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Abstract — Aluminum has been used widely as a conducting material in the fabrication of integrated circuits, and
chemical vapor deposition process for Al has been actively investigated for the application in ultra large scale integra-
tion. In this review. various precursors, mainly alkyl aluminum and alape compounds, and reaction mechanisms of
these precursors in Al CVD are described. Fpitaxial growth and selectivity of the deposition are also discussed. In
addition to thermal reactions, plasma and photochemical reactions are also briefly described.
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INTRODUCTION

Al thin films are widely used in many industrial applications
such as metallized polymers for packaging, optical coatings for
mirrors and compact discs, and interconnects in nicraelectronic
devices [ 1-9]. Metallized polvmers are used as a diffusion barrier
for water, oxygen and other gases. For this applications, films
should be pinhole free and specularly reflective to visible light
for good appearance. The reflectivity of Al is second cnly to Ag
and information storage on compact discs utilizes the reflectivity
of Al films on polycarbonate. Specularly reflective films require
smooth surfaces and most mirror like Al films are composed of
a large number of grains less than 200 nm in diameter, Tinted
glass utilizes the absorptivity of very thin (10 nm) Al films to
reduce the amount of light, especially in the infrared region, tran-
smitted through a window.

The resistivity of bulk Al 1s 2.74 uQ2-cm, which is only slightly
greater than that of Ag (1.61 pQ-cm) and copper (1.70 p2-cm).
Low resistivity is desirable as an interconnect material because
device speed can be faster. Al films also adhere well to Si, Si0.,
other metals, and some polymers. Al can be easily etched despite
a native oxide formation, which is also important in the patterning
of micro circuits. Al has been used widely in the metallization
of integrated circuits because of these advantages even though
there has been a concern [10] about its susceptibility towards
electromigration, large discrepancy in thermal expansion coeffi-
clent with silicon, and reactivity with semiconductors.

So far, most of commercial Al films have been deposited by
physical vapor deposition, z.e.. sputtering and evaporation [11-16_.
They can produce films of high purity and deposition temperature
can be as low as room temperature. Al films deposited by PVD
are mainly polycrystalline and models relating growth conditions
to the micro structure have been described [ 17-23]. High vacuum
conditions are needed for PVD process but most CVD processes
are operated in the range of low (about 0.1 torr) to atmospheric
pressure. With PVD process. it is difficult to deposit films with
good conformality on submicron feature sizes because it gives
mainly line of sight deposition due to the large values of mean

free path and the high sticking coefficient of metal atoms or clus-
ters. In CVD, the mean free path of the molecules and their stick-
ing coefficients are smaller and also the molecules or fragments
have more time to migrate on the surface before they form a
solid deposit through chemical reactions. Because of this, CVD
processing usually gives more conformal coverage of a surface
[5.24] and allows a reactor design for multiwafer processing to
give high throughput. For this reason, Al CVD [25-28] has been
actively investigated for ULSI applications like 256 mega or 1
giga bit DRAM fabrication.

CVD process has some disadvantages, t.e., difficulty in handling
chemicals, maintaining a pure and safe system, and high cost of
the molecular precursors. Some contaminants are present in the
source of the precursors and also precursors can undergo unwant-
ed side reactions causing impurity incorporaticn in the film. De-
positions of thin {ilms with CVID) usually require substrate temper-
atures higher than PVD. The relative complexity of CVD requires
a greater effort to develop a sucessful process and understanding
of precursor chemistry is essential to design an optimized CVD
system for high quality thin films.

In this review, various precursors, mainly alkyl aluminum and
alane compounds, and their reaction mechanisms in the gas phase
and on the substrate surface in Al CVD are described. Epitaxial
growth and selectivity of the deposition are also discussed. In
addition to thermal reactions, plasma and photochemical reactions
are also briefly described. Other aspects of CVD such as flud
mechanics and transport phenomena. which is also important in
the design of a CVD reactor. has been described elsewhere [29-
341

PRECURSOR CHEMISTRY

Table 1 summarizes some of the precursors widely investigated
for Al CVD and their properties [35, 36]. CVD precursor should
have appreciable vapor pressure to be transported into the reactor
without condensation. It should also be stable enough so that it
does not dissociate to form a solid phase before it reaches the
substrate surface. On the substrate surface, it should dissociate
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Table 1. Al CVD precursors and their characteristics

G h
rowt Selec-

tivity**

Vapor
pressure temp.*
torr (C) T
11 (20 300 none
0.1 (36) 160 -
0.1 27) 230 Si
2 (25 230 Si
3 (60) 340 Si

Precursor

Trimethylaluminum (TMA)
Triethylaluminum (TEA)
Triisobutylaluminum (TIBA)
Dimethylaluminum hydride (DMAH)
Diethylaluminum chloride (DEACI

Trimethylamine alane (TMAA) 1.1 (19) 100  Metals
Triethylamine alane (TEAA) 0.5 (25) 100 -
Dimethylethylamine alane (DMEAA) 1.5 (25) 100  Metals

Trimethylamine aluminoborane (TMAAB) - 100 -
*approximate lowest temperature reported for a thermal deposition.

**preference for thermal growth on the material in the presence of
Si0..

effectively to form a deposit without the incorporation of impurity
atoms from the precursor molecules and reaction byproducts.

Some of the precursors which have received the most attention
to date and their chemistry involved in the deposition process
will be described below.

