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Aluminium nitride powders were synthesized by the gas-phase reaction of AICI3-NH3-N 2 
system. The yield of AIN powders from AICI 3 and their crystallinity increased as the reaction 
temperature and the mole ratio of NH3/AICI 3 were increased. AIN powders were also formed 
outside the reactor and their crystallinity was amorphous. The yield of AIN powders was as 
high as 80% when the reactor temperature was 1000~ and the mole ratio of NH3/AICI 3 was 
8. Most of the HCI by-product was recovered as NH4CI outside the reactor. Powder 
characteristics, such as shape, size distribution and crystallinity, were also studied. 

1. I n t r o d u c t i o n  
Aluminium nitride ceramic is considered to be a pro- 
mising material for electronic packaging because it 
has many desirable properties, such as high thermal 
conductivity, high electrical resistivity and a low ther- 
mal expansion coefficient [1]. In addition, its mechan- 
ical strength and thermal shock resistance are higher 
than that of alumina Ceramics. For  ceramic materials, 
it is important to develop an economically viable 
powder-manufacturing process which can produce 
powders with high purity and sinterability. 

Aluminium nitride powders have been synthesized 
through carbothermal reduction of alumina [2,3], 
direct nitridation of aluminium I-4] and gas-phase 
synthesis from the reaction of aluminium chloride 
[5,6] or other organometallic precursors with 
ammonia [7]. High-temperature plasmas were also 
used to make A1N powders [8]. To date, commercial 
A1N powders have been produced through a car- 
bothermal reduction process and direct nitridation of 
aluminium [1]. 

Gas-phase synthesis of ceramics is advantageous to 
produce high-purity fine powders with uniform par- 
ticle size, because powders are formed from homogen- 
eous nucleation and it is relatively easy to control the 
nucleation process. Gas-phase reaction is fast com- 
pared to solid-solid reactions in the carbothermal 
reduction process and potentially high throughput 
can be achieved through continuous operation. 

On the other hand, it is relatively difficult to recover 
fine powders from the gas stream and the powder 
handling in the system also imposes a formidable 
problem. It is also not easy to obtain a high yield of 
the product intrinsically from the thermodynamic 
equilibrium limitations or the reactor design problem 
associated with chemical reaction kinetics. It is also 
important to suppress the formation of by-products as 
low as possible or to find out how to handle them if 
unavoidable. 

In this work, A1N powders were synthesized 
through the vapour-phase reaction of A1C13 and 
NH3. Important operating variables which affect the 
yield of A1N powders from A1C13 were identified and 
the characteristics of A1N powders were evaluated. 

2. Experimental procedure 
Fig. 1 shows the experimental setting used in this 
experiment. 

As an aluminium source, aluminium chloride of 
98% purity was used. Aluminium chloride has a 
sublimation temperature of 177.8 ~ It was packed in 
a glass tube and heated at 180~ in an oil bath. 
Nitrogen gas was flowed through the packed column 
to remove moisture and oxygen and passed through 
the A1C13 sublimation bed. Aluminium chloride va- 
pour was mixed with nitrogen of 99.99% purity in the 
sublimation bed and introduced at the centre of the 
furnace. 

From the sublimation bed to the reactor, a heating 
tape was used to prevent the condensation of A1C13. 
The electric furnace was 85 cm long and had a uni- 
form heating zone of about 60 cm in the middle. 
Ammonia of 99.999% purity was measured with a 
mass-flow controller and introduced at the forefront 
of the uniform heating zone. The reactor was made of 
a 92 cm quartz tube with 3.5 cm inside diameter and 
was heated inside the electric furnace. At the outlet of 
the reactor, a 500 ml round flask was connected to 
recover the powders coming out of the reactor and to 
damp out any pressure variations inside the reactor. 
To facilitate the recovery of the powders and prevent 
cracking of the reactor, a quartz boat 40 cm long, was 
placed in the bottom of the reactor. The exhaust gas 
leaving the flask was passed through a water column 
and vented outside. The operating conditions are 
summarized in Table I 
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Figure 1 Exper imen ta l  a p p a r a t u s  used for the synthesis  of A1N powders .  

