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Ultrafine aluminum nitride (AIN) powders were obtained by the chemical vapor deposition
(CVD) process via the AlICIs-N>-NH3 system operated at various temperatures and different
mixing modes of AICl; and NH3 gases. X-ray diffraction (XRD), Fourier transform infrared
spectroscope (FTIR), transmission electron microscope (TEM) and electron diffraction (ED)
were utilized to study the effect of process parameters on the synthesis and
characterization of the AIN powders. It had been shown that all of the obtained powders
were exclusively identified to be the single phase AIN and were indifferent to the different
mixing modes AICl; and NH3 gases. The yield of synthesized AIN powder was affected by
the entries mixing position of the reacting gases of AlCl; and NH3.The yield increased from
13% to 82% where the mixed position was shifted from the front edge to middle point of

the quartz tube. On the other hand, the yield increased from 5% to 82% as the reaction
temperature increased from 600°C to 1050°C. The morphology of the AIN powders was
affected by the diameter of a feeding nozzle and mixing mode of AlICl; and NH3; gases.

© 2001 Kluwer Academic Publishers

1. Introduction

A high-purity aluminum nitride (AIN) powder is very
useful for the fabrication of ceramic bodies for ad-
vanced electronics applications because it is a chem-
ically inert compound with high thermal conductivity
and high electrical resistivity [1]. The thermal con-
ductivity of AIN ceramics is strongly influenced by
its chemical purity and density, while the theoretical
value is predicted to be 319W/m - K at room tempera-
ture [2]. Slack [3] has reported that phonon scattering
in the oxygen-doped sample is caused by the alu-
minum vacancies which are dissolved in the AIN ma-
trix and hence the thermal conductivity decreases as
the oxygen content increases. In addition, the thermal
expansion coefficient of AIN at room temperature is
43 x10°° /K, near that of Si [4]; and the dielectric
constant at 1| MHz and room temperature is 8.9 [4]. On
the other hand, AIN powder can be pressureless sintered
with additives to theoretical density [5].

In general, electronics substrate and packaging ap-
plications are the most stringent and require powders
which can be pressureless sintered with additives to
manufacture flawless, fully dense AIN components of
high thermal conductivity and uniform light color [5].
But AIN powder does not occur naturally; therefore, it
must be synthesized by nitridation. Various batch meth-
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ods containing the carbothermal reduction of Al,Os3,
direct nitration of aluminum and plasma process have
been reported [5—15]. These batch methods are disad-
vantageous for continuous powder production.

In recent years, the preparation of AIN powder by a
continuous process using the chemical vapor phase of
AICl; with NH3 and varying the reaction temperature,
the molar mixture of starting materials and the reac-
tion assembly have been reported [16—19]. Synthesis
of ceramic powders by gas phase materials is advanta-
geous to produce high-purity fine powders with uniform
particle size, because powders are formed homoge-
neously and it is relatively easy to control the nucleation
process [16].

In the present study, single phase AIN powders
were obtained by the chemical vapor deposition (CVD)
process. The AIN powders formed were character-
ized by X-ray diffraction (XRD), Fourier transform in-
frared spectroscope (FTIR), transmission electron mi-
croscope (TEM) and electron diffraction (ED). The
purposes of this investigation were to evaluate the ef-
fect of entry/mixing of the reacting gases of AICI;
and NHj on the synthesis of AIN powders, the mor-
phology of AIN powders, the yield of AIN pow-
ders synthesis and the characterization of the AIN
powders.
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2. Experimenial procedure

2.1. Powder preparation

The raw materials of commercial grade were used in the
experiment. A schematic diagram of the experimental
equipment is shown in Fig. 1. This system consisted
of a raw materials transport system, a tubular synthesis
reactor, a vacuum system, and a powder collection sys-
tem. Four different feeding tube assemblies as shown
in Fig. 2 were tested in order to investigate its effect on
the AIN deposition.

The temperature distribution of the reaction chamber
for AIN powders synthesis is shown in Fig. 3. The re-
action temperature below 600°C cannot yield the crys-
talline AIN powders, hence it is defined the high temper-
ature zone as the reaction chamber temperature greater
than 600°C; otherwise, below 600°C and outside of the
reactor as defined the low temperature zone [20].

