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Some properties of aluminium nitride powder 
synthesized by low-pressure chemical vapour 
deposition 
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7-1 Kioi-cho, Chiyoda-ku, Tokyo 102, Japan 

Aluminium nitride (AIN) powders were synthesized by a low-pressure chemical vapour 
deposition, i.e. reactions of vaporized aluminium with various compositions of NHa-N2 gases at 
1050~ under a pressure of 0.1-1.3 kPa. The properties of the resulting powders were divided 
into three categories, according to the NH3 content in the NHa-N2 gases: (i) 0 ~< NH3 < 40%, 
(ii) 40 ~< NH3 ~< 60%, and (iii) 60 < NH3 ~< 100%. In Region (i), the unreacted aluminium 
adhered to the AIN crystallites to form spherical primary particles; in Region (ii), the spherical 
agglomerates with diameters of 0.2-0.5 lam, composed of primary particles, were present as 
minimum units of secondary particles; in Region (iii), the crystal growth of AIN was enhanced 
with increasing NH3 contents. The primary particles formed by the reaction of aluminium vapour 
with NH3-N2 gases containing NH3 ) 40% were single crystals. 

1. I n t r o d u c t i o n  
Aluminium nitride (A1N) ceramics are expected to be 
available as substrates for semiconductors, because 
they have high electric resistivity, high thermal con- 
ductivity, and thermal expansion coefficients close to 
that of silicon [1]. A1N powder is now produced 
industrially by two techniques [1]: (i) the direct ni- 
tridation of aluminium powder and (ii) the carbo- 
thermal reduction of aluminium oxide (A12 O 3 ). 

Recent attention has been directed toward the 
chemical vapour deposition (CVD), i.e. the synthesis 
of A1N powder by the reaction of aluminium vapour 
with NH 3 or N2 gas, to produce submicrometre uni- 
form sizes of primary particles. In the CVD technique, 
the selection of aluminium or an aluminium com- 
pound as a vaporization source is the key to the 
synthesis of sinterable A1N powder. The sources re- 
ported so far are aluminium chloride (A1C13) [2-4], 
tri-i-buthylaluminium (AI(i-Bu)3) [5] and aluminium 
[6-9]. Of these sources, aluminium has the advantage 
of providing high-purity A1N powder without the 
worry of contaminants such as halogens, hydrocar- 
bons and carbon; however, the vaporization of alumi- 
nium requires the use of special techniques, e.g. elec- 
tron-beam heating [6], arc melting I-7, 8] and 
r.f. plasma [9], because the high boiling temperature 
(~  2470 ~ of aluminium makes vaporization difficult. 

This paper describes the synthesis of A1N powder 
by low-pressure CVD, i.e. the reaction of vaporized 
aluminium with NH3 and/or N 2 gases at low pres- 
sures below ~ 1 kPa, using electric current heating to 
vaporize aluminium; this heating technique has the 
advantage of using a simpler and less expensive reac- 
tion apparatus than in the above three methods. In 

addition, the effects of gas compositions (NH3/N2) 
on powder properties were examined, because gas 
composition may affect the powder properties. 

2. Experimental procedure 
2.1. Reaction apparatus 
The reaction apparatus for the synthesis of the A1N 
powder was assembled by the present authors. A 
schematic illustration of this apparatus is shown in 
Fig. 1. It was composed of (i) a mixing zone of NH 3 
and N2 gases, (ii) a reaction zone of aluminium 
vapour with NH 3 gas and/or N 2 gas, (iii) a collecting 
zone of the resulting powder, and (iv) an evacuation 
zone. Each zone will be explained in this section. 

2. 1.1. Mix ing  o f  NH3 and  N2 gases  
The mixing zone was composed of reservoirs (D, E; 
3000 cm 3) of NH3 gas (A; 99.99% pure) and N 2 gas 
(B; over 99.9995% pure, < 0.5 p.p.m. 02 ,  < 1.0 
p.p.m. CO, < 1.0 p.p.m. CO2 and < 1.0 p.p.m. CH4), 
piston pump (G), and stirring mixer (F). The mixing 
zone was evacuated by a rotary pump (O) and an 
oil-diffusion pump (N); then each reservoir (D, E) was 
filled with NH3 gas and N2 gas. These gases were 
circulated into the mixing zone by the piston pump 
(G) and were mixed homogeneously by passing 
through the stirring mixer (F); the compositions of 
mixed gases were 0 % N H a - 1 0 0 % N 2  (pure N 2 )  , 