1. Alkylaluminum
1-1. Triisobutylaluminum (TIBA)

TIBA has received the most attention for Al CVD and since
early 1980s, several groups demonstrated the usefulness of this
precursor for integrated circuit applications {37-39]. A hot wall
reactor at 200-300T and 0.2-0.5 torr was used with deposition
rate around 20-80 nm/min. TIBA is a colorless and pyrophoric
liquid having a vapor pressure of about 0.1 Torr at ambient tem-
perature. It is known to be monomeric in the vapor phase and
its structure is given in Fig. 1(A). It has been used as a catalyst
for the polymerization of olefins and was found to produce high
quality Al thin films with purity higher than 99 atom% through
CVD [40]. The mechanism to liberate the isobutyl groups is the
well-known B-hydrogen elimination reaction as shown in Fig. 2(A).

At temperatures above 50C, TIBA loses one isobutyl ligand
and forms diisobutylaluminum hydride (DIBAH). It has a substan-
tially lower vapor pressure (0.01 torr at 40C) because it exists
as a hydrogen bridged trimer as shown in Fig. 1(B). When the
precursor vessel and the gas lines are heated to 40-30TC to pre-
vent the condensation of TIBA, the formation of some DIBAH
is likely. Its formation has caused a reduction in the reflectivity
of Al films (increase in surface roughness) [41]. The addition
of excess isobutene to the carrier gas can suppress the dissocia-
tion [40]. Above approximately 200C, DIBAH reacts to give Al
and most CVD studies employ a temperature higher than this
in order to obtain useful deposition rates. Aluminum can also
be deposited directly from TIBA without DIBAH formation {42-
45]. TIBA also reacts with sources of oxygen to form alkoxides
as shown in Eq. (1). These alkoxides can be volatile and can there-
fore be a source of contamination in the film [46, 47]. The prob-
lem has been avoided with the use of a distillation system located
upstream of the reaction zone [41].

AlG-Bu); + (3—x)/2 0,—Al(0-i-Bu); - (i-Bu), (x=0--2) (1)

The surface chemistry of TIBA pyrolysis was investigated with
effusive molecular beam scattering, TDS (thermal desorption spec-
troscopy), AES, low energy electron diffraction (LEED), high-re-
solution electron energy loss spectroscopy (HREELS), and SEM

January, 1995

H4C {;‘ﬁh
HyC 2 "--,AllC 2
—(=H H;C L~
BN H,__ CH H c:L i iR CHy
H2C Co.’ ’ ! | £ CH;
% _(j CHj H3C ‘1.'\2 /,\_'; CH,
P A N H( SH ({':l:
“\ H ~=H
- c-H
-~ C~ H4C”™ HiC™ b
HyC &L'H:,’ > CHy > CHj
(A) (B)

Fig. 1. Structure of (A) triisobutylaluminum and (B) diisobutylalumi-
num hydride trimer.
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Fig. 2. Surface reaction mechanism of Al CVD from triisobutylalumi-
num (A) B-hydride elimination reaction below 600°K and (B)
B-methyl elimination reaction at higher temperatures.

in a UHV system [42-45]. The decomposition of TIBA on Al(100)
and Al(111) surfaces took place at about 200C to form carbon-
free epitaxial Al, H, and isobutene [44]. Both hydrogen and iso-
butene readily desorb from Al surface below the decomposition
temperature indicating that product desorption is not rate limiting.
The rate of formation of isocbutene was first order with respect
to the flux of TIBA. Following TIBA adsorption, each of the isobu-
tyl groups then participates in a rate determining p-hydrogen eli-
mination reaction to liberate isobutene and form a surface bound
hydrogen atom [48-51]. Molecular TIBA desorption was never
observed in the TDS study. The rate of the surface process is
2-5 times faster on Al(111) than on Al(100), which is presumably
due to the respective work functions of Al(111) and Al(100). Above
330C and 350TC for Al(100) and Al(111) surfaces, respectively,
carbon incorporation was evident from a more highly activated
B-methy] elimination step of an isobuty!l ligand as shown in Fig.
2(B).

The reluctance of TIBA to deposit Al onto SiO, has been used
to grow selectively on silicon and Al surfaces [38]. The selectivity
in such depositions is established at the nucleation stage of film
growth. The mechanism behind selective area growth was investi-
gated in a series of X-ray photo emission spectroscopy (XPS) stu-
dies in a UHV environment [52-54]. The reason for the difference
in the growth rates on the different surfaces was traced to the
interaction of TIBA with oxygen in SiO.. Upon adsorption of TIBA
on Si0;, the first two isobutyl groups were readily released, even
at room temperature [52]. The B-hydride elimination for the third
isobutyl group, however, was suppressed, and the monoisobutyl-
aluminum species inhibited film growth on SiO; by preventing
further adsorption of TIBA [53,54]. No decomposition of this
last isobutyl group was observed even when the surface of the sub-
strate was maintained above typical growth temperatures (450C ).
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Fig. 3. Trimethylaluminum in dimeric form.
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Fig. 4. TMA surface decomposition mechanism on Si(100).

It was suggested that the activation energy for B-hydride elimina-
tion reaction became higher when Al is bound to an electronega-
tive atom such as oxygen [55, 56]. This may explain the reluc-
tance of the last isobutyl group in TIBA to be removed from
Si0: surface. Native oxides of Al surface also inhibits the nuclea-
tion.

