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LPCVD of Al; O3 layers using a hot-wall reactor

C.LABATUT, C. COMBESCURE and B. ARMAS

Institut de Science et de Génie des Matériaux et Procédés, CNRS-IME BE 5, Odeillo, 66125 Font Romeu
cedex, France

ABSTRACT:

We have studied the chemical vapour deposition of alumina
(Al,05) wusing aluminium chloride (21Cl;) as a source of
aluminium and nitrous oxide (N,0) or carbon dioxide (CO,) as
the oxygen vector. We also used hydrogen (H,) and a carrier gas
(N,). A preliminary thermodynamic study indicated the influence
of temperature, total pressure of the reactants and the
composition of the gas mixture. The synthesis of the alumina
deposited was carried out in a hot-wall reactor at temperatures
between 1000 and 1300°C and at pressures varying from 133 to
665 Pa. All deposits were crystallised and adherent to the
substrates of silicon carbide (SiC) or aluminium nitride (A1lN).
The structure and crystallographic orientation of the Al,0;
films were investigated by X-ray diffraction. Particular
attention was paid to the morphology of the deposits.
Observations were made with the help of a Scanning Electron
Microscope (SEM). Two studies were carried out as a function of
temperature, one for the deposits made from nitrous oxide and
the other for those made using carbon dioxide. The crystal size
of Al,0; increases with temperature but, more importantly, the
crystal habit changes too.

1. INTRODUCTION

For many years, chemically vapour-deposited Al,0; film has
been chosen as the coating material for improving the wear resistance
of cutting tools and for lightweight transparent armour applications.
For these applications, Al,0; layers were deposited in a cold or hot
wall reactor from AlCl;-H,-CO, [1,7].

For semiconductor device applications, an organometallic
precursor (Al(C;H;0)3) has been chosen to elaborate Al,0; [8-10].

Nitrous oxide as an oxygen source was used only with aluminum
trimethyl to elaborate Al,0; by CVD [11].

Here, alumina has been studied as an oxidation-resistant
product. Thus, we were looking for a high-compacity deposit with good
adherence of the layers to the substrate. For this, we had to examine
the morphology.

In order to work under industrial conditions, we chose to
elaborate our deposits in a hot wall reactor.

It 1is possible to vary four parameters: total pressure, the
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precursors, the supersaturation and the temperature.

The total pressure was maintained at a low value (1 to 5 Torr)
in order to eliminate the risk of a nucleation in the homogeneous
pPhase.

Two oxygen sources, nitrous oxide and carbon dioxide, were
used.

The supersaturation and the temperature are the principal
factors controlling the nucleation and the resultant structures of
the deposits. In a hot wall reactor, one cannot work with an high
supersaturation of the reactants. Thus, we studied the influence of
the deposition temperature in two systems AlCl;-N,0-H, and AlCl;-CO, -
H, . This parameter is an especially critical factor related to
adsorbed atomic or molecular mobility, which influences the growth
morphology.

The present work firstly examines the theoretical possibility
of having an alumina coating with the help of the thermodynamic study
of the two preceding systems. For AlCl;-CO,-H, and for a high total
pressure, this system has already been the object of several studies
(12,13].

Secondly, we experimentally observed the evolution of the
growth morphology with temperature.

2. THERMODYNAMIC STUDY

Two systems were investigated Al1-Cl1-N-O-H-Ar and Al-Cl-C~O-H-
Ar.

The composition of the equilibrium phases was first determined
by a thermodynamic calculation. Thermodynamic calculations based on
the minimization of the total Gibbs free energy of a system were
carried out using the computer program "“SOLGASMIX" developed by
ERIKSSON [14].

In the following analysis, it was assumed that the substrate
is chemically inert towards both the alumina deposit and the vapour
phase. For this calculation, it was assumed that the system was in
equilibrium and that all the chemical species able to be present at
equilibrium were known and taken into account.

For AlCl;-N,0-H,, 56 species were considered (table 1) and for
AlCl;-CO,~-H,, 55 (table 2).

For the +two systems, the thermodynamic data used for the
calculation was taken from JANAF, BARIN tables and for the aluminium
oxynitride (Al;0,N) the values are KAUFMAN’s[15].

The domain of investigation is: 0.01<¢ N,0/A1C1l; <100 or 0.01f
CO, /AlCl; <100, 0.01< H, /AlCl; €100, 1200¢ T <1800 K and 10-3< P
€5.10°3 atm (133 to 665 Pa).

