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Abstract 

Aluminium nitride powders are very sensitive to oxi- 
dation: nitrogen atoms are easily substituted by 
oxygen atoms in the hexagonal structure. Thermo- 
luminescence (TL), in detecting defects in the mat- 
ter can be used to study oxygen impurities in the AIN 
lattice. So we tested two powders with direrent 
synthesis processes and thermal treatments in order 
to observe the influence of the oxygen content on the 
TL curves. First aluminium nitride synthesised with 
amines and aluminium halides revealed the relation 
between the TL signal and crystallite size: the TL 
intensity increased despite the removal of oxide 
phases and the decrease of oxygen content. Second, 
Pyrofine R AlN was treated under oxygen flow for 
3 h between 200” and 1100°C. The TL spectrum 
showed the presence of y-AlON at low temperature 
and the area of the TL peak (SO’C) increased 
with the weight ratio of AlN. Published by Elsevier 
Science Limited. 

1 INTRODUCTION 

Aluminium nitride is a novel-based ceramic mate- 
rial. Its bondings is rather iono-covalent (the rate 
of ionicity changes between 0.36 and 0*56), the 
result being several good properties of the dense 
material 

It crystallises with the hexagonal wiirtzite struc- 
ture’,2 .(a = 3.1105 f 0.0005 A and c =4.9788 f 
0.008 A) in which the spatial group is P6smc.3 
Each atom of aluminium takes up the centre of a 
tetraedron composed of four nitrogen atoms. 

Aluminium nitride has a large band GAP of 6.3 
eV4 that makes it a good insulating material. In 
addition, its high thermal conductivity (h = 
320WmK-’ for monocrystals, 200 WmK-’ for 
polycrystals sintered with yttria additives)5 makes 
it useful in microelectronics as a substrate. 

In contrast, aluminium nitride is very sensitive to 
water and oxygen : we observed the formation of 
aluminium hydroxide and ammonia.6,7 

In fact, oxygen has a high affinity towards alu- 
minium and an atomic radius smaller than nitro- 
gen, so aluminium nitride has a high ability to 
accommodate large quantities of oxygen without 
phase separation. Then there is the formation of 
aluminium vacancies to conserve the electric 
charge of the matter *yg(Fig. 1). 

Harris et al.” have argued that at first there is a 
decrease of the lattice parameter when the oxygen 
content improves, followed by an expansion of the 
cell volume : when the oxygen content achieves the 
critical concentration (0.75 at %), two type VA1 + 
ON defects combine themselves to give a single 
octaedric defect and make two vacancies disap- 
pear. For example, 2 wt% of oxygen modifies the 
rate c/a from 1.633 to 1.572.” Furthermore, they 
suggest that there is a relation between the intensity 
of luminescence and the luminescence peak posi- 
tion, e.g. the oxygen content. 

The luminescence of aluminium nitride with or 
without doping was often studied in the past. 
Authors12-i5 have analysed the system AlN:Mn 
and their findings indicate that the red or orange 
luminescence observed is connected with the Mn4+ 
ion in the AlN lattice and green luminescence with 
the Mn2+ ion. Thus, the light emission is related to 
transitions from the metastable levels to basic 
levels of the tetravalent or divalent manganese ion. 

In the AlN:O crystals, 16,17 there occur several 
types of complex centres 18-20 which are formed by 
an aluminium vacancy and one or several oxygen 
atoms occupying various lattice sites around the 
vacancy. These centres are responsible for the 
observed signals in thermoluminescence.21 

This paper presented thermal treatments under- 
gone by AlN powders and their analysis by T.L 
with any attempt to link signal T.L and powder 
characteristics (XRD, . ..) and finally to interpret 
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Part D and Part G, propylamine is added in excess 
to the solid iodide. 

The reaction is very exothermic and we observed 
the formation and expansion of a brownish preci- 
pitate. A low stream of nitrogen is maintained 
during the reaction, The propylamine left-over is 
removed by hot evaporation under vacuum. Com- 
ponents resulting from the reaction are pyrolysed 
under ammonia stream at 1100°C for 1 h with a 
rise of 5°C min’ Some thermal treatments under 
nitrogen beyond 1100°C (rise: 5°C min’, dwell 
time: 3 h) ended at crystallised powders. 
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Fig. 1. Mechanism of nitrogen substitution by oxygen. 

the results with mechanisms and models proposed 
by authors. 