1-2. Trimethylaluminum (TMA)

This precursor is a liquid at room temperature with a vapor
pressure of about 11 torr at 20°C. It exists as a dimer in the
gas phase at ambient temperatures and as a monomer at elevated
temperatures (~200T ) [57]. The structure of the dimer given
in Fig. 3 shows that it contains both terminal and bridging methyl
groups bound to Al [58]. TMA has been shown to adsorb on
the surface of silicon substrates up to ambient temperatures as
a dimer with the long axis of the molecule perpendicular to the
substrate surface [59-62].

Deposition temperature for TMA is in the range of 350-550C
[63]. The mechanism for the decomposition of TMA both in the
gas phase and on the surface is complex, and a number of studies
have shown that the path is strongly dependent on the reaction
conditions and substrate surfaces. There is no general agreement
on the mechanism of aluminum deposition from TMA and it is
complicated by competing reactions which lead to the incorpora-
tion of relatively high amount of carbon into the film. Both the
liberation of reactive radical species such as CH; [64,65] and
stable molecular species such as CH, [62, 66-70] have been pro-
posed as mechanisms of TMA decomposition. TDS, XPS, and
EELS analysis showed that monomeric TMA on the surface of
a Si(100) substrate was fragmented by an intramolecular pathway
to eject CH, (62, 66, 68] as shown in Fig. 4. Carbon incorporation
was attributed to the decomposition reaction on the substrate sur-
face to produce elemental carbon or C-H. Small amount of CH,
was shown to be evolved from a clean, polycrystalline Al surface
following exposure to TMA (69, 70] and in this case, large quanti-
ties of C remained on the surface. In contrast, methyl radicals
were detected by mass spectrometry when a beam of TMA was
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Fig. 5. Reaction mechanism of trimethylaluminum on SiQ, surface.

reacted with a variety of surfaces (Cu, Al, quartz and GaAs) at
temperatures in the range of 280-630C [64,55].

A number of researchers have investigated the mechanism for
TMA chemisorption on SiQ; and AlLO; and have found carbon
to be a byproduct of the decomposition [71]. A summary of the
proposed reactions is outlined in Fig. 5. In the case of TMA adsorp-
tion on Ru(001), the dominant desorption product was H. [72].

It was shown that aluminum films deposited by the pyrolytic
decomposition of TMA contained high levels of carbon in the
bulk of the film as well as at the substrate surface [73-76] with
stoichiometry approaching ALC;. The formation of Al,C; thin films
1s consistent with the assumed product from the thermal decom-
position of TMA [77]. FT-IR spectroscopy was used to quantitate
the decomposition of TMA in a sealed stainless steel reactor heat-
ed to 150TC and established that the reaction was first order in
TMA and that the overall stoichiometry was

AL(CH3)s—1/2A1,C+9/2CH, (under N.). (2)

Changing the atmosphere from N, to H, did not change the activa-
tion energy for the decomposition, although it did result in the
formation of aluminum as

Alg(CH‘)h+ 3H;‘_’2A] + 6CH4 (under Hg) (3)

In a pyrex cylinder, at significantly higher TMA pressures (9.1-
855 torr) and temperatures {298-334T ), the reaction products
consisted largely of CH, and lesser amounts cf ethane, ethylene
and H, [73]. Thermodynamic calculations on the thermal decom-
position of TMA were used to predict the nature and relative
amounts of equilibrium products [787.

In summary, TMA is of questionable value for CVD applications
due to the tendency for carbon to be incorporated into the film.
1-3. Other alkylaluminum

Korean J. Ch. E.(Vol. 12, No. 1)
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Fig. 6. A surface electrochemical reaction model for the selective
growth of Al from DMAH.

Other alkylaluminum sources such as TEA, DMAH and DEACI
have been investigated to a lesser degree than two precursors
already discussed. They are also pyrophoric and react vigorously
with moisture. Additionally, they tend to exist in an associated
state in the gas phase, particularly in the form of dimers.

Triethylaluminum (TEA) is a liquid at room temperature and
has a vapor pressure of 0.1 torr at 36C . The low vapor pressure
requires the precursor to be heated higher than 40C [79]. The
kinetics of the thermal decomposition of gaseous TEA were re-
ported using a closed system in the temperature range of 160-
190 and a pressure of approximately 50 torr [80]. An independ-
ent study showed that films of Al deposited from gaseous TEA
contain Al carbide as well as elemental carbon with the concentra-
tion increasing with temperature. Lower carbon incorporation is
evident, however, relative to TMA [81, 82]. This fact probably re-
flects the importance of the B-hydride elimination and is a notable
example of how the composition and the micro structure of a
film depend on the structure of the molecular precursor.

