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Abstract. A review is presented describing the development of TiN-CVD from the classical, high temperature
TiCl4/N7 process, towards low temperature MOCVD processes. This development is presented from a chemical
point of view. In addition to low pressure (LPCVD) and atmospheric pressure (APCVD) thermal processing, also
plasma enhanced (PECVD) techniques are described.

In the past few years production facilities for good quality TiN layers for wear resistant applications have come on
the market. Production facilities for IC-technology applications of CVD-TiN are on the edge of breaking through.
For both applications deposition temperatures have been reduced to 500-600°C. Research developments, have
shown even lower deposition temperatures possible for TiN and Ti(C,N) layers.

1. INTRODUCTION

Chemical vapour deposition (CVD) of ceramic coatings has attracted attention for more than four
decades. The amount of research and the scope of ceramic layers deposited by CVD is still increasing. A
small list of areas where ceramic coatings are used and studied includes wear resistant layers (e.g. TiN,
TiC, SiC, etc.), corrosion resistant layers (Al203, Si3N4, SiC, etc.), electro-optic ceramics (e.g. PZT,
LiNbO3 and electrochromic materials as W03, NiO, etc.), superconductors (e.g. YBa2Cu307. , etc.),
dielectric's (e.g. SrTiO3, BaTiO3, etc.), and many more.

Drawback of CVD processes for the deposition of ceramic layers is generally the high process tempera-
ture (600-1100°C). This limits the range of substrates that can be coated by CVD-techniques, and ex-
cludes substrates like glass, tool steels and products that have to be manufactured with low size toler-
ances). PVD techniques are usually applied to coat these substrates. However PVD techniques are "line
of sight” processes, which make homogeneous deposition or deposition in small trenches, more difficult.
This results amongst others in a lower load factor of products. CVD processes generally do not have this
problem, and give conformal coverage, with higher growth rates and higher loading factors.

The two most promising routes that are being studied to lower the deposition temperature of CVD pro-
cesses, are the application of glow discharges to dissociate the precursors (Plasma Enhanced CVD
(PECVD)), and the application of metalorganic and organometallic precursors which dissociate at much
lower temperatures (Metal Organic CVD (MOCVD)). A third route is to use photons for dissociation,
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like for example in photo- or laser-CVD of ceramic layers on heat sensitive substrates. Their application
however is rather limited and does not yet play a role in large volume deposition.

In this review, we will restrict ourselves to the CVD deposition of TiN, as this is still the material most
used as wear and corrosion resistant layer and because it is a material widely studied as barrier for IC-
technology applications. Also the Ti-chemistry involved, has a large resemblance with the chemistry nec-
essary to deposit Zr-, Hf-, V- and Nb-nitrides and carbonitrides.

2. THERMAL CVD
2.1 Inorganic Ti precursors

More than 40 years ago research on the CVD of TiN has started. For the last two decades deposition of
TiN on tool materials has been commercially available. Most of the commercial processes used today
apply atmospheric pressure CVD (APCVD) in hot-wall reactors, using TiCl4 as Ti-precursor and N7 or
NH3 as nitrogen source. The overall deposition reaction is shown in equation 1. This reaction is usually
performed in the temperature range of 900-1200°C, with typical deposition rates of 0.03-0.2 pm/min and
typical hardnesses of 2000-2500 HV. More details on this high temperature process can be found in a se-
ries of review articles [33, 59, 121].

TiCl4 + 1/2N2 + 2Hp > TiN + 4HCI )

The relatively high deposition temperature in this process however puts a large restriction to the range of
substrates which can be coated with TiN. A large range of heat sensitive materials like glass, aluminium,
polymers, tool steels, but also products made from heat resistent materials, which have to be coated at a
production stage where form changes or layer interactions cannot be permitted, cannot be coated with this
classical CVD process. Presently the most important example, where low temperature deposition of TiN
is definitely required, is the processing for the production of integrated circuits (IC), where a maximum
deposition temperature of 450°C is allowed for the deposition of TiN-barrier layers.