Before synthesis, the quartz tube reactor (42.0 mm
inner diameter and 700.0 mm long) was first preheated
and held at 250°C; subsequently evacuated to 0.8 torr by
using rotary and oil-diffusion pumps, and purged with
nitrogen gas three times. AlClz vapor with the pressure
of 760 torr was formed by heating solid AICl; (pu-
rity 98%, supplied by Wako Pure Chemical Industries,
Japan) to 180°C. The AICl; vapor was then carried to
the reactor chamber by nitrogen carries gas stream (pu-
rity 99.99%, supplied by Lien Hwa Air Co., Taiwan)
at a flow rate of 200 cm?3/min. The NHj3 was fed into

Figure 1 Schematic diagram of the experimental apparatus for synthe-
sized AIN powders. (a) phosphoric analydride, (b) sodium hydrate parti-
cle, (c) ball valve, (d) flowmeter, () spongy titanium, (f) aluminum chlo-
ride (purity 98%), (g) ribbon heater, (h) MoSi, heater, (i) thermocouple,
(j) quartz tube reactor, (k) pressure gage, (1) vacuum pump, (m) powder
collection flask, (n) NaOH solution.

AlC; NHj AICl3 NH; AICl; NH; AlCl3 NH;
—_— — — — .—
HHE A
18
/|
(a) (b) ) (d)

Figure 2 Section of the CVD reactor showing the different position
(a. b. c and d) of the feeding nozzles for AICl3 and NH3: (A) furnace,
(B) reactor quartz tube.
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Figure 3 The temperature distribution of the reaction chamber for AIN
powders synthesis, the center of quartz tube as zero.

the reactor chamber at a flow rate of 200 cm?/min
through another tube and reacted with gaseous AlCl;3
at various temperatures. The reaction temperature was
measured by a Pt/Pt-Rh thermocouple positioned im-
mediately above the inlet at the middle zone of the
quartz tube. The resulting powders were collected
in a flask.

2.2. Characterization

The crystal structure of the powders was examined us-
ing an X-ray diffrectormeter with Cu K, radiation and
Ni filter operated at 30 kV, 200 mA and a scanning rate
of 0.25°/min (Model Rad ITA, Rigaku, Tokyo).

The morphology of the powders was examined
by transmission electron microscope (TEM, H700H,
Hitachi). Quantitative analysis for Si, Fe, Mg, and Ca
was obtained by an inductively coupled plasma method.
The nitrogen and oxygen analyses were performed us-
ing a TC136 LECO EF100 electrode furnace and asso-
ciated analyzer.

FTIR absorption spectra were obtained by process-
ing on an optical bench of the standard Nicolet’s sys-
tem 800 Fourier transform imfrared spectrometer and
a spectral resolution of 4 cm~! was chosen. Each test
sample was mixed with KBr (1wt% of the former),
and was pressed into 200 mg-pellets of 13 mm diame-
ter for infrared absorption spectra at a frequency range
of 400-4000 cm~!. The composite spectrum for each
sample represented an average of 64 scans, normalized
to the spectrum of the blank KBr pellet.

3. Results and discussion
3.1. Effect of mixing mode on the

powder synthesized
Typical XRD patterns of the AIN powders collected
in the higher temperature zone of the CVD reactor at
1050°C with different mixing modes as represented in
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Figure 4 The XRD patterns of the AIN powders collected in the CVD
reactor at 1050°C and different mixing modes as represented in Fig. 2.

Fig. 2 are shown in Fig. 4. Only AIN [21] was detected
and no indication of AlICIl; was found from the pow-
ders, irrespective of the difference in mixing shown
in Fig. 2 corresponding to the experimental results of
Kimura et al. [22] who observed the formation of crys-
talline AIN powders even at the temperature as low as
600°C. The crystallinity of these powders was almost
the same as those collected from the higher temper-
ature zone of the CVD reactor at 1050°C except for
the case of Fig. 2b. The intensity of reflection (202) is
greater than that of (100), being presumed as caused
by the variance of the feeding condition that induces
the difference in concentration, temperature and pres-
sure and consequently, the crystal growth direction is
changed.