Dimethylaluminum hydride (DMAH) is a liquid at room tempera-
ture with a vapor pressure of 2 torr at 25C [83]. The pure
liquid state has a degree of association of at least three. In the
vapor, it is trimeric at low temperatures and becomes dimeric
at around 160C . Unlike TMA and TEA which are alkyl bridged
structures, the Al atoms in DMAH are bridged by hydrogen [84].
The heat of association of 15-20 kcal/mol per H bridge is typically
higher than that for the CH; bridges in TMA having a value of
about 10 kcal/mol per CH, [85]. DMAH pyrolysis has been per-
formed at temperatures from 230-280C in a hydrogen gas flow
of a few torr [79, 86,87). Selective growth of Al on Si in the
presence of Si0, using DMAH has been observed {86, 87]. In
one study, an optimized temperature range of 235-2457 was used
[87]. At 200TC, no deposit was found on either the Si or SiC,
according to optical micrographs, while at 310C . Al wes deposited
on both Si and SiO. with islands of Al appearing on the oxide
surface. In a related report, a temperature of 270C was used
for selective growth [86]. As a generalization, selectivity was pos-
sible on electrically conducting substrates like TiN and doped
silicon but not on insulating materials such as Si0; and borophos-
phosilicate glass. This precursor is believed to give good Al film
with low carbon contamination and good selectivity and has been
widely used by Japanese researchers. A surface electrochemical
reaction model, where surface free electrons catalytically contri-
bute to the reaction, for selective growth of Al from DMAH is
shown in Fig. 6.

Diethylaluminum chloride (DEACI) is also a liquid at ambient
temperature and aluminum films have been grown from DEACI
at 310-380C in a cold wall system with a stream of hydrogen
carrier gas [ 88]. In the presence of Si(100) and SiO,, the Al depo-
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Fig. 7. Molecular structure of trimethylamine alane in dimeric form
in the solid phase, monomeric form in the gas phase, and bis
adducts.

sits were confined to the silicon surface. The precursor required
heating to 60C in order to obtain a convenient vapor pressure.
A film deposited on polycrystalline silicon at 340C was grown
at a rate faster than 37 nm/min and had a resistivity of 5.1 uQ}-
cm. Despite the faster deposition rates encountered on Si(111),
the activation energy on both Si(111) and Si(100) surfaces was
39 kcal/mol. A pathway where AICl was reduced by surface silicon
was suggested [89].

2. Alane Compounds

Alane (aluminum hydride, AlH;) itself is an unstable vapor at
ambient temperatures which polymerizes to form a low vapor
pressure, solid containing bridging Al hydrogen bonds of the type
Al-H-Al [36]. The coordination of the Lewis acid, AlH,, with a
Lewis base, which donates a single pair of valence electrons to
the metal, gives rise to a relatively stable donor-acceptor complex.
In this structure, the Al atom possesses an octet of valence elec-
trons which makes it stable against polymerization. The commonly
known basic donors are amines such as Me;N, Me,EtN and Et;N.
These precursors are readily synthesized from one step reactions
involving LiAlH, and the hydrochloride salt of amine [90]. Trime-
thylamine alane (TMAA) [91-94], triethylamine alane (TEAA)
[95-97], dimethylethylamine alane (DMEAA) {98, 99] and (Me;N)
AlH,(BH,) [100] adducts have heen the focus to grow Al films.
These adducts of alane do not contain Al-C bonds, and the Al-
N bond is easily cleaved. As a result, problems of carbon incorpo-
ration are minimized. In one study, carbon incorporation was be-
low the background of Secondary lon Mass Spectrometry (SIMS)
(2X10™ atoms/cc or 10 %) [101] and the level of carbon was
similar to that found in a device quality sputter deposited Al film
[102]. As a result of the promise shown by these compounds
in the field of Al and Al related CVD processes (AlGaAs), they
have begun to appear on the commercial market.

2-1. Trimethylamine alane (TMAA)

Several groups showed the potential of the precursor molecule
(Me,N)AIH; (TMAA) for CVD applications [91-94]. Pure alumi-
num films were deposited from this solid precursor at relatively
high deposition rates and at temperatures below 100T . With tri-
methylamine, both the mono and the bis adducts are known and
their structures are shown in Fig. 7. These two adducts exist
in a gas phase in equilibrium with the crystalline phase of the
2:1 complex 7103]. The 1:1 adducts is a monomer in the gas
phase [104, 105] but in the condensed state, it exists as a dimer
[106]. The 2 : 1 adduct, on the other hand, is a monomer in both
the condensed [107] and gaseous phases [104]. Both the 1:1
and the 2:1 adducts of TMAA are colorless crystalline solids
having vapor pressures of about 1 and 2 torr at 25C | respectively.
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Although these precursors display sensitivity to atmospheric H,0
and O,, they are significantly less air sensitive than the alkyl Al
compounds and are not pyrophoric unless exposed to high humid-
ity conditions. In the atmosphere, the complexes decompose to
give involatile Al oxides and hydroxides. This means that the
inevitable decomposition of the precursor due to the presence
of residual contaminants results in byproducts which are not read-
ily transported to the deposition zone and therefore do not contri-
bute to the contamination in the film.

Studies have shown that the pyrolysis of TMAA produces Al
films at temperatures helow 100C and liberates molecular hydro-
gen along with trimethylamine. The adsorption and kinetics of
film growth from TMAA has been investigated [108] and it was
decomposed on Al(111), Al(100) and Si(111) single crystal surfaces
as well as on AlLQ, [108-110]. A distinction in the behavior of
the decomposition on Al surfaces at temperatures helow and
above ambient was made. For Al(111) and Al(100) substrate with
temperatures in the range of —190 to 10T, the reactive sticking
probabilities were low (<0.01) with molecular desorption domina-
ting in the TDS studies. Small amount of decomposition that were
noticed was attributed to surface defect sites. Using molecular
beam scattering, it was established that above 30T . growth of
epitaxial Al took place with increasingly high efficiency (greater
or equal to 0.5 at 30C ) suggesting that a majority of the Al(100}
and Al(111) sites were involved. Trimethylamine and H. were
the observed desorption products. The Al films were highly reflec-
tive even for thicknesses above 1000 nm and no C, N or O were
detected either in the bulk or on the surface of the film by AES,