2 Materials and Experimental Procedure 

2.1 Materials 
The aluminium iodide produced by Cerac is pure 
at 99.9%. Propylamine comes from Aldrich: the 
purity is better than 99%. Three gases are used 
during experiments: ammonia (99.995% purity) 
from Union Carbide and nitrogen N (synthesis) 
and U (thermal treatment) from ‘Air Products’. 
Products are used as received. In the second part, 
the AlN Pyrofine powder is prepared by Elf Ato- 
them by a carbonitruration process. 

2.2 Synthesis and thermal treatments ** 
Experiments are conducted in an airtight assembly 
(Fig. 2) in a dynamic atmosphere. Reactions take 
place at 40°C (thermostatic bath) over a 24 h per- 
iod: 500mg of iodide are introduced into the 
quartz tube, then a primary vacuum is conducted 
for 1 h in order to remove gases in the assembly. 
With a system of depressure/superpressure between 

2.3 Thermoluminescence : techniques and 
experimental conditions 

2.3.1. Theory 
Thermoluminescence is a technique employed to 
detect defects in matter. The substitution of some 
atoms by impurities in the lattice implies the pre- 
sence of some defects in the GAP. (Fig. 3(a)) An 
excitation by a UV lamp makes electrons and holes 
move from the valency band to the GAP: these are 
trapped by crystalline defects. (Fig. 3(b)) Electrons 
and holes trapped are removed by thermal activa- 
tion, and recombinations of Donor-Acceptor com- 
plexes produce emissions of light due to numerous 
overlapping bands (Fig. 3(c)). Thus, an emission 
luminescence spectra is obtained (Fig. 3(d)). 

2.3.2. Operating method 
The AlN powder was mixed with acetone (such as 
lg d’A1N for 79elg d’acetone). A small amount of 
the solution (~2mg) was dropped on an copper 
cupel, then the acetone was allowed to evaporate. 

The temperature was lowered at -196°C with 
liquid nitrogen followed by an excitation by a UV 
low-pressure mercury lamp, Mineralight model 
SCT-1, working at a wavelength of h = 254 nm 
(4.89 eV) for 2min. 

A: Gas entry 
B: Vacuum (vanes pump) 
C: Vacuum (mass 

G: Reaction tube 

(diaphwun pump) 

Fig. 2. Airtight assembly. 
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Fig. 3. Theory of thermoluminescence. 
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Fig. 4. XRD patterns of different AlN powders (a: 14Oo”C, b: 
15OO”C, c: 16WC, d: 18OO’C). 

The heating occurs under a secondary vacuum 
with a rise of 30°C mine1 up to 250°C. The detec- 
tion of the TL signals is achieved with a ‘Hama- 
matsu R562’ photomultiplier and an ‘Oriel 50560’ 
filter (0.1% of transmission). The signal is ampli- 
fied with a ‘Keithley 414s’ picoamperemeter. The 
temperature and intensity of signal are measured 
every 2 s. 

2.4 Other techniques 
Aluminium nitride powders were characterised by 
infrared spectroscopy (IR : Perkin-Elmer Model 
1310 and Bomem), X-ray diffraction (Philips CGR 
Sigma 2070 and Siemens D500; quartz-filtered 
CuKp radiation) and microanalyser C-H-N 
(Carlo-Erba Model 1106). 

1100 lmo 1300 1400 mo 1600 1700 Is00 

Temperatare (“C) 

Fig. 5. Carbon content evolution versus of the temperature. 

27A1 NMR spectra were obtained using the 
Magic Angle Sample Spinning (MAS) technique 
using a Brtiker DPX 400 at a resonance frequency 
of 104.26MHz. The impulse at 90” was 6 ps, the 
repetition time between two scans about 2 s. Four 
hundred scans were conducted with several spin- 
ning speeds: 0, 3, 5 and 8 kHz. 

3 Results and Discussions 

3.1 Part A 
The pyrolysis of synthesis products at 1100°C. 
under ammonia flow ended with some amorphous 
powders. The FTIR pattern shows a broad strip at 
700 cm-’ characteristic of A1N.23 As a conse- 
quence, some thermal treatments were required in 
order to crystallise the powders. 

Figure 4 shows the XRD patterns of the pro- 
ducts. We observed the crystallisation of several 
phases after a 2H-wtirtzite-type compound identi- 
fied to AlN and two oxide phases y-AlON and Q- 
Al203 phases crystallise from 1100°C and their 
volume reduces beyond 1500°C. The decrease of 
carbon content (Fig. 5 ) during the rise allowed us 
to suppose that a carboreduction mechanism was 
responsible for the missing oxide phases. 