In 1950’s, the reaction system of AICl3/NH3 has been
investigated in order to produce either pure AIN films
[23] or AIN powders [17, 22]. Riedel and Gaude [18]
pointed out that the thermodynamic calculations can
predict that the formation of AIN via the gas phases
according to Equation 1 or 2 is difficult because the de-
composition reaction of ammonia into elements [Equa-
tion 3] occurs at temperature above 127°C and 0.1 MPa
pressure.

A1C13(g) + NH3(g) == AIN(S) + 3HC1(g) (D)
Al Clg) + 2NH3) ¢ 2AING) + 6HCl,y  (2)
2NH; < N, + 3H; 3)

The reaction represented by Equation 2 also must be
taken into account in the system of AlCI3/NHj3, since at
the sublimation temperature (180°C) AICl; is present
in the form of its dimer Al,Clg in the gas phase. The
formation of monomeric AICl3 gas species is observed
at temperature exceeding 800°C [17].

Although Riedel et al. [18] proposed above expla-
nation, in the present study, amorphous AIN was ob-
tained at a temperature below 600°C with NH4Cl as a
by-product. This result was discussed in our previous
paper [20]. Hence, at lower reaction temperatures, AIN
can also be formed via the following reaction [16]

AlCl3g) + 4NH3g) < AlN() + 3NH4Cl,  (4)

Ammonium chloride can also be formed below about
250°C via the reaction [16]

NHj3(g) + HCly) < NH4Cl) 5

In the present study, gas reactants of AlCl; and NHj
were mixed in the cold zone of the reactor (below
200°C), with the mixing mode shown in Fig. 2d, and
amorphous AIN coating on the inside wall of the quartz
tube and hard agglomerates of AIN particles grown on
the surface of the AIN film were obtained. Since the
temperature in the mixing zone is so low, none of that
AIN powders are formed there and the film thickness
at the front of the quartz tube increases. If the effective
reaction temperature can not be increased and the chem-
ical reaction rate decreases, then the concentration of
the precursor for nuclei formation decreases, because
the supersaturation is insufficient. As the particle for-
mation is very sensitive to supersaturation degree, the
yield of the powder formation suddenly decreases with
increasing film coating on the quartz tube wall.

Both feeding nozzles shown in Fig. 2d were located
in the cold zone of the CVD reactor at 1050°C. The reac-
tion of AlCI; with NHj as described by Equation 4 has
to be considered. The formation of Lewis acid -Lewis
base adduct compounds prior to the decomposition into
AIN according to

AICI; 4+ xNH3 < AICl;3 - xXNH3 (6)

has been proved by characterizing the intermediate re-
action product. These adduct compounds decompose
at temperature above 700°C to form AIN and HCI
[16]. Nickel et al. [24] have pointed out that one of
the problems of this approach is that a large fraction
of AIN formed in the decomposition of this adduct
(AIClI;5 - xNH3) is in the form of a coating inside the
quartz tube. These AIN powders formed through this
adduct are amorphous.

3.2. Effect of entry/mixing position on the
AIN powders morphology

Fig. 5 shows the TEM micrograph of AIN powder syn-
thesized at 1050°C which NH3 and N, at the same flow
rate 200 cm?/min for different feeding modes as repre-
sented in Fig. 2. Three different types of powders were
observed in Fig. 5. The particles observed by TEM are
regarded as primary particles which are composed of
more crystallites and become coarser when the feeding
position shifts from the middle zone to the front edge
of the quartz tube. When NHj3 and AICIl; mix in the
middle zone of the quartz tube the round particles are
produced as shown in Fig. 5a. The particle size seems
to be uniform. These primary particles are linked to-
gether to form many agglomerates. During feeding the
nozzles of AICI; and NH3; were located at the middle
zone 20 cm from the front edge.
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Figure 5 The TEM micrograph of the AIN powder synthesized at 1050°C for NH3 and N, at same flow rate 200 cm?/min and for different mixing

mode as represented in Fig. 2.