20% NH3-80% N 2 ,  40% NH3-60% N 2 ,  60% N H a -  
40%N2, 8 0 % N H 3 - 2 0 % N  2 and 100%NH3-0% 
N 2 (pure NH3). 
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Figure 1 Schematic illustration of the reaction apparatus. A, NH 3 gas; B, N z gas; C, mercury manometer; D, reservoir (N2); E, reservoir 
(NH 3); F, stirring mixer; G, piston pump; H, electric furnace; I, fused silica; J ,  BN crucible (filament: tungsten); K, cyclone; L, collector; 
M, trap; N, oil-diffusion pump. (i) Mixing zone of NH 3/N2 gases, (ii) reacting zone, (iii) collecting zone, (iv) evacuation zone. 

2. 1.2. Reaction of aluminium with NH3 
and/or N2 

About 0.2 g commercial aluminium powder with over 
99.9% purity (Kojundo Chemical Laboratories Co., 
Sakado, Japan) was put into a boron nitride crucible 
(J), which was set into the coils of the tungsten 
filaments coated with zirconia-based cement. The alu- 
minium powder was vaporized at ~ 1800 ~ and the 
maximum voltage and current applied to the tungsten 
filament were 100 V and 35 A, respectively. The alumi- 
nium vapour reacted with NHB and/or N2 to form 
solid materials in the fused silica tube (I, length 60 cm, 
i.d. 3.6 cm) which was heated by an electric furnace 
(H, heating region 30 cm) at 1050 ~ 

2. 1.3. Collecting of resulting powder 
The collecting zone was composed of a cyclone (K), 
a cylinder-type filter (L) and traps (M). Although 
cyclone and filter were set in this zone, most of the 
solid materials were deposited on the upper walls of 
the fused silica tube. The traps were set to collect the 
unreacted aluminium vapour and NH 3 gas to prevent 
the pumps from corroding. 

2. 1.4. Evacuation 
The evacuation was carried out by the rotary pump 
(O) and the oil-diffusion pump (N). 

2.2. Evaluation of powder properties 
The crystalline phases of the synthesized powders 
were examined using an X-ray diffractometer (XRD; 
Model Rad II A, Rigaku, Tokyo) with CuK= radiation 
(40 kV, 25 mA); the crystalline phases were identified 
by checking them with JCPDS cards. 

The specific surface area of the resulting powder 
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was measured by the BET technique, using N2 as an 
adsorption gas. 

The crystallite size, GXRD, was calculated by 
Scherrer's formula, using XRD 

KX 
GXR D --  (1) 

13cos0 

where K represents the constant (= 0.9), X the 
wavelength (= 0.15405 nm) of CuK~ 1 radiation, 13 the 
half-width of the reflection (1 03), and 0 the Bragg 
angle. 

The primary particle size, GBET was calculated on 
the basis of specific surface area, assuming the primary 
particles to be spherical 

6 
GBET --  (2) 

ps 

where p represents the powder density and s the speci- 
fic surface area. 

The secondary particles were measured using a cen- 
trifugal sedimentation apparatus (Model CP-50, 
Shimadzu, Tokyo); here ethanol was used as the dis- 
persion medium. 

The particle morphology was observed using 
a transmission electron microscope (TEM: Model 
H-300, Hitachi, Tokyo) and a scanning electron 
microscope (SEM: Model S-430, Hitachi, Tokyo); 
TEM was used to observe the morphology of indi- 
vidual primary particles, whereas SEM was used to 
examine the agglomeration states of primary particles. 

3. Results and discussion 
3.1 Thermal reaction of aluminium 

vapour with NH3-N2 gases 
The crystalline phases of powders formed by the ther- 
mal reactions of aluminium vapour with NHB-N2 
gases were examined by XRD. Typical results are 



shown in Fig. 2. The pure N 2 gas reacted with alumi- 
nium vapour to form A1N [10]; however, a large 
amount of aluminium [11] remained in the powder 
(Fig. 2a). Not  only 60% N H 3 - 4 0 %  N 2 gas but also 
pure NH 3 gas reacted with aluminium vapour to form 
only A1N [10] (Fig. 2b and c); the intensities of A1N 
reflections in Fig. 2c were higher than those in Fig. 2b. 