On the basis of the surface studies [111-114], a decomposition
pathway was proposed for the surface reaction under steady grow-
th conditions as shown in Fig. 8. With TIBA, the ability to dis-
perse the alkyl ligands over an Al surface facilitated the deposi-
tion. A similar scheme has been proposed for TMAA with the
hydrogen atoms dispersing themselves over the Al surface. This
behavior of hydrogen is reflected in the TDS data for H. desorp-
tion from single cryvstal Al where a single H, desorption peak
is observed at temperatures near 30C . Film growth on ALO; and
Si(111) surfaces proved to be more difficult. Nucleation on Si
was more highly activated than the steady state growth on Al
giving rise to the formation of polycrystalline Al, textured in the
(111) direction.

Depositions using TMMA in a cold wall reactor tock place in
the temperature range of 200 to 350C and resulted in growth
rates of up to 140 nm/min at TMAA pressures of 75 mtorr. Al-
though typical depositions were carried out at 250C, growth on
Cu substrates was possible at temperatures down to 85C and
higher growth rates (in excess of 1000 nm/min) have been obser-
ved below 200C [101]. Depositions conducted in hot-wall reac-

tors are more likely to have a contribution from gas phase chemi-
stry. For example, the dissociation of one of the trimethylamine
ligands from (Me;N),AlH; occurs in the gas phase at room tempe-
rature [115] as

(Me;gN)gAIH;;—’(Me,gN)AlH_’i + Me;;N. (4)

As the deposition of Al proceeds, the steady state concentration
of Me;N will affect the equilibrium of above reaction. Because
of the high reactivity of AlH;, even the formation of very small
quantities could be important, especially in the nucleation stage
of film formation or in the formation of particles in the gas phase.

The so-called incubation period that is encountered before Al
growth is observed on Si and SiO. substrates from alane and
this has been used to grow Al films selectively on metallic sur-
faces [99, 101). Aluminum has been deposited selectively on me-
tals such as Au, Cu, and W in the presence of 5i. Once the critical
nucleus size [116-119] is formed, steady state growth will contin-
ue regardless of the original substrate. Number of factors could
affect the formation of the critical nucleus. For example, a small
sticking coefficient of the precursor on one of the surfaces could
diminish the probability of supersaturation necessary to induce
the nucleation. It is also possible that a surface sensitive chemical
reaction must take place to generate the growth species. As men-
tioned above, a large activation barrier exists for hydrogen elimi-
nation from isolated alane molecules. The selectivity of growth
on metallic surfaces may be the result of their ability to catalyze
the desorption of hydrogen. On surfaces such as Si0,, hydrogen
desorption may be slow unless an Al cluster has formed allowing
the growth to sustain itself. In support of this, it has already been
mentioned that Al nucleation on Si and GaAs surfaces is slower
than on Al Both of these surfaces desorb H. at significantly higher
temperatures than Al [109, 110, 120].

Aluminum films have been selectively deposited from TMAA
onto SiO. without heating the substrate using laser assisted chem-
ical vapor deposition and focused ion beam stimulated deposition
techniques [92,94,1211.

2-2. Triethylamine alane (TEAA) and dimethylethylamine alane
(DMEAA)

TEAA is a clear colorless liquid with vapor pressures of 1.5
torr at 25C and it does not appear to exist as the bis adduct.
Liquid precursors are desirable because they provide a constant,
more easily reproducible flux of precursor into the reactor compar-
ed to solid precursors. Al films grown from TEAA had low impu-
rity levels according to SIMS [95]. Its lower vapor pressure re-
sulted in slower growth rates (still 2-4 times those of TIBA at
2500C ) although the film morphologies were sirnilar at comparable
temperatures and pressures. The surface decomposition pathway
in a UHV environment has also been studied [97] and the struc-
tural similarity of TMAA and TEAA suggested that the overall
decomposition mechanism for TEAA should be similar to that
for TMAA.

Despite the similarities in the decomposition of TMAA and
TEAA, there was also a striking difference in the kinetics which
has been related to the difference in the Al-N bond energy in
changing the donor ligand from trimethylamine to the more ster-
ically incumbering triethylamine. TDS experiments with TEAA
demonstrated that H, was the species which desorbed from the
surface at the highest temperature and H. desorption was suggest-
ed as the rate limiting step in the surface kinetics {97]. The
kinetics of decomposition on the surface for TMAA and TEAA

Korean J. Ch. E.(Vol. 12, No. 1)
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are controlled by the rate of AI-N bond cleavage and the rate
of H, desorption, respectively.

DMEAA was isolated as the 1: 1 adduct but the mass spectral
evidence suggests that a small, but detectable, amount of the bis
adduct is present [99]. It is the most recently introduced member
of the amine family of precursors. Its relatively high vapor pres-
sure at room temperature (1.5 torr), its long shelf life, combined
with the advantages of being a liquid have made it the precursor
of attention recently [98, 99]. At 170, the growth rate in a hot-
wall reactor at a precursor partial pressure of 0.3 torr (total pres-
sure with H,=3.3 torr) on Cu substrates was 150 nm/min. The
films were polycrystalline containing no detectable impurities as
measured by AES. Detailed kinetic study has not been reported
yet.