Since the chemical species initially introduced into the
calculations either reacted totally at equilibrium to give new
species or remained partially unreacted, the results will be
formulated as thermodynamic yields n, . For example:

<AL, 05> ., Alcl; .,
Mat1203=200 —===—————e Matc13=100 —=—————e
alcl; ., aicl; ;,
HC1 eq CO; egq
Nge1 =100 —=====—-c Nco2 =100 —=—====--—-
3 AlCl; ;, CO, in

in which X;, is the input number of moles of species X

and Xeq is the number of moles of species X at equilibrium.
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2.1 Influence of the initial composition:
We look at the variation of ny, as a function of the initial
composition ratios: a=N,0/AlCl; or B=CO,/AlCl;, k=H,/AlCl;.

2.1.1 Yield variation as a function of the ratio of oxygen vector to
aluminium chloride
- For nitrous oxide
The influence of nitrous oxide on the equilibrium composition
was investigated (figure 1). Until the point where o=0*=1.6, as «
increases, the quantity of solid Algo3 increases and consequently
that of the chloride decreases. After o, the quantity of solid Al,0;
stays constant and the formation is maximised. Thus, in order to
obtain a good reaction yield, it is necessary to work with an excess
of nitrous oxide over aluminium chloride.
- For carbon dioxide
The influence of carbon dioxide on the equilibrium
composition was investigated (figure 2). We can discuss the results
as a function of B which is similar to a. For the same temperature
and a low pressure, the results for solid Al,0; are identical to the
previous study. The formation of dangerous carbon monoxide (CO) is
noted whatever for all values of B and the presence of carbon dioxide
when § has a high value ($210).

2.1.2 Yield variation as a function of the ratio of hydrogen to

aluminium chloride

In figures 1 and 2, we have an excess of H,. Now, the
influence of hydrogen has been studied for a value of o or B which
gives a maximum yield of solid Al,0;.

Figure 3 shows that x does not change the result of the solid
Al,0; yield. k only has an influence on the gaseous phase. The «
increase results progressively in the formation of H,0 and HC1,
instead of 0, and Cl,, in the latter phase.

In figure 4, when « increases, the solid Al,0; yield
increases. With this system, we note a greater influence of hydrogen
in the formation of solid Al,05.

2.2 Influence of the temperature

For Al,0;-N,0-H,, the temperature does not influence the solid
and gaseous phases.

For  AlCl;-CO,-H,, the solid phase presents the same
phenomenon. For the gaseous phase, the presence of a slight variation
is noted. When the temperature increases part of the CO is
transformed into CO, and part of the H, into H,0.

3. EXPERTMENTAIL STUDY

The experimental device used was a vertical hot wall reactor
composed of a graphite susceptor heated by high frequency induction.
Source gases were hydrogen, nitrous oxide or carbon dioxide and
nitrogen. The aluminium chloride (A1Cl;) was put in an evaporator.
The AlCl; was heated by a wire heater and carried by nitrogen. The
aluminium chloride was inputted separately from the other reactive
gases to avoid a reaction between them before the reaction zone. The
deposits were made on graphite substrates protected by a B SiC layer
deposited by CVD.

3.1 Alumina by AlCl;-N, O-H,

The conditions were P=133 Pa, the ratios N,C/AlCl;=20,
H, /A1C1;=150 and N, /A1C1;=260 with a variation of the temperature
between 1000 and 1200°C.

The X-ray diffraction patterns show that crystallised Al,0; is
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synthesized. As a function of the temperature, different phases are
obtained. At 1000°C, a mixture of 0-Al,0; and a-Al,0; is obtained.
a-Al, O; (corundum) is the stable phase of alumina and 6-A1},0; is a
metastable phase. At higher temperatures, only a-Al,0; is detected.

The surface morphology of the deposits has been examined by
Scanning Electron Microscopy (SEM). At 1000°C, the observations of
the surface show two types of crystals. Large ones (6 um) with
pyramidal and prismatic forms and small ones of 0.5 pm size (figure
7). When the temperature increases up to 1150°C, only prismatic (100
or 010) and pynacoidal (001) faces are present, the pyramidal faces
have disappeared (figure 8). At 1200°C, we observed well defined
crystals (20 ym) with a combination of forms formed by (110), (001)
and probably (113) (figure 9). Thus, two phenomena are revealed as a
function of the temperature: variation of the crystal shape and
variation of the crystal size.