The overall trend, including the omitted XRD pat- 
terns, revealed that the reactions of NH 3 - N 2  gases 
containing 0 ~< NH3 < 40% with aluminium vapour 
produced A1N, together with unreacted aluminium, 
whereas the reactions of N H 3 - N  2 gases contain- 
ing 40% ~< NH3 ~< 100% with aluminium vapour 
produced only AtN; the intensities of A1N reflections 
increased with increasing NH3 content in the 
NH 3 - N  2 gases. 

The above results suggest that the reactions of 
N 2 o r  NH3 with aluminium vapour proceed as 
follows: 

N 2 + 2A1 ~ 2A1N (3) 

NH3 + A1 --* A1N + 3/2H2 (4) 

The following two routes have also been reported by 
Uda et al. [8] 

NH 2 + A1 ~ A1N + H2 (5) 

NH + A1 ~ A1N + 1/2H2 (6) 

The progress of the reactions in Equations 5 and 
6 requires the dissolution of NH a during heating 

N H 3  -+ N H 2  + 1 /2H2 (7) 

NH2 --* NH + 1/2H2 (8) 

NH ~ 1/2H2 + 1/2N2 (9) 
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Figure 2 X-ray diffraction patterns of (a) powder formed by AI/N 2 
reaction, (b) powder formed by A1/40% NH 3 60% N 2 reaction 
and (c) powder formed by A1/NH 3 reaction. (O) A1, (�9 AIN. 

Because the aluminium vapour reacts with NH3 
a n d / o r  N 2 gases at 1050~ (1323 K), Gibb's free 
energies of the above reactions were obtained from the 
data reported by Uda et aI. [8], who rearranged the 
JANAF Thermochemical Tables [12, 13]. The values 
corresponding to Equations 3-9 are given below. 

AG~ K = - - 3 5 5  kJ tool-  1 (3) 

AG~ K = - 2 7 0  kJmol -1  (4) 

AG~ = - 3 9 0 k J m o l  t (5) 

AG1~ K = - 4 8 5  kJ mol -  1 (6) 

AG1~ = + 125 kJmo1-1 (7) 

AG1~ K = +95 kJmo1-1 (8) 

AG1~ K -- 310 kJmo1-1 (9) 

The data for o AG1323K given above indicate that the 
reaction of aluminium vapour with N H 3 - N 2  gases 
may proceed via Reaction 6, because NH formed by 
the dissolution of NH3 has a higher reactivity than 
N2, NH3 a n d N H 2 .  

The oxygen content of A1N powder formed by 
A1/40% NH3 60% Nz reaction was ~ 8%, accord- 
ing to the data measured by a high-temperature com- 
bustion technique. The presence of the oxygen in the 
powder may be due to the chemisorption of H 2 0  on 
the surfaces of primary particles [4]; this assumption 
is supported by the results of infrared spectroscopy, 
where a broad absorption band showing the presence 
of H 2 0  appears in the range 4000 3000 cm-1 .  The 
oxygen may have been incorporated into the A1N 
powder during handling in air [4]. 

3.2. Some properties of the resulting 
powders 

The yields of the powders formed by the thermal 
reactions of aluminium vapour with N H 3 - N 2  gases 
containing ~> 40% NH3 were ~ 25% theoretical. 
Some properties of the powders formed by A1/NH 3- 
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Figure 3 Changes in specific surface area of resulting powder as 
functions of NH 3 and N 2 compositions. 
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N 2 reactions were examined from the viewpoints of 
specific surface area (Fig. 3), particle morphologies 
(Figs 4 and 5), and crystallite size, primary particle 
size and secondary particle size (Figs 6 and 7). 

The specific surface areas of the resulting powders 
were plotted against the compositions of NH3 N2 
gases. Results are shown in Fig. 3. The specific 
surface area of the resulting powder was 8.1 m a g -  1 
at 0% NH3-100% N2 gas mixture. The specific sur- 
face area increased with increasing NH3 contents 
and attained a maximum (77.5 m 2g - 1 ) at 40% NH a 
60% N 2 gas mixture. A further increase in NH3 con- 
tent decreased the specific surface area down to 
28.7 m Z g  - 1  a t  100%NH3-0% N 2 gas mixture. 

The above behaviour can be divided into two 
categories, according to the NH3 contents, i.e. 
0~<NH3 < 4 0 %  and 40% ~<NH3 ~< 100%. These 
phenomena may be explained on the basis of the XRD 
data. In region 0% ~< NH 3 < 40%, the specific sur- 
face area is enhanced by the formation of minute A1N 
crystals, reducing the amount of unreacted alumi- 
nium. In region 40% ~< NH3 ~< 100%, the specific 
surface area is reduced by the crystal growth of A1N. 

