto Si substrates by
nbalanced magnetron sputtering deposition (Victor Taichung

mailto:fhlu@dragon.nchu.edu.tw
dx.doi.org/10.1016/j.jeurceramsoc.2007.07.015
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Fig. 1. Degradation diagram of AlN films annealed at various temperatures and
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achinery, VVS-70L). The deposition parameters are given
s follows: Al metal cathode (purity 99.999%), base pressure
.7 × 10−4 Pa, working pressure 0.53 Pa, bias −315 V, current
.4 A, N2 flow rate 200 sccm, Ar flow rate 50 sccm, substrate
emperature 190 ◦C, and deposition time 20 min. The resultant
hickness of the film was about 480 nm, determined from cross-
ectional micrographs of scanning electron microscope.

Subsequently, as-deposited AlN specimens were annealed
ver temperatures between 700 and 1200 ◦C in flowing gases
ithin a gas-tight tube furnace equipped with a zirconia

15 mol% CaO-doped) O2 sensor. The flowing gases included
ir, “pure” nitrogen (N2, 99.999% purity), and forming gas
N2/H2 = 9, H2 = (10 ± 0.2)%], which exhibited similar nitrogen
artial pressure (pN2 ), but drastically different oxygen par-
ial pressures (pO2 ). Values of pO2 are 0.21 atm for air and

10−5 atm for “pure” nitrogen but are functions of tempera-
ure for N2/H2 = 9 (e.g., ∼10−24 atm at 700 ◦C and ∼10−16 atm
t 1100 ◦C). The flow rate was controlled at about 200 sccm
sing a Unit 8100 mass flow meter. The pressure in the furnace
as kept at about atmospheric pressure. The ramping rate was

et at about 5 ◦C/min and the soaking time was varied from 2
o 12 h.

After oxidation, each specimen was firstly inspected under
n optical microscope. The crystal structure of the film was
etermined by an X-ray diffractometer (MacScience MXP3)
perated at 40 kV and 30 mA (λCu, K� = 0.154 nm) and a
aman scattering spectrometer (Jobin yvon TRIAX 550) with a
33 nm He–Ne laser operated at 25 mW power. The microstruc-
ure of the film was carefully examined by a field-emission
canning electron microscope (JEOL JSM-6700F) operated
t 3 kV. An atomic force microscope (Seiko SPA 400) was
lso used to aide revealing the surface morphology after
xidation.

. Results and discussion

The original color of as-deposited AlN films was dark
eddish. After annealing, the color of AlN films would turn red-
reen or green, depending on the annealing temperature, time,
nd atmosphere. Degradation diagrams similar to those reported
n our previous studies for TiN,4 CrN,5 and ZrN6 were then
enerated by plotting the regions of color changes resulted from
ormation of different oxide phases occurring at various temper-
tures and times under controlled atmosphere; see Fig. 1(a) for
ir, (b) for N2, and (c) for N2/H2 = 9 mixing gases.

.1. Color change

After annealing, color changes of the films often indicate
hase changes that primarily resulted from oxidation. Fig. 1
epicts the specific annealing times and temperatures at which
olor changes occurred in (a) air, (b) nitrogen, and (c) N2/H2 = 9
nvironment. Region I represents that no color change occurred,

egion II denotes films that turned red-green, and region III
pecifies films that became green. As shown in the figures, the
oundary lines (dashed) between regions I (no color change)
nd II (red-green) as well as regions II and III (green) shifted

a
t

imes for (a) air, (b) N2, and (c) N2/H2 = 9. The open round symbol (©) denotes
o color/phase change, triangle (�) and star (�) represent formation of �-Al2O3

nd �-Al2O3, respectively.

oward higher temperatures and longer times when annealing
as conducted from high to low oxygen-content environment.
ctually there is no region II in N2/H2 = 9. This means that

he severity of color change (oxidation) follows the sequence:

ir > N2 > N2/H2 = 9 at the same annealing temperatures and
imes. The oxidation reaction for AlN can be written as:

4
3 AlN + O2 = 2

3 Al2O3 + 2
3 N2 (1)
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Fig. 2. X-ray diffraction spectra of as-deposited AlN films and the films annealed in (a) air, (b) N2, and (c) N2/H2 = 9 at 700–1200 ◦C for 2 h.
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Fig. 3. Relative peak integrated intensities of AlN, �-Al2O3, and �-Al2O3 in (a)
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he Gibbs free-energy change of the oxidation �G and the
tandard Gibbs free-energy change �G◦ are given below by
ummarizing the thermodynamic data from literature15:

G = �G◦ + RT ln

(
p2/3

N2

pO2

)

= −RT ln

(
p

2/3
N2

pO2

)
equil.

+ RT ln

(
p2/3

N2

pO2

)

= [−690+0.064 × T ]+ RT

1000
ln

(
p

2/3
N2

pO2

)
[kJ/mol] (2)

here R is the gas constant, T the annealing temperature [K], and
p

2/3
N2

/pO2 )
equil.

is the specific nitrogen and oxygen partial pres-

ure ratio at which AlN is in thermodynamic equilibrium with
l2O3. It is noteworthy that the thermodynamic data are valid

or temperatures in the range of 327–1327 ◦C. It is clearly shown
n the equation that the driving force of the oxidation depends on
ot only the annealing temperature but the nitrogen/oxygen par-
ial pressure ratios of the annealing gases. The figures also show
he data points that symbolized the films remained unchanged
©) or underwent different phase changes (�: �-Al2O3, �:
-Al2O3) that will be discussed in the next section.

.2. Crystal structure

X-ray diffraction (XRD) was used to characterize the films
rior to and after oxidation. Fig. 2 shows XRD spectra of as-
eposited specimens and the specimens annealed from 700 to
200 ◦C in (a) air, (b) nitrogen, and (c) N2/H2 = 9 gases for 2 h.
s shown in the figures, as-deposited films exhibited wurtzite
lN characteristic diffraction peaks (JCPDS 25-113316). It is
oteworthy that as-deposited specimens exhibited a (0 0 2) pre-
erred orientation.

To compare the oxidation behavior among those different
tmospheres, relative peak integrated intensities of AlN,
-Al2O3, and �-Al2O3, which were calculated by considering
he strongest peak of each phase, i.e., AlN (0 0 2), �-Al2O3
0 2 2), and �-Al2O3 (1 1 3) as revealed in Fig. 2, were plotted
gainst annealing temperature as given in Fig. 3 for (a) air, (b)
itrogen, and (c) N2/H2 = 9 gases. It is shown that tetragonal
-Al2O3 peaks (JCPDS 46-113116) started to appear at 950 ◦C
n air, and showed up at a higher temperature 1050 ◦C in N2
hile could not be found until 1100 ◦C in N2/H2 = 9. Rhom-
ohedral �-Al2O3 peaks (JCPDS 46-121216) were observed
bove 1000 ◦C in air, 1100 ◦C in N2 and N2/H2 = 9. Complete
xidation occurred at 1000 ◦C in air and at 1200 ◦C in N2,
hile only slight oxidation could be observed in N2/H2 = 9

ven at 1200 ◦C. Apparently both oxidation of AlN and phase
ransformation of resultant alumina depend on not only the
emperature but the oxygen partial pressure. It is not hard to

nderstand that beside temperature, oxygen partial pressure
ould also affect greatly the degree of oxidation as predicted by

bove thermodynamic considerations, as given in Eqs. (1) and
2). Fig. 4 shows the plot of the relative peak integrated intensity

w
s
o
h

ir, (b) N2, and (c) N2/H2 = 9, deduced from Fig. 2, as a function of annealing
emperature.