T A B L E I Exper imen ta l  cond i t ions  

React ion  t empera tu re  

Flow rate  of N 2 

F low rate of N H  3 

Input  a m o u n t  of A1C13 

58 

700-1000 ~ 
150 cm 3 min  

55-370 cm 3 rain - 1 

0.22 g min  - 1 

The flow rate of ammonia corresponds to a mole 
ratio of NH 3 and A1C13 from 1.5 10. For  each run, 
the experiment was carried out for about 1 h. After 
each run, the amount of product recovered inside the 
reactor and inside the flask was measured and the 
chemical composition of the powders was analysed. 
The production rate was 0.15-5.5 g h - 1 A1N powders 
depending on the operating conditions. Powder 
characteristics, such as crystallinity, shape and size 
distribution, were also measured. 

3. Results and discussion 
3.1. Yield 
One of the most important goals in the development 
of the chemical synthesis process is to obtain a max- 
imum yield of the product. In this experiment, most of 
the product was recovered inside the reactor and from 
the flask connected to the outlet of the reactor. Pow- 
ders recovered inside the reactor were from the homo- 
geneous nucleation at a given reactor temperature. 
Powders recovered from the flask were probably a 
mixture of those powders carried out of the reactor 
and those products formed at low temperatures inside 

O 
d 

the flask from the reactant gases coming out of the 
reactor. 

Fig. 2 shows the equilibrium constant of the reac- 
tions considered to be important in the A1C13- 
NH 3 N2 system as a function of the reaction temper- 
ature. 
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Figure 2 T h e r m o d y n a m i c  equ i l ib r ium cons tan t  versus temper-  

ature.  I, AIC13(g) + NHa(g) = A1N(s) + 3HCI(g); II, A1CI3(g) + 
4NH3(g  ) - AIN(s) + 3NH4CI(s); III, NH3(g ) + HCI(g) 

- NH4CI(s). 



It is generally known that the equilibrium constant 
should be large, preferably larger than 2, to have 
powders formed from homogeneous nucleation [6]. 
From this criterion, we know that A1N powders can 
possibly be formed from the following reaction 

A1C13(g ) + NH3(g ) = AIN(s) + 3HCl(g) 
(1) 

above about 700 ~ A1N can also be formed at low 
temperatures around 350 ~ Via the following reaction 

A1C13(g ) + 4NH3(g ) = A1N(s) + 3NH4CI(s) 
(2) 

with the formation of a by-product, ammonium chlor- 
ide. Ammonium chloride can also be formed below 
about 250 ~ via the reaction 

NH3(g ) + UCl(g) = NH4CI(s) (3) 

This suggests that only A1N and HC1 can be formed 
inside the reactor if the reaction temperature is high 
enough to suppress Reactions 2 and 3. At the same 
time, A1N and NH4C1 can also be formed out of the 
reactor through Reactions 2 and 3 from unreacted 
AIC13, NH 3 and HC1. This is when the temperature 
inside the flask is low enough. Of course, these ther- 
modynamic data give us only the necessary conditions 
for the reaction to proceed, and this can only be 
achieved when the reaction rate is fast enough or the 
residence time of the reactant gases is long enough to 
reach a thermodynamic equilibrium. 