The morphotogies of particles were observed by 
TEM. Typical results are shown in Fig. 4. Here the 
particles observed by TEM are regarded as primary 
particles which are composed of one or more crystal- 
lites [14]. The results obtained are summarized below. 

(a) Reaction of aluminium with N2 (Fig. 4a). The 
primary particles were spherical; the diameters of 
these primary particles were ~ 0.2 p.m. The spherical 
particles are regarded as assemblages of A1N and 
aluminium crystallites. Referring to the presence of 
spherical particles. Uda and Ohno [15] reported that 
spherical particles form when aluminium remains in 
the powder. 

(b) Reaction of aluminium with 40% NH 3-60% N 2 
(Fig. 4b). The shape of the primary particles was poly- 
hedral with a size of ~ 0.02 ~tm; these primary par- 
ticles were linked together to form agglomerates. The 
primary particle sizes are about one-tenth of those of 
the powder synthesized by A1/N2 reaction (Fig. 4a); 
the stoichiometric reaction between aluminium and 
NH3-N2  gases seems to produce these small par- 
ticles, because XRD data (Fig. 2) show that the un- 
reacted aluminium disappears after the reaction of 

Figure4 Transmission electron micrographs of (a) powder formed by AI/N 2 reaction, (b) powder formed by A1/40% NH 3 60% 
N 2 reaction, (c) powder formed by A1/80% NH3-20%  N 2 reaction, and (d) powder formed by A1/NH 3 reaction. 
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aluminium vapour with N H 3 - N 2  gases containing 
40% NH 3. 

(c) Reaction of aluminium with 80% NH 3-20% N2 
(Fig. 4c). The shapes of primary particles were poly- 
hedral and the sizes were ~ 0.05 lam. These primary 
particles were coagulated to form agglomerates. The 
primary particle sizes are about twice as large as those 
of the powder synthesized by A1/40% NH 3-60% N z 
reaction (Fig. 4b); thus crystal growth of A1N occurs 
with increasing NH 3 content. 

(d) Reaction of aluminium with NH 3 (Fig. 4d). 
The shapes of primary particles were polyhedral and 
partly hexagonal; the sizes were ~ 0.1 lam. These 
primary particles were linked together. The linking of 
the primary particles indicates that the more the NH 3 
content increases, the more the crystal growth of the 
resulting A1N is promoted. The particle shapes are 
close to hexagonal, which may reflect the crystal sys- 
tem (hexagonal) of A1N. 

The agglomeration state of primary particles was 
examined by SEM; the secondary particle sizes were 
also measured quantitatively by the sedimentation 
technique. These data are shown in Figs. 5 and 6, 

respectively. The results can be summarized as 
follows. 

(a) Reaction of aluminium with N2. The scanning 
electron micrograph (Fig. 5a) showed that spheri- 
cal particles with diameters of 0.2 0.5 gm were pres- 
ent in the powder. The histogram of the secondary 
particle size distribution (Fig. 6a) showed that the 
particle sizes were distributed over the range 
0 3.2 ~tm; the frequency for sizes from 0.8 1.2 gm 
appeared to be maximum (30%). The spherical par- 
ticles observed by SEM correspond to the primary 
particles, because their sizes are in agreement with 
those of primary particles shown in Fig. 4a. The sec- 
ondary particle sizes arc distributed over the range 
0-3.2 lam, which indicates that some primary particles 
are dispersed individually and others are coagulated 
to form secondary particles. 

(b) Reaction of aluminium with 40% NH 3-60% N 2. 
Spherical particles were present in the resulting pow- 
der (Fig. 5b); the particle diameters (0.2-0.5 gm) were 
roughly in agreement with those found in the case of 
A1/N2 reaction (Fig. 5a). The histogram of the sec- 
ondary particle size distribution (Fig. 6b) showed that 

Figure 5 Scanning electron micrographs of(a) powder formed by AI/N 2 reaction, (b) powder formed by A1/40% NH 3 60% N 2 reaction, (c) 
powder formed by A1/80% NH3-20% N 2 reaction, and (d) powder formed by AI/NH 3 reaction. 
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Figure 6 Histograms of secondary particle size distributions of (a) powder formed by A1/N 2 reaction, (b) powder formed by A1/40% 
NH3-60% N 2 reaction, (c) powder formed by A1/80% NH3-20% N 2 reaction, and (d) powder formed by A1/NH a reaction. 

the maximum frequency attained 68% at sizes below 
0.4 lain. The spherical particles observed by SEM cor- 
respond to the minimum units of the secondary par- 
ticles. Although these spherical particles are coagu- 
lated to form larger secondary particles, they will not 
have strong adhesion forces, as shown in the histo- 
gram with a maximum frequency of 68% at sizes up to 
0.4 ~tm. 