EPITAXY

Epitaxial Al film draws much attention because of its stronger
electromigration resistance. With great care, epitaxial films of Al
have been grown on the surface of Si(100) and Si(111) substrates
using a technique referred to as gas-temperature-controlled CVD
(GTC-CVD) [122-126]. In this technique, the precursor is preheat-
ed before its arrival at a heated substrate surface. It was propos-
ed that reactive gas phase intermediates were formed and im-
pinged on the substrate to promote the decomposition to Al. TIBA
was introduced into the reaction zone by bubbling argon into a
cylinder at 50C . The gases, at a total pressure of 2 torr, were
then preheated to 230C in a copper cylinder. Upon exiting the
cylinder, they came in contact with a silicon substrate. With a
substrate temperature of 400°C, smooth epitaxial films of Al(111)
were grown on Si(111) as evidenced by reflective high energy
electron diffraction (RHEED). The typical growth rate at 400C
was about 900 nm/min. Such films were highly reflective (>90%
specular between 310 to 600 nm) and had resistivities close to
the bulk Al Apart from the diffusion of 0.1% Si into the film,
low levels of O, C and H were detected (~20 ppm). An Arrhenius
plot of the growth rate on Si(111) below 300C gave an activation
energy of 30 kcal/mol for the surface reaction. Film growth was
monitored with scanning electron microscopy (SEM) which indi-
cated that Al islands with a low nucleation density grew initially
on the silicon surface and coalesced at a film thickness of about
300 nm. Small changes in the temperature of the substrate had
a dramatic effect on the film morphology so that below 400C,
the Al surface became rough and contained a mixture of the (111)
and (100) orientations. Further work using transmission electron
diffraction (TED) established that epitaxial Al(100) was formed
on Si(100) at 380-400C using this deposition procedure. Near
400C , the surface became rough again and the films were a mixed
structure of Al(100) and (110). At higher temperatures, films were
(110) oriented although the grains were rotated 90° to each other.
At temperatures below 380T , the surface was rough and the films
were polycrystalline.

The temperature sensitivity of Al growth on Si(111) has been
studied independently using a set-up similar to that used in the
above two studies although the gases were not preheated prior
to their arrival at the growth surface [127]. With transmission
electron diffraction (TED), epitaxial Al(100)//Si(111) with Al[110]
/Si{112] was observed at 380C whereas at around 420, a much
smoother single crystal of Al(111)//Si(111) with Al[1101//Si(110]
was grown. Films grown at 400C were polycrystalline with inter-
mediate reflectivity and resistivity. The epitaxial relation appeared
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to be determined mainly at the initial stage of growth and was
probably related to the interfacial energies between Al and Si
at different temperatures rather than to a change in CVD mecha-
nism., Cross-sectional micrographs of the interface between Al
and Si showed that the films deposited at 420C were compara-
tively dislocation free.

The ability to grow epitaxial films of Al on Si is curious consid-
ering the lattice mismatch of 256%. Epitaxial films have also been
grown by physical vapor deposition techniques, however. The mis-
match can be accomodated if one assumes a small displacement
between Al and Si lattices at the interface over multiple unit cells.
Atomically resolved transmission electron micrographs (TEM)
were used to investigate the lattice matching at the Al(111)//Si
(111) interface and four lattice planes of Al appeared to occupy
the same distance as three lattice planes of Si [128].

NUCLEATION PROMOTERS

Aluminum deposition did not take place readily on the surface
of silicon substrates unless the surfaces had been pretreated with
TIBA at a temperature significantly above the typical decomposi-
tion temperature. It has been observed that the decomposition
on the surface of silicon is a more highly activated process. Al
island nucleation on silicon is favored over silicon oxide surfaces
and Al films on silicon substrates typically exhibit better uniform-
ity of coverage [39]. Nucleation promoters have been used to
initiate film growth and to enhance the uniformity and smoothness
of deposits. For example, when silicon substrates are exposed
in situ to TiCl, prior to Al deposition (the excess vapors being
pumped out of the system before the reactor is exposed to TIBA)
dramatic differences in Al film uniformity are observed [37,41..

The mechanism of nucleation promotion by TiCl, 1s not clearly
understood yet. The saturation coverage of Ti on Si0; substrates
is consistent with a surface OH coverage of about 15-30% of a
monolayer and it has therefore been suggested that the incorpo-
ration of Ti onto SiO: occurs via a hydrolysis reaction between
TiCl, and the surface hydroxyl groups [129-132] as

(-O%Si-OH + TiCL—>HCl1 + (-0);Si-O-TiCl,. (6))

TDS studies in which Si0O, was treated with TiCl, produced
two desorption peaks occurring at —90T and +90C. The low
temperature signal was attributed to the desorption of TiCl, mul-
tilayers, whereas the higher temperature peak resulted from de-
sorption of the TiCly; bound to the substrate. Parallel studies of
the surface composition using AES showed that only half of the
TiCl, desorbed at 90T . Above this temperature, the Cl/Ti ratio
slowly dropped until by 600C no Cl signal was visible. This
change was attributed to the slow loss of HCl from the surface.
Qualitative experiments suggested that any TiCly present on the
surface would promote nucleation.