f overall Al2O3 (delta and alpha phases) versus logarithm of
itrogen and oxygen partial pressure ratio at fixed temperatures
f 950, 1000, and 1050 ◦C. The vertical lines represent the
pecific ratio (p2/3

N2
/pO2 )

equil.
at which AlN is in thermodynamic

quilibrium with Al2O3 at a given temperature. These ratios

ere evaluated from Eq. (2). For a given flowing gas with a

pecific pN2 /pO2 ratio, the relative peak integrated intensity
f Al2O3 increased rapidly with temperature. On the other
and, at a fixed temperature, the relative intensity of the oxide
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Fig. 4. Relative peak integrated intensity of Al2O3 versus logarithm of nitrogen
and oxygen partial pressure ratio in different atmospheres at fixed temperatures
of 950, 1050, and 1100 ◦C. The vertical lines represent the specific nitrogen and
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xygen partial pressure ratio at which AlN is in thermodynamic equilibrium
ith Al2O3.

ecreased drastically with increasing pN2 /pO2 ratio. Consider
t a given temperature, say, 1050 ◦C, the Gibbs free-energy
hanges of oxidation, �G, calculated by using Eq. (2) were
G(air) = −602 kJ/mol < �G(N2) = −581 kJ/mol � �G(N2/H2
9) = −491 kJ/mol. This thermodynamic prediction is clearly

onsistent with the trend of color changes as stated earlier and
f the degree of oxidation concerning the relative intensity of
he oxide.

As for the phase transformation of alumina from a �-phase
nto a �-phase, no research has been reported concerning
ow the atmosphere, i.e., nitrogen/oxygen partial pressures
ould affect the transformation. This would be further

xplored by investigating microstructure changes and con-
tituents of resultant oxides in different nitrogen/oxygen ratio
nvironment.

.3. Microstructure

Since AlN films are dielectric materials, field-emission scan-
ing electron microscopy (FE-SEM) operated at low voltages
ould be used to examine changes in microsctructures prior to
nd after oxidation of AlN films. Fig. 5 shows the morphology of
a) as-deposited films and the films after oxidation at (b) 700 ◦C,
c) 850 ◦C, (d) 900 ◦C, (e) 950 ◦C, (f) 1000 ◦C, (g) 1050 ◦C, and
h) 1100 ◦C for 2 h in air. Below 700 ◦C, the morphology of
he films was rather similar, i.e., remaining a nano-particulate
tructure. The grain size was about 30 ± 5 nm. Between 700 and
00 ◦C, the grain boundary became more blurred with increas-
ng temperature although no oxide phase could be discerned by
RD. Larger oxidant irregular grains over 100 nm were present

bove 950 ◦C. It is noteworthy that at 1050 ◦C two types of
orphologies denoted zones A and B, as shown in Fig. 5(g),
ppeared, indicating existence of two phases. Zone A shows
imilar microstructures of the films oxidized at 950–1000 ◦C
hile zone B reveals much denser/smoother surface like a sin-

ering body with several nanopores. Crystalline phases for these

t
e
i
w
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wo regions will be resolved by micro-Raman spectroscopy and
iscussed later. The microstructure evolution of oxidation in N2
nd N2/H2 = 9 was quite similar to that in air except oxidation
ould be hindered with increasing pN2 /pO2 .
Abovementioned two types of microstructures were revealed

n Fig. 6(a) with a much smaller scale. From such a micro-
raph two different areas were clearly identified; the grey area
ith blurred boundaries referred to zone A while the dark area
ith distinct boundaries indicated zone B, as given in Fig. 5(g).
nnealing the films in N2/H2 = 9 at 1200 ◦C for 2 h resulted

n similar microstructures except much denser surface was
bserved for zone B, as shown in Fig. 6(b). Crystalline phases for
hose different zones could be easily identified by micro-Raman
pectroscopy using �- and �-Al2O3 powders as references.