(c) Reaction of aluminium with 80% NH3 20% N2. 
Spherical particles were present in the powder 
(Fig. 5c); the particle diameters (0.2 0.5 gm) were al- 
most the same as those reported in (a) and (b). The 
histogram of the secondary particle size distribution 
(Fig. 6c) revealed that the particle sizes had maximum 
frequency (39%) at sizes below 0.4 ~tm; however, this 
frequency was lower than that (68%) reported in (b). 
As already explained in (b), the spherical particles 
observed by SEM correspond to minimum units of the 
secondary particles. Because the frequency at sizes 
below 0.4 ~tm is lower than that reported for 
4 0 % N H 3 - 6 0 % N 2 ,  the agglomeration of these 
spherical particles seems to be promoted with increas- 
ing NH3 content. 

(d) Reaction of aluminium with NH 3. The particle 
sizes (0.2 0.5 ~m) observed by SEM (Fig. 5d) were 
almost the same as those reported in (a) (c). The 
histogram of the secondary particle size distribution 

1 6 3 6  

(Fig. 6d) showed that the secondary particle sizes were 
distributed over the range 0-3.2 lain. The histogram of 
the secondary particle size distribution demonstrates 
that the spherical particles agglomerate with one an- 
other with increasing NH3 content; the agglomer- 
ation of spherical particles may proceed by the crystal 
growth of A1N. 

The average crystallite sizes, primary particle sizes 
and secondary particle sizes were plotted against the 
compositions of NH3-N2  gases. The results are 
shown in Fig. 7. The crystallite sizes of A1N were 
almost constant ( ~ 0.03 ~tm) in the range 0% ~< NH 3 
< 60%; however, the crystallite size increased to 

0.05 ~tm on increasing the NH3 content up to 
100%. On the other hand, the primary particle size 
was ~ 0.2 lain at 0 % N H 3 - 1 0 0 % N 2  (pure N2); it 
decreased with increasing NH3 content and became 
almost the same as the crystallite size for the 
40% NH 3-60% N2 gas mixture; a further increase in 
NH 3 content brought about primary particle growth. 
The secondary particle size decreased with increasing 
NH 3 contents and attained a minimum ( ,-~ 0.6 ~tm) 
value at 40% NH 3-60% N 2 gas mixture; however, it 
increased on increasing the NH 3 content up to 100%. 

The information obtained from the above results 
is summarized as follows: (i) The primary particle 
sizes become much larger than crystallite sizes in the 
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Figure 8 Changes in degrees of agglomerations of ( ) crystallites 
per primary particle (DA-CP) and ( - - - )  primary particles per 
secondary particle (DA PS) as functions ofNH a and N 2 composi- 
tions. 

Figure 7 Changes in ( ) crystallite (AIN) size, ( - - )  primary 
particle size, and ( ) secondary particle size as functions 
of NH 3 and N 2 compositions. 

range 0% ~< NH 3 < 40%, (ii) the primary particle 
size is almost in agreement with the crystallite size in 
the range 40% <~ NH 3 ~< 100%, and (iii) the secondary 
particle size becomes a minimum at 40% NH3 
60%N2 gas mixture. Phenomenon (i) may be at- 
tributed to the adhesion of A1N crystallites, where the 
unreacted aluminium may act as a bonding agent. 
Phenomenon (ii) suggests the primary particles to be 
single crystals, whereas phenomenon (iii) indicates the 
presence of well-dispersed agglomerates correspond- 
ing to the minimum units of secondary particles. 