Lattice parameters of o aluminium nitride were 
refined as (a)= 3.1141 A and (c) =4.9825 A at 
1800°C (Table. 1) These values were identical with 
those reported for A1N.2 Accordingly, AlzOC, 
which is an Al-containing isostructural compound 
with large lattice parameters (a= 3.19 A and 
c = 5.09 A and which forms some solid solutions 
with AlN 9 may be present in the 2H-wtirtzite-type 
compound in very small amounts. Hence, any car- 
bon detected should be present as an amorphous 
phase. On the other hand, the observed lattice 
parameters of AlN (Table 1 ) suggest that the oxy- 
gen content is very small and decreases as a func- 
tion of the temperature. Furthermore, crystallites 
size calculated with the FWHM, increases from 
16 nm to 56 nm between 1100” and 1800°C 
(Fig. 6). 
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Table 1. Lattice parameters of different AlN powders 

1400°C 1500°C 1600°C 1800°C AIN th 

a (6) 3.1096 3.1121 3.1150 3.1141 3.1105 
c (A) 4.9775 4.9804 4.9836 4.9825 4.9788 

0 * 

1100 lzoo Da0 1400 1500 1600 1700 1800 

Tmpmtum PC) 

Fig. 6. Crystallite size evolution versus the temperature. 
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Fig. 7. 27A1 MAS NMR spectra of various AlN powder (a): 
AlN from our process and (b) : ATOCHEM Grade A-100T). 
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Fig. 8. TL curves of different powders. 

27A1 NMR spectra were used to characterise the 
local first and second co-ordination spheres of alu- 
minium atoms. Two samples were analysed* 
(Fig. 7) : (a) AlN synthesised with our own process 
and treated for 3 h at 1800°C and (b) AlN Ato- 
them Grade A2. Figure 7(a) shows one signal at a 
position of 118 ppm, other peaks were attributed to 
spinning sidebands. In fact, different authors24925 
give 27A1 shift of the AlN4 tetrahedra in AlN 
between 114 and 117 ppm; and AlN4 peaks in 
AlON at 114ppm. 

The substitution of nitrogen atoms by oxygen in 
the AlN lattice formed some A106 and A104 units: 
their 27A1 chemical shifts were, respectively, at 
14 ppm in a-A1203 and y-AlON and AlO,; and 
between 55 and 80 in y-AlON. These results seem 
to indicate that no AlO, (x = 4 or 6) were present in 
the powder treated at 1800°C. Furthermore, the (a) 
spectra were consistent with that obtained for AlN 
Atochem (Fig. 7(b)), in which the oxygen content 
was about l-l-1*5wt%. These 27A1 MAS NMR 
spectra validate results obtained with the XRD 
patterns concerning the small amount of oxygen in 
the powder treated at 1800°C. 

Figure 8 shows thermoluminescence curves of 
different powders with a very good reproductibility 
of measurements. Powders treated between 1100 
and 1800°C were analysed but only these treated 
above 1400°C presented some TL signals. We 
observed three main peaks located at -150, -30 and 
60°C. In fact, the use of a deconvolution program 
proves it is possible to decompose this last peak 
into two TL peak: 30 and 80°C whereas Benab- 
desselam26 found three peaks. He attributes the 
first two (-150 and -30°C) to y-AlON and the 
others (60°C) to AlN. 

When the temperature of the thermal treatment 
increased, we noticed a rise of intensities and area 
of peaks. Furthermore, the analysis of the main 
peak during the rise of the thermal treatment tem- 
perature revealed the increase of the maximum 
intensity temperature: we observed the growth of 
the peak at T = 80°C at the expense of the peak 
located at T = 30°C. As a consequence, the change 
of the thermal treatment temperature modified 
the amount of traps centres per defects-type and 
accordingly the oxygen content in the final 
powder. 

XRD patterns have proved that the weight per- 
centage of AlN increased with the rise of the tem- 
perature in spite of the probable presence of a 
small amount of y-AlON (undetectable XRD con- 
tent) in the powder treated at a temperature 
beyond 1600°C since we observed some TL signals 

*MAS NMR spectra were discovered at the University of Bordeaux, 
in CESAMO laboratory by Dr I. Pianet 
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Fig. 9. Curves of thermoluminescence as a function of treat- 
ment temperature. 

at -150 and -30°C. Nevertheless, we can conclude 
that the oxygen content decreased between 1100 
and 1800°C by virtue of the absence of oxide pha- 
ses and the increase of AlN lattice parameters. As a 
consequence, the presence of defects concentration 
is not solely responsible for the intensity of TL 
peaks. The light emission may be due to the crys- 
tallite size evolution. This well-known mechanism 
has already been observed in zirconia by 0rlans27 
showed that crystallite and grain size influence TL 
curves. 