icro-Raman spectra of these two zones at various temper-
tures under different atmosphere and reference powders are
epicted in Fig. 6(c and d). Zone A with irregular grains/rough
urface was identified as �-Al2O3 while zone B with dense
tructure/smooth surface was �-Al2O3. Transforming from �
nto � phase caused a volume shrinkage, which could be easily
evealed by atomic force microscopy, as revealed in Fig. 7. The
olume shrinkage after phase transformation might be due to
oth much higher density of �-alumina (D�-Al2O3 = 2.97 g/cm3,
�-Al2O3 = 3.99 g/cm3)16 and sintering effect in the �-alumina.
he existence of many tiny pores as shown in Fig. 5(h), which
isappeared at higher temperatures, provides another evidence
f sintering effect. The results for different atmospheres all
eveal similar phase changes during transformation.

Taking 1050 ◦C at which two oxide phases coexisted in all
tmospheres as an example to investigate how nitrogen/oxygen
artial pressures affect the phase transformation. Fig. 8 shows
he ratio of relative amount of �-Al2O3, which was evaluated
y averaging five areas for each specimen with a commercially
vailable imaging software, to that of overall oxidants as a func-
ion of oxidation time in different atmospheres. It is clearly
hown that the trend of phase transformation in air is quite
ifferent from that in nitrogen and forming gas. According to
he nucleation and growth theory for austenite–pearlite phase
ransformation,17 rapid nucleation of the new phase would yield
he decrease of the transformation rate with time while slow
ucleation would cause the increase of the transformation rate.
s shown in the figure, the slope for air is rather different from

hat for other atmospheres, indicating that transformation mech-
nisms might be different in diverse atmospheres. The fraction
f transformed alumina in air obeys approximately (dashed line)
he well-known Avrami, John–Mehl equation18,19

(t) = 1 − exp

(−t

τ

)n

(3)

here n is a constant characteristic of the type of nucleation
rocess and τ a time constant during the transition. Nevertheless,

he data in N2 and N2/H2 = 9 could not be fitted to the above
quation (solid lines: spline fit). Thus, not too much scientific
nsight could be deduced from current limited results. This is
orth being further explored.
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Fig. 5. Morphology of (a) as-deposited AlN films and the films oxidized in air for 2 h at (b) 700 ◦C, (c) 850 ◦C, (d) 900 ◦C, (e) 950 ◦C, (f) 1000 ◦C, (g) 1050 ◦C, (h)
1100 ◦C, revealed by field-emission scanning electron microscopy.
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Fig. 6. Two typical distinct zones, denoted as A and B, after oxidation of AlN films for 2 h in (a) air (1000×) at 1050 ◦C and (b) N2/H2 = 9 (50,000×) at 1200 ◦C;
micro-Raman spectra of (c) zone A (�-Al2O3) and (d) zone B (�-Al2O3) in different atmospheres.

Fig. 7. Surface roughness of AlN films oxidized in air at 1050 ◦C for 2 h, revealed by atomic force microscopy. Zones A and B correspond to the regions shown in
Fig. 6.
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ig. 8. Fraction of transformed �-Al2O3 as a function of oxidation time in
ifferent atmospheres. The trend in air is quite different from that in N2 and

2/H2 = 9.

. Conclusions

The degradation diagram has been generated for AlN films
y plotting the regions of annealing temperatures and times at
hich the films has undergone phase changes in air, nitrogen,

nd forming gas (N2/H2 = 9), which possess drastically differ-
nt nitrogen and oxygen partial pressures. The driving force of
xidation of the nitride film is the Gibbs free-energy changes.
ifferent phases of oxidants including intermediate �-Al2O3

nd thermodynamically stable �-Al2O3 have been discerned
y X-ray diffraction and micro-Raman spectroscopy. Not only
he temperature but the nitrogen/oxygen partial pressures affect
ignificantly the degree of oxidation of AlN and phase transfor-
ation in Al2O3.
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