As the data shown in Figs 2-7 indicate, the result- 
ing powders are composed of various "units" of ag- 
glomerates. Therefore, we calculated the degrees of 
agglomeration of crystallites per primary particle 
(DA-CP)  and of primary particles per secondary par- 
ticle (DA-PS)  [16, 17]. The results are shown in 
Fig. 8. The D A - C P  value was ~ 600 at 0 % N H a -  
100% N2 gas mixture; it decreased suddenly with in- 
creasing NH3 content and became ~ 1 in the 
40% ~< NH3 ~< 100% range. On the other hand, the 
DA-PS  value increased with increasing NH 3 content 
and attained a maximum (~  22 x 10 a) at 
6 0 % N H a - 4 0 % N 2  gas mixture. A further increase 
in NH3 content decreased the DA-PS  value to 
~ 7 x 1 0 3  

The D A - C P  values are much larger than unity in 
the 0% ~< NH3 < 40% range, which suggests that the 
unreacted aluminium may act as a bonding agent of 
A1N crystallites. These D A - C P  values become nearly 
unity in the 40% ~< NH3 ~< 100% range; the primary 
particles prove to be single crystals. On the other 
hand, the DA-PS  value attains a maximum at 
60% NH3 40% N2 gas mixture; this fact suggests 
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Figure 9 Schematic illustrations of agglomeration state of resulting 
powders synthesized by low-pressure CVD. (I) Nucleation of A1N 
and/or unreacted aluminium, (II) formation of spherical prim- 
ary particles containing AIN and/or unreacted aluminium 
(0% ~< NH 3 < 40%), (III) formation of the spherical agglomerate 
as a minimum unit of secondary particles; the coagulation of these 
spherical agglomerates produces the larger secondary particles 
(40% ~< NH 3 ~< 60%), (IV) crystal growth of AIN within spherical 
agglomerates (60% < NH 3 ~< 100%). 

that the small primary particles deposited from the gas 
phase cause some agglomeration due to the electro- 
static and van der Waals forces [18]. 

The overall results shown in Figs 2-8 allow us to 
conclude that the powder properties can be divided 
into three categories, according to the N H  3 contents: 
(i) 0% ~< NH3 < 40%, (ii) 40% ~< NH3 ~< 60%, and 
(iii) 60% < NH3 ~< 100%. Some schematic illustra- 
tions of these powder properties are shown in Fig. 9. 
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The thermal reaction of aluminium vapour with NH 3 
and/or Nz forms nuclei of A1N and/or aluminium 
(unreacted materials) (Fig, 9, Region I); these nuclei 
are linked together to show agglomeration. In Region 
II, 0% ~< NHa < 40%, the spherical primary particles 
are formed by assemblages of A1N crystallites; the 
unreacted aluminium acts as a bonding agent. In Re- 
gion III, 40% ~< NH3 ~< 60%, the spherical agglom- 
erates formed by the coagulation of primary particles 
are present as minimum units of secondary particles; 
the more the NH3 content increases, the more the 
agglomeration of the resulting A1N particles proceeds. 
In Region IV 60% < NH 3 ~ 100%, the primary par- 
ticle size is enhanced by the crystal growth of A1N. 

4. C o n c l u s i o n s  
Aluminium nitride (AIN) powders were synthesized by 
a low-pressure chemical vapour deposition; A1N pow- 
der was formed by the reaction of aluminium vapour 
with ammonia (NH 3) gas and/or nitrogen (N2) gas at 
1050~ under a pressure of 0.1-1.3 kPa. The results 
obtained are as follows. 

1. The crystalline phases of powders formed by the 
thermal reaction of aluminium vapour with NH 3 -N 2 
gases containing < 40% NH3 were AIN and alumi- 
nium, whereas those formed by the reaction of alumi- 
nium vapour with NH3 N2 gases containing >~ 40% 
NH 3 were only A1N. 

2. The powder properties could be divided into 
three categories according to the NH 3 content in the 
NH3-N~ gases: (i) 0% ~<NH3 <40%, (ii) 40% 
~< NH3 ~< 60%, and (iii) 60% < NH3 ~ 100%. In 
Region (i), 0% ~< NH3 < 40%, the unreacted alumi- 
nium adhered to the A1N crystallites to form spherical 
primary particles. In Region (ii), 40% ~< NH 3 ~< 60%, 
the spherical agglomerates formed by the coagulation 
of primary particles were present as minimum units of 
secondary particles; the more the NHa content in- 
creases, the more the coagulation of these agglom- 
erates proceeds. In Region (iii), 60% < NH3 
~< 100%, the crystal growth of A1N was enhanced 
with increasing NH3 content. The primary particles 
formed by the reaction of aluminium vapour with 

N H a  N 2  gases containing ~> 40%NHa were single 
crystals. 
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