Nickel et  al. I-9] calculated the maximum possible 
yield of A1N from a thermodynamic analysis of the 
A1-H-C1-N system, which is shown in Fig. 3. This 
calculation was done with the mole ratio of 
NH3/A1C13 fixed at 1.5. They showed that the yield 
was low because ammonia decomposes into hydrogen 
and nitrogen according to 

2NH3 = N2 + 3 H  2 (4) 

at temperatures above 130~ Nitrogen is not as 
reactive as ammonia and does not react readily with 
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Figure 3 Maximum possible yield of A1N from thermodynamic 
calculations plotted against temperature at NH 3/AICla mole ratio 
of 1.5 [9], (a) without and (b) with dissociation of ammonia. 

aluminium chloride. They also showed that almost 
complete conversion of A1C13 was possible by supp- 
ressing the dissociation of ammonia. This was possible 
by introducing ammonia and aluminium chloride at 
the same position and keeping the temperature of that 
position at 400 ~ to form A1C13 -x NH 3 (x = 1-6) 
adducts. These adduct compounds decompose at tem- 
peratures above 700 ~ to form A1N and HC1. One of 
the problems of this approach is that a large fraction 
of A1N formed from this adduct is in the form of a 
coating inside the quartz wall I-9]. The powders form- 
ed through this adduct were amorphous. These ther- 
modynamic calculations give a good guide to how to 
design a reaction system and how to operate a syn- 
thesis process. 

In this experiment, aluminium chloride was intro- 
duced at the centre of the reactor and ammonia was 
introduced at the low-temperature region near the 
inlet, as reported by Kimura et al. [6]. 

Fig. 4 shows the yield of A1N as a function of the 
reactor temperature for mole ratios of ammonia to 
aluminium chloride of 1.5 and 6, in the inlet reactant 
gases. The yield was calculated from the number of 
moles of A1N recovered in the form of powder inside 
the reactor or the flask, divided by the number of 
moles of A1CI 3 introduced. The total yield is the 
summation of both. When the mole ratio was 1,5, the 
yield was very low, i.e., less than 20% for all the 
reaction temperatures between 700 and 1000~ This 
is probably due to the fact that ammonia is dissociated 
into H2 and N 2 and not enough active nitrogen 
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Figure 4 Experimental yield of AIN powders from A1C13 versus 
reactor temperature at NH3/AICI 3 mole ratio (R) of 1.5 and 6: (�9 
recovered in the reactor, ( 0 )  recovered in the flask, (A) total. 
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Figure 5 Experimental yield of AlN powders from A1CI 3 versus 
NH3/AICI 3 mole ratio at a reactor temperature of 1000~ (�9 
recovered in the reactor, ( � 9  recovered in the flask, (A) total. 

source is available. In fact, the thermodynamic calcu- 
lations reported by Nickel et al. [9] shown in Fig. 3 
predicted that maximum yield cannot be higher 
than 20% in this case. At 700~ the yield was ex- 
tremely low presumably because the reaction rate was 
very slow. 

When the mole ratio of NH 3 to AICI3 was 6, the 
yield became much higher than when it was 1.5. The 
yield increased as the reaction temperature increased. 
When the mole ratio was 6, it seemed that there was 
enough ammonia to participate in the formation of 
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Figure 6 X-ray diffraction pattern of powders recovered in the 
reactor at a reactor temperature of(a) 1000, (b) 900, (c) 800~ and 
(d) heat-treated powders recovered from the flask. 

Figure 7 Scanning electron micrographs of powders synthesized at a reactor temperature of (a) 700, (b) 800, (c) 900 and (d) 1000 ~ 
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A1N even though the dissociation reaction of am- 
monia took place. As the temperature went up, the 
nucleation rate of A1N in the gas phase became higher, 
so that the system approached equilibrium more 
closely. The yield can approach 70% when the mole 
ratio is 6 and the reactor temperature is 1000 ~ This 
is lower than the theoretical maximum shown in 
Fig. 3 when there is no dissociation of ammonia. 
Maybe the reaction rate or the residence time of the 
reactant gases is not high enough to reach thermodyn- 
amic equilibrium, or the amount  of ammonia avail- 
able to participate in the reaction is not high enough, 
because of the dissociation, even though the mole 
ratio of NH 3/A1C13 is 6. The real conversion of A1C13 
could be higher because some of the A1N is deposited 
as a film on the reactor wall and on the boat. It is 
almost impossible to recover all the powders formed 
without any loss. When the reaction temperature was 
1000~ the amount of A1C13 captured in the water 
trap was negligible. 