With the addition of NH3, TiN can be deposited at lower temperatures. The overall reaction, is shown in
equation 2. The actual chemistry is however very complicated and in no way represented by this simple

equation.
6TiCl4 + 8NH3 ---> 6TiN + N2 + 24HCL (2)

Thermodynamically this reaction is favourable above £300°C, but only reasonable film growth is ob-
tained above 400-450°C. Many references describe the use of LPCVD [9, 24, 27, 28, 34, 38, 53, 58, 63,
73, 80, 81, 84, 114, 134], with IC-technology as the most important application. For the deposition of
TiN for IC-applications a low pressure is preferred to obtain a good step coverage in trenches. Only a
limited amount of papers describe this process using APCVD [6, 55, 64). The TiCI4/NH3 process suffers
from an unfavourable side reaction, the formation of TiCl4.xNH3 complexes (equation 3). These
complexes already form at room temperature and are stable up to about 200°C. At temperatures between
200-400°C it decomposes to TiN xCly giving finally TiN at temperatures above 400°C.

TiClg + 2NH3 ---> TiCi4*2NH3 (yellow solid) (3)
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At atmospheric pressure this complex formation can give rise to a large quantity of unwanted powder.
Reduction of this formation can be obtained by mixing the TiCl4 and NH3 not before entering the reac-
tor, and making sure that the precursor inlet tubes are heated to temperatures preferable above 250°C. At
temperatures between 250-300°C, TiCl4/NH 3 mixtures do not immediately form these solid by-products
[10].

One of the most important issues in the low temperature deposition using TiCl4 is the amount of Cl in the
TiN layer. Almost all references describe Cl contamination in the deposited TiN layers. Figure 1 shows a

representative example of the variation of chlorine content with the deposition temperature, measured by
Buiting et al. [38].
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Fig. 1 Variation of the chlorine content with the deposi- Fig.2 Resistivity of LPCVD TiN vs. deposition tempera-
tion temperature for the LPCVD TiCl4/NH3 ture for layers deposited using the TiCl4/NH3
process [38] process [38].

For many applications TiN with a chlorine contamination of more than about 1-2 at%, is not wanted. It
might cause etching of materials like steel or aluminum substrates and aluminium conducting layers (see
also figure 5 in paragraph 3.1. During the deposition process the chlorine can attack steel substrates.

For IC-technology application the resistivity of the deposited TiN is very important, as it is a/o. used as
contact material between silicon and aluminium contact paths. The resistivity of TiN should be beiow
about 200 uOhm.cm. Buiting et al. [38] determined the resistivity of TiN layers vs. deposition temper-
ature and hence the amount of Cl content (see figure 2). A minimal substrate temperature of 600°C is
necessary, to obtain usable TiN layers. This high temperature limits the use of this process for IC technol -

ogy applications. It also is not yet clear if the remaining 1-2 at% of Cl causes problems in the life-time of
an IC.

A few references have appeared where instead of N2 or NH3 alternative nitrogen precursors are used to
decrease the deposition temperature [1, 74, 84, 90, 118]. Using ‘BuNH? (tertiair butyl amine) instead of
NH3 gave similar layer qualities, but at a reduced deposition temperature of about 50-100°C [74, 84, 90].
The use of (CH3)HNNH? (methyl hydrazine) made it posssible to reduce the temperature with another
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100°C, and to increase the deposition rate with about one order of magnitude {84, 118, 135]. Methyl
hydrazine is however not a very pleasant compound to be used, because of the fact that it easily explodes.
Also due to the fact that now a carbon containing precursor is present in the process, some carbon
impurities are found. Wakefield et al [1] describe the formation of Ti(C,N) by the use of a series of
amines. They find low amounts of TiC (18 mol%) using (CH3)HNNH(CH3) (dimethyl hydrazine) and
increasing amounts going from (CH3)NH?2 monomethylamine, (CH3)2