A variety of metal catalysts have been shown to promote the
decomposition of metal alkyls [ 133]. These catalysts include TiCl,,
TiH,, CrCl;, VCl,, and NbCls. Not only they hasten the decompo-
sition reaction, but they also reduce the temperature of the decom-
position. Seed layers of TiN, Cu, Au, Ni [134], and Cr [37,38]
can also be beneficial to film nucleation and growth. In a hot
wall reactor at 230-270C under typical low pressure conditions,
films grown on SiO, coated in situ with sputtered TiN were
smooth, highly reflective, conducting and relatively free from pin-
holes, interfacial voids and stress. Other advancements have been
made to increase the smoothness of deposits. Preheating the ga-
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ses before their arrival at the substrate surface (122 and the
introduction of (). in low concentration [40, during a deposition
have met with some success.

Nucleation difficulties, similar to those with TIBA, have been
encountered during the growth of Al films from TMAA on the
surface of Si and SiO-. The same idea has been used with TMAA
imtially in hot-wall reactors _91,93] and more recently in cold-
wall systems (96, 101, 102_. Once again, not only has this resulted
in more umform nucleation, it has also reduced the teperature
at which Al can be grown. For example, Al films have been success-
fullv grown on TiN. Cu, and TiCli-treated Si and Si0. 96, 102°.
Highly oriented polyerystathne (111) films were grown on TiCl-
treated Si0; and TiN. On both TiCly-treated Si(100) and on Cu,
the films were randomly oriented. although the latter films did
favor growth in the (100) direction. Films with a thickness up
to 200-300 nm were highly reflective but at greater thicknesses,
the films showed a white haze which was attributed to an increase
in surface roughness. Both grain size and crystal faceting increas-
ed with deposition temperature for all surfaces. Little is knowo
about the reaction between TMAA and TiCl,.

PLASMA AND PHOTO CVD

1. Plasma CVD

A radio frequency plasma chemical reactions of TMA in the
gas phase formed A{CH ), and AI(CH.) | 1357 These subsequent-
ly decomposed at the substrate surface (230-260C) to give Al
films which were free from carbon according to XPS analysts
Deposition rates of up to 30 nm/min were achieved. The as-deposi
ted films were strongly (100) oriented. reflective and hac resistiv-
ities as low as 2.7 ufd-cm. An additional freature of interest was
the ability to deposit the Al films selectively on a silicor surface
in the presence of Si0,. A critical factor was the need for a low
ptasma power. Higher power caused TMA to decompose into
more fragmented species and resulted in carbon incotporation
"136_. Fims deposited using TMA and H. nuxture and a silicon
substrate temperature below 100C had resistivities of about 3.8
pf-cm and a carbon content of around 6c. In contrast to other
studies, films deposited in this manner were smooth.

Non-selective deposits from dimethylaluminum hydride iDMAH)
could be obtained with the use of a radio frequency generated
plasma above the sample surface (86 . The plasma was used for
one minute and was found to induce nucleation on Si0),. Once
yrowth had been initiated. subsequent deposition took place on
the prenucleated Al in the absence of the plasma.
2. Photo CVD

Ultraviolet (U'V) laser irradiation of a substrate surface {137]
in the presence of an Al alkyl precursor such a~ TIBA 1as been
shown to have a hereficial effect on the growth of Al films. The
principle behind this technique is to prenucleate @ substrate sur-
face with laser deposited Al so that subsequent thermal growth
is promoted in speafic regions of the substrate 1387 Once a
film has been nucleated, the laser is turned oft and the passage
of further TIBA vapors over the substrate results w the f rmation
of an Al film only n the regions which had been exoosed 1o
the laser illumination. In this way, selective area film growth of
Al has been implemented using both scanning (direct wri ing) and
projection-masked (projection hthography). laser-assisted pattern-
ing techniques [134.139-1447 The process has been demonstra-
ted on various substrates such as Si. Si10.. ALQ, and GaAs where
a significant barrier to thermal nucleation of Al exists (140,

With 4 248 nm KrF excimer laser, a substrate temperature
of 250¢ and TIBA pressure of approximately 100 mtorr, feature
resolutions were dependent on the focusing of the UV radiation
and not on gas phase diffusion lengths because the photo reac-
tions were confined mamly to the surface adsorbate 134, 140,
141]. When 193 nm radiation was used under 1entical conditions,
control of spatial selectivity was severely impeded indicating that
substantial photo chemistry and presumably nucleation took place
in the gas-phasc . 142, 144, 145 .

The gas phase photolysis products of TIBA (and other Al CVD
precursors) were sensitive to the wavelength of the radiation
[146]. The metal containing decomposition products monitored
in the gas phase were Al atoms and Al [146-1507. A small but
discernible increase in the yield of Al was detected at a photolysis
winvelength of 193 nm over photolysis at 248 nm and may account
for the loss of selectivity at the lower waveleagth. In a similar
study performed with trimethylaluminum (TMA), AICH., Al and
AIH were generated { 151-154_. The same products were observ-
ed for the surface induced photolysis reactions on sificon and
quartz | 146-148 ). The much higher abundance of AIH from TIBA
can be from the B-hydrogen elimination. A mechamsm for the
surface photolysis of TIBA is similar to the one proposed for
the surface pyrolysis reaction {143, 155-157 .

Much of the literature on TMA “AICH ). photalysis has been
reviewed [26, 28, 158 ], In the far UV region (190-270 nm), TMA
docomposes in the gas phase via two compet-ng fragmentation
pathways both of which involve a one-photon process for the mo-
nomer | 1592 The Al containing fragments {rora these photo de-
composition reactions are Al and AICH. {149,151 and the ratio
of these two species 15 wavelength dependent | 146 . Between
230-255 nm. atomic Al is produced as shown in Eq. (6) and (7)
with lttle or no AICH.