The shape of primary particles was polyhedral and
the size was less than 0.1 pm. Since primary particle size
was greater than that of Fig. 5a, the crystal growth of
AIN must have occurred. When the feeding nozzles of
NH3; and AICl; were that shown in Fig. 2c, the shape
of primary particles were polyhedral and partial hexa-
gonal and the crystal growth of the resulting AIN was
promoted. Both gas species, AICl; and NHj3, were
mixed in the cold zone of the quartz tube (below 200°C)
with Fig. 2d mode. The morphology of the obtained
particles with radial growth is shown in Fig. 5d. From
Fig. 5, it is concluded that when both feeding nozzles
were located in the hot zone of the CVD reactor at
1050°C are such that represented in Fig. 2, nuclei for-
mation is enhanced and fine particles production are
produced.

When the temperature of the CVD reactor was at
1050°C and the feeding located in the middle zone was
such that represented in Fig. 2a, the TEM micrograph
of the resulting powders prepared with the different dia-
meter of AICI3/N, feeding nozzle is shown in Fig. 6. It
can be observed that as the inlet diameter of the AlCl;
feeding nozzle increases from 6 to 9 mm, the parti-
cle size of the resulting AIN powders tends to become
coarser. This phenomenon leads to the conclusion that
for small nozzle, the heating rate of the reactant gas,
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the effective reaction temperature and the rate of nuclei
formation are increased in sequence, resulting in finer
particles.

3.3. Effect of entry/mixing on the

yield of AIN powder
The equilibrium yield, naiN, of each aluminum com-
pound (aluminum nitride and aluminum chloride) with
respect to the initial chloride composition could be de-
termined. The aluminum nitride yield is defined by the
ratio [25]

NanN

(7)

NAIN =
Naic,

where N a |y is the number of moles of aluminum nitride
formed, and Njci, denotes the number of moles of
consumed aluminum chloride.

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 the present study, most
of the product was recovered inside the quartz tube and
the flask connected to the outlet of the tube. Powders
recovered inside the quartz tube were from the homo-
geneous nucleation at a given reaction temperature and
the ones from the flask were probably a mixture of the
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Figure 6 The TEM micrograph of the AIN powders synthesized at
1050°C from the different diameters of AICI3/N, feeding nozzle for
NH3 and N3 at the same flow rate 200 cm?/min: (a) 6 mm, (b) 9 mm.

powders carried out of the quartz tube and the pow-
ders formed at lower reaction temperatures inside the
flask.

For the reaction temperature at 1050°C and the same
flow rate of 200 cm?/min for NH; and N, with the dif-
ferent feeding modes represented in Fig. 2, the yields of
synthesized AIN powders are listed in Table 1. Where
both feeding nozzles were located at the front edge of

the quartz tube, the total AIN yields was only 13%.
This phenomenon is presumed to be caused by the
fact that while the temperature of the middle zone
was 1050°C, the reaction temperature was below than
600°C at the front edge of the tube and the gaseous
aluminum chloride would not be dissociated into the
monomer AlCls prior to the reaction with ammonia
[18]. Under this condition hard\agglomerated crys-
talline AIN was obtained. In the present study, only
when both feeding nozzles located at the front edge
was had this result. Peuleau et al. [25] pointed out that
the yields of aluminum nitride and aluminum halides
are a function of the trihalide vapor pressure and the
ammonia vapor pressure. The increase of the yield of
aluminum monochloride corresponds to the decrease
of the yield of aluminum nitride. The yield of alu-
minum nitride decreases rapidly at an initial aluminum
trihalide vapor pressure higher than 10~ atm dur-
ing the dissociation of ammonia at equilibrium. The
yield of dimers (Al,Cly) is always less than 1% and
the yield of aluminum dichloride (AICI,) is also very
low [25].

The amount of AIN could be increased up to 82%
as the feeding nozzles where shifted from the front
edge to the middle zone of the reactor, using Fig. 2a
instead of Fig. 2d. According to Peuleau et al. [25], the
decomposition rate increased when the feeding nozzles
shifted from the front edge to the middle zone of the
reaction and the effect of the location of the feeding
nozzle for AICI; was greater than Nj.