3.2 Alumina by Al1C1;-CO, -H,

The conditions are P=665 Pa, the ratios CO,/AlCl;=50,
H, /A1C1;=150 and N, /AlCl;=260 with a variation of the temperature
between 1100 and 1300°C.

The total pressure and the initial temperature are increased
(665 Pa; 1100°C) to have a sufficiently high deposition rate.

The X-ray diffraction patterns show that crystallised a-Al, 0z
is synthesized.

The surface morphology of the deposits was examined by
Scanning Electron Microscopy (SEM). At 1100°C, the crystal shape is
new, we do not observe this with AlCl;-N,0-H,. It is a combination of
pynacoidal (001) and inclined (012) faces. This deposit seems very
compact, the crystal size being around 3 pm (figure 10).

At 1200°C, the crystal habit is formed of prismatic (110),
pynacoidal (001) and inclined (116) or (113) faces. The surface
appearance is similar to the one elaborated at 1150°C from the AlCl;-
N, O-H, system (figure 11).

When the temperature increases up to 1300°C, the surface
presents a disorder similar to that of the layer made at 1200°C with
the nitrous oxide precursor.

The crystal shape is a result of a combination of pynacoidal
(001), prismatic (110) and inclined (012), (113), (116) faces (figure
12).

4. CONCLUSION .

The thermodynamic study indicates the existence fields of
Al,0;, and shows that it is easy to obtain alumina from AlCl;-N,O-N,
or from AlCl;-CO,-H, if one works with an excess of nitrous oxide or
carbon dioxide over aluminium chloride.

This result 1is 1in agreement with the previous study on the
AlCl; ~CO, -H, system. We made a similary study only as a comparison
with the AlCl; -N,0-H, system.

In the experimental study, by varying the temperature, we have
deposited alumina. From AlCl; -N,0-H, and at low temperature (1000°C),

6-2al, O3 has appeared. This compound 1is not revealed by the
thermodynamic study because it is a metastable phase. In the two
systems, the crystallization has a similar evolution with

temperature. The deposits seem more regular at an intermediate
temperature (1150 - 1200°C).
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Table 1. Chemical species introduced in the thermodynamic
calculations (<> solid, //liquid, gas)
SYSTEM Al-Cl-N-H-O
a1l A1OOH c10, NH; N, Og HO,
alcl, Alo C1,0 N, H, NOH o
Alcl, alo, ClHO N, H, NO, H 0,*
AlCl Al,0 C1NO NO NOz H JALl/*
Al,Cl,  Al,0, C1NO, NO, H <A1IN>
alocl cl N NO; H,* <Al,0; >
AlH cl,* N, * N, 0 H, 0 <Al;04 N>
ALN ClH NH N, 05 H, 0, <AlCly >
AlOH clo NH, N, 0, HO <AloCl>
Table 2. Chemical species introduced in the thermodynanic
calculations (<> solid, //liquid, gas)
SYSTEM Al-Cl-C-H-O
Al Alo C1HO CH; C1 0 J/Al/*
Alcly alo, cocl CH, 0,* <c>*
Alcl, Al,0 cocl, C,H, 0 CH, <Al, 05>
alcl Al,0, co C, H, CHO <Al, C3>
Al,Cl, c1 co, H ccl <Alocl>
Al0Cl cL,* C5 0, H,* CHC1
AlH ClH ccy, H, O ccl,
AlOH clo CHCl, H, 0, cCly
AlOOH clo, CH, C1, HO c,Cl,
alc c1,0 CH,0 HO, C,Cl,
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Figure 4 :
Variation of n, equilibrium
yields for the main species
as a function of kx, with
=50, P=5.10"3 atm (506 Pa)
and T=1400K.

Figure 5 :
Variation of ny equilibrium
yields for the main species
as a function of temperature
with 6=20, k=150, P=10-3 atnm
(101 Pa) and T=1400K.

Figure 6 :
Variation of n, equilibrium
yields for the main species
as a function of temperature
with p=50, k=150, P=5.10"3
atm (506 Pa) and T=1400K.
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Fig.7. Fig.8. Fig.9.
SEM micrographs showing the microstructure of
Fig.7. a-Al,0; and 8-Al,0; at T=1000°C.
Fig.8. o-Al,0; at T=1150°C.
Fig.9. o-Al,0; at T=1200°C.

Fig.10. Fig.11. Fig.12.
SEM micrographs showing the microstructure of
Fig.10. a-Al,0; at T=1100°C.
Fig.ll. a-Al,0; at T=1200°C.
Fig.12. a-Al,0; at T=1300°C.