AICH ). - hv—ANCH ).* * CH, (K
AKCH ) »Al+ CHL (M)

Below about 230 nm. Eq. (8) becomes increasmngly important
and at 190 nm the product is almost exclusively AICH .

AKCH)y~ hv—ANCH)~CH.,~CH. (3)

[t is interesting that the production of Al atoms in Eq. (7) occurs
at a longer wavelength than that required to produce AICH . due
to the rapid evolution of ethane m the latter case (154 ).

The reaction pathway on the substrate surface “160-173_ and
in the gas phase [ 174-181 F were found to be sensitive to tempera
ture. the chemical environment. the laser power and the wave-
lenyth. For example. at low substrate temperatures CH, may not
he readily desorbed leading to the incorporation ot carbon mnto
the film. Furthermore. 1apid electrome relaxation of adsorbuate
molecules by the surface can make 1t difficult to remove carbon
by a photolvsis process alone [156, 182 . On the other hand. tix
high a substrate temperature facilitates alternative reaction path-
ways. These effects have resulted in Al films containing both o
cluded carbon and carbon directly bound to Al The level of res-
dual carbon is found to be sensitive to the presence of H. carrier
which was thought to scavenge CH. and reactive radicals both
from the gas phase and on substrate surtaces 169,170 ;.

Photolvtically  generated Al deposits can be obtained  from
DMAH [ 183-187 .. Surface reactions of DMAH were induced with
a deuterium lamp. an ArF laser, and an Ar won laser. The best
restlts were obtamned with wavelengths below 200 nm on S and
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SiO, substrates heated above ambient temperature [ 186, 187].
Under these circumstances, nucleation occurred selectively on the
substrate surface. For Si at temperatures of 170 and 270C , carbon
content was 2-3%. At 270C in the presence of irradiation from
a deuterium lamp, resistivities down to 6.2 pQ2-cm were obtained.
This result was compared with a resistivity of 140 uQ2-cm for
a film deposited at 260C without irradiation. Although photolysis
appeared to enhance the quality of the deposits and lower the
deposition temperature, the latter value was much higher com-
pared with the lower resistivities of other pyrolytically produced
CVD films deposited in the presence of hydrogen at similar tem-
peratures. Hydrogen may help to remove carbon from these films.
The activation energy for aluminum growth on SiQ,, induced by
surface photolysis and pyrolysis, was obtained and the value was
found to lie in the range of 28-37 kcal/mol [188].
Photochemical CVD process has not been used widely for com-
mercial applications because of the difficulties in depositing on
large area substrates and contamination on optical windows.

CONCLUDING REMARKS

It has been shown that the chemical reaction mechanism of
Al deposition is determined by the molecular structure of the
precursor and the substrate surface. Also the composition and
morphology of the thin film is critically dependent on the deposi-
tion mechanism. In Al CVD, rough surface morphology (some-
times 10-15% of film thickness) is observed due to the slow rate
of nucleation of Al on the surface relative to the rate of Al growth.
Because the growth of Al is autocatalytic, once nucleation has
occurred, growth of Al takes place on the surface of the Al island
more rapidly than the rate at which other islands are formed.
This surface roughness can cause problems in the subsequent
lithographic process.

The time to failure of the films due to rapid electromigration
did not compare favorably with the corresponding values for eva-
porated Al-Cu alloys [39]. The electromigration resistance of CVD
Al has been improved somewhat by forming Al-Si alloys. A post
deposition alloying process inside a hot wall reactor has been
described in which freshly deposited Al films were exposed to
the vapors of SiH, above 250C in a flow of H, carrier gas [37].
Silane decomposed on the Al surface and was subsequently adsorb-
ed by the film to form a solid solution up to the solubility limit
at the temperature of the film. Introducing disilane (Si.He) directly
into the TIBA feed gas prior to its introduction into the reaction
chamber eliminated the need for a post deposition stage [189-
192]. The resistivity of the Al-04% Si films were typically 10-
15% higher than for bulk Al

The contribution of gas phase chemical reactions in Al CVD
is not large but gas phase chemistry could, however, play a more
significant role in the nucleation of Al films especially on insulat-
ing surfaces such as SiQ.. The observation of small numbers of
Al particles in the gas phase suggests that some chemistry does
occur there [193]. Gas phase particle formation is usually a ser-
ious problem in the integrated circuit processing and it should
be suppressed as completely as possible. More research is needed
to address this problem in Al CVD.

Topology improvement and selectivity enhancement can be
achieved from the pretreatment of the substrate surface [194].
Carbon incorporation can be a problem in Al CVD and alane pre-
cursors and their synthesis has drawn much attention recently
[195]. Also the use of tritertiarybutylaluminum has been reported
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{196]. Surface chemical reactions of precursors on various sub-
strate materials and ensuing selectivity issues have been and will
be an important research topics in Al CVD [197-200].

To develop a CVD process and equipment compatible with ULSI
applications, chemistries involved in the synthesis and decom-
position of precursors, chemical reaction engineering coupled with
transport phenomena, materials aspect of the thin films, and elec-
trical properties compatible with the device requirement have to
be studied comprehensively.
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