Fig. 7 shows the yield of AIN as a function of the re-
action temperature at the same folw rate of NHz and N,
200 cm?/min, respectively. For the reaction at 600°C,
the yield was very low, only 5%. This is probably due
to the fact that ammonia dissociates into H, and N,
and not enough active source is available. Nickel et al.
[24] has pointed out that maximum yield can not be
higher than 20% as the ammonia dissociates to N, and
H; by the thermodynamic calculation. At 600°C, the
yield was extremely low because the reaction rate was
very slow.

3.4. Characterization of AIN powder

The FTIR spectroscopic result for the AIN powders
heat treated in the NH3 atmosphere at various temper-
atures for 2 h was shown in Fig. 8. The Al-O peak was
observed at 460 cm~! after heat treatment. The FTIR

TABLE I The relation between AIN synthesis yield and various mixing modes of NH3 and AlICI3/N»

AIQ AT

3
— -— — —

Mixing mode

NH;

AlC); AICl; NH;

NH3
—_— -— — —-—

Yield(%) 82 76

37 13
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Figure 7 The relation between AIN synthesis yield and various temper-
atures for NH3 and N at the same flow rate 200 cm?/min.
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Figure 8 FTIR spectra for the powders obtained after heat treatment at
various temperatures.

spectrum shows a broad peak related to Al-N bonds
at 670 cm~! [11]. Since NH3 was used as a nitriding
agent, thus the peak appeared at 2351 cm™! might be
attributed to the presence of v (NH3) in AlI-NH; [26]. A
broad peak related to v (NH3) bending variation around
1074 cm~! could be found, and a broad peak centered
around 3400 cm~! was due to the presence of O-H or
N-H bands [26].

The oxygen and nitrogen contents of AIN powder
formed by AICl3/50%N;-50%NH3 and heat-treated at
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TABLE II The nitrogen and oxygen atom contents of AIN powders
for various heat-treatment atmospheres

Content (Wt%)

Heat treatment atmosphere N (0]
N» 17.6 12.9
NH3 24.8 4.7

TABLE III The contents of trace metallic elements of AIN powders

Metallic element Content (ppm)

Si 53.8

Fe 536
Mg 5.15
Cu 5.80

1200°C under N, and NH3 atmosphere for 2 h are listed
in Table II. The presence of oxygen in the powders
may be due to the chemisorption of H,O on the sur-
face of primary particles [18]. This assumption is sup-
ported by the results of Fig. 8 where a broad absorption
band shows the presence of H,O appearing in the range
4000-3000 cm 1.

The results of powders were examined by an induc-
tively coupled plasma technique having a detectability
for metallic impurity elements as listed in Table III.
Most metallic impurity elements are about 5 ppm, ex-
cept Si content up to 53.8 ppm. Most of the trace im-
purities in the AIN powders are probably introduced
during the conversion of AlCl;3 into AIN [27].

4. Conclusions

Ultrafine AIN powders were prepared by the CVD pro-
cess via the AICI3-N,-NHj system operated at various
temperatures and different mixing modes of AlCl; and
NH3;. The results in the present investigation are sum-
marized as follows:

(1) All of the obtained powders exclusively belong to
the same single phase AIN, and are indifferent to the
variation of the mixing modes of AlCl; and NHj.

(2) The morphology of AIN powders is affected by
the mixing mode of AICl; and NH3;. When NH3 and
AlCl3 are mixed at the middle zone of the reactor, the
shape of the primary particle is polyhedral with size less
than 0.1 wm. On the other hand, as the AICl; and NH3
are mixed at the front edge of the reactor, the particle
morphology is a radially grown column.

(3) The morphology of the AIN powders is also af-
fected by the diameter of both AICl; and NHj3 feeding
nozzle, increasing from 6 to 9 mm, and the particle size
of resulting powders has a trend of coarsening.

(4) The yield of synthesized AIN powders is affected
by the location of the entry/mixing of the reacting AICl;
and NHj gases. The yield increases from 13 to 82%
when the mixing location shifts from the front edge to
the middle zone of the reactor. In addition, the yield
is also affected by the reaction temperature, increasing
from 5 to 82%, as the reaction temperature increases
from 600° to 1050°C.
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