When the mole ratio was 6 and the reactor temper- 
ature was 700~ most of the A1N powders were 
recovered from the flask, i.e., at this reactor temper- 
ature, homogeneous nucleation of A1N through Re- 
action 1 inside the reactor was not appreciable. On 
the other hand, A1N could be formed through Re- 
action 2 in the flask where the temperature is much 
lower than inside the reactor. This is exactly what the 
thermodynamic calculations shown in Fig. 2 predict. 
At low temperatures, A1N can be formed through 
Reaction 2 because the equilibrium constant of this 
reaction is much bigger than Reaction 1. At temper- 
atures higher than 700 ~ the amounts of A1N pow- 
ders formed inside the reactor and the flask are about 
the same. This means that some part of the reactant 
gases formed A1N inside the reactor through Re- 
action 1 and also an appreciable amount of unreacted 
gases leaving the reactor formed A1N at the low 
temperatures through Reaction 2 in the flask. If we 
increase the length of the reactor, the portion of A1N 
powders formed inside the reactor could be higher. 

The characteristics of the powders recovered from 
inside the reactor and from the flask will be discussed 
in the next section. 

Fig. 5 shows the yield of A1N powders as a function 
of the mole ratio of ammonia and aluminium chloride 
at the reactor temperature of 1000~ As the mole 
ratio increases, the yield of A1N goes up and becomes 
almost constant above 8. At this point, the yield can 
reach as high as 80%. When the mole ratio is higher 
than 6, the amount of A1N formed inside the reactor 
becomes larger than the amount formed in the flask. 
That means as we increase the amount of ammonia, 
more A1C13 can be converted into A1N inside the 
reactor. 

Most of the ammonium chloride formed was re- 
covered from the flask and more than 80% of the HC1 
formed was captured through the reaction with am- 
monia. This suggests that most of the HC1 formed as a 
by-product can be recovered in a solid form through 
the reaction with ammonia. The recycling of ammon- 
ium chloride may be required in the development of 
this process. 

3.2 Powder characteristics 
The crystallinity of AIN powders have already been 
discussed by Kimura et al. [6] and it was shown that 
the crystallinity increased with increasing reactor tem- 
perature. In this experiment, XRD analysis of powders 
recovered inside the reactor showed exactly the same 
trend as shown in Fig. 6. 

Those powders synthesized at high reactor temper- 
atures around 1000 ~ contain a negligible amount of 
NH4C1 and unreacted AIC13. Those A1N powders 
formed through Reaction 2 at low temperatures and 
recovered from the flask showed little crystallinity as 
shown in Fig. 6d. These powders recovered from the 
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Figure 8 Particle-size distribution diagram of AIN powders syn- 
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flask were mixtures of A1N; NH4CI and unreacted 
A1C13. These were treated for 4 h at 600~ in a 
nitrogen atmosphere to drive out NH4C1 and un- 
reacted A1C13. 

Scanning electron micrographs of those powders 
synthesized at various reaction temperatures and re- 
covered inside the reactor are shown in Fig. 7. As the 
reactor temperature rose, the size of the powders 
decreased. Image analysis results for the particle size 
distribution are shown in Fig. 8. In our reactor, the 
temperature profile in the uniform temperature zone 
was almost flat and we could not find any differences 
in the powder characteristics depending on the loca- 
tion inside the reactor where the powders were re- 
covered. 