3.2 Part B 
Different treatments in oxygen for 3 h are achieved 
for temperatures between 200 and 1100°C. The 
obtained data curves are shown in Fig. 9. There is 
little variation in the thermoluminescence peaks 
until 850°C. However, following that, the intensity 
decreases sharply, nearly vanishing at 1050°C. In 
parallel, there is an appearance of peaks at low 
temperatures. 

In fact, after 9OO”C, the thermal treatment of 
AlN modifies the intensity of the measured signal. 
An X-ray diffraction analysis of different powders 

Surface area of TL peak (a.u.) 
610-5,, ,,,,,,,,,,, , ,,,,,,,,,, f 

0 0,2 0,4 0,6 0,8 1 1,2 

Fig. 10. Evolution of the intensity of TL signal as a function of 
AlN mass fraction. 

allows the appearance of 6-A1203, then U-A1203. 
The recorded thermoluminescence variations indi- 
cate an evolution of the powder composition. It is 
noted that 8-AlzOs is the better crystallized transi- 
tion phase, others may be present, but are not 
detectable with this method. 

After 9OO”C, peaks at low temperatures appear. 
Their intensity reaches a maximum at lOOO”C, then 
diminishes to nearly vanish at 1050°C. This is 
characteristic of an intermediate species. It resem- 
bles that of y-AlON, which has a thermolumines- 
cence peak at the same temperature.26 The IR 
spectrometry is used for confirmation. 

The area of the principal peak as well as the 
nitride mass fraction varies as a function of the 
temperature of the thermal treatment. (The pro- 
portion of aluminium nitride in the powder is 
determined by weight before and after treatment, 
knowing that the total oxidation of AlN into alu- 
mina is accompanied by an increase in relative 
weight of 24%.) Also, there is a linear relation 
between the two factors (Fig. 10). 

Consequently, the diminishment of the area of 
the peak at 1000°C is directly linked with the pro- 
gressive disappearance of aluminium nitride to the 
benefit of alumina. The preceding line does not 
pass through the origin of the axes (Fig. 10). This 
could result from a phenomenon of limiting thick- 
ness. The layer of alumina forms at the surface of 
the grains. When the alumina reaches a critical 
thickness of O-2 pm, it hinders the thermolumines- 
cence signal from the AlN which remains at the 
core of the grain. Either the AlN does not further 
receive any UV radiation, or the emitted photons 
cannot cross the alumina barrier. 

4 Conclusions 

The reaction of aluminium iodide with propyla- 
mine, followed by the pyrolysis at 1100°C under 
ammonia flow and thermal treatments under 
nitrogen stream between 1100” and 1800°C ends at 
AlN-wtirtzite-structure in which impurities slipped 
into the lattice. 

We have used several techniques in order to 
characterise final powders and to understand 
mechanisms. Among these, we have employed an 
original experiment well-suited to the analysis of 
aluminium nitride. 

First XRD, patterns allow us to estimate the 
evolution of oxygen content in different powders, 
as oxide phases and substitution in the AlN lattice. 
27A1 MAS NMR spectra of AlN treated at 1800°C 
showed the near absence of oxygen in the powder 
since no AlO and A104 units were observed (ana- 
lysis of 97% atoms of 27A1). 
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Finally, TL spectra have revealed another char- 
acteristic of AlN powder: their thermolumines- 
cence is linkedi to the oxygen content but also to 
the crystallite size. 

In contrast, we haven’t manage to identify the 
nature of defects. Furthermore, the TL curve 
obtained at 1800°C presents a peak at -30°C with a 
higher intensity : it will be very interesting to study 
this powder with the spectral repetition of the main 
TL peaks to attribute more easily each band to 
each defect-type and to understand the surprising 
growth of this peak located at T = 30°C. 

Besides, some additional experiments should be 
attempted in TL to determine the kinetic order, the 
frequency factor and the depth of traps with the 
Hoogenstraaten method (parameters characteristic 
of a TL signal). 

Concerning the behavior of AlN Pyrofine R in 
oxygen between 200 and llOo”C, a correlation 
between diminishing thermoluminescence signal 
and progressive oxidation of aluminium nitride is 
presented, with evidence, for the temperature 
between 800 and 1000°C. 
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