Fig. 9 shows the transmission electron micrographs 
of powders synthesized at 900 ~ Three different types 
of powder were observed as shown in the figure. Bar- 
like powders ( x 50 000) shown in Fig. 9c were crystal- 
line, as shown in the selective-area diffraction pattern 
of Fig. 9s Those powders, with radially grown small 
columns shown in Fig. 9b, had a selected-area diffrac- 
tion pattern as shown in Fig. 9e. These small colum- 
nar crystals may have a high crystallinity as the bar- 
like powders in Fig. 9c, but dots are formed in a ring 
pattern as shown in Fig. 9e perhaps because they are 
small. Round particles are shown in Fig. 9a and their 
crystallinity is less than the columnar structure. The 
amounts of the bar-like powders were extremely small 
and most of the powders were either round or had a 

Figure 9 (a-f) Transmission electron micrographs of AIN powders of various shapes synthesized in the reactor at 900 ~ (d-f) selected-area 
diffraction patterns of (a-c) respectively. 
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Figure 10 Transmission electron micrographs of powders with 
columnar structure on the surface: (a) bright-field image, and (b) 
dark-field image. 
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Figure 11 FT- IR  spectra of powders recovered in the reactor at a 
reaction temperature of (a) 800, (b) 900 and (c) 1000~ (d) as- 
recovered powder from the flask (reactor temperature 900~ 
NH3/AICI 3 mole ratio = 4), (e) heat-treated powders of (d). 

columnar structure on the surface. In fact, the powders 
with columnar structure on the surface were most 
abundant. 

Fig. l0 shows a bright and dark image of powders 
with columnar structure ( x 200 000) on the surface�9 It 
seems that many small crystallites in a columnar 
structure were embedded in a relatively large particle. 
Fig. 11 shows the Fourier transform-infrared spec- 
trum of the powders recovered inside the reactor at 
reactor temperatures of 800, 900 and 1000 ~ respect- 
ively. Fig. l l d  is the spectrum of as-recovered pow- 
ders from the flask when the reactor temperature was 
900~ and the mole ratio of NH 3 and A1C13 was 4. 
As-recovered powders showed N H and A1 C1 bonds 
because NH4C1 and unreacted A1CI 3 were also de- 
posited. Fig. 1 le is the spectrum when these powders 
were heat treated at 600~ for 4 h in a nitrogen 
atmosphere. 

T h e O  H peak around 3400 cm 1 may be due to 
the fact that AI(OH)3 was formed at the powder 
surface from the reaction between A1N and adsorbed 
moisture. A1N bonds were. observed at around 700 
cm 1. Surface reactivity could be higher for those 
powders synthesized at high temperatures because 
their size is smaller with larger surface area. However, 
the FT IR spectrum shows that those powders syn- 
thesized at low temperatures are more hygroscopic. 
This is quite evident with those powders recovered 
from the flask, as shown in Fig. 1 le. This tendency 

may be related to the crystallinity of the powders�9 
Powders with low crystallinity may have stronger 
tendency to absorb moisture. 

As the reactor temperature goes up, the A1 N peak 
becomes stronger and for those powders synthesized 
at 1000 ~ showed a shoulder in the A1-N peak. This 
phenomenon was observed for SiC powders with the 
structure of an unreacted silicon core covered with a 
carbonized SiC shell [10, 11]. It is not clear in our case 
whether this shoulder indicates a similar structure of 
unreacted aluminium covered with an A1N shell. 

4. Conclusions 
Through the gas-phase synthesis of aluminium nitride 
powders from AIC13-NHa-N2, the following conclu- 
sions were obtained about the process and the powder 
characteristics. 

1. Aluminium nitride powders were formed both at 
high temperatures inside the reactor and at low tem- 
peratures in the flask outside the reactor�9 The yield of 
A1N powders from A1C13 and the crystallinity of the 
powders were increased as the reaction temperature 
and the NH3/A1C13 mole ratio were increased. The 
yield was about 80% when the reactor temperature 
was 1000 ~ and the NH3/A1C13 ratio was 8. 

2. A1N powders recovered at high temperatures 
inside the reactor were crystalline and contained neg- 
ligible amounts of NH4CI and unreacted A1C13. A1N 
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powders recovered from the flask were amorphous 
with NH4C1 and unreacted A1C13. Most of HC1 by- 
product was recovered as NH4C1 in the flask. 

3. Most of the powders were round with or without 
small columns around the surface and in the size range 
0.1-1 gin. Bar-like particles of high crystallinity were 
also obtained in a relatively small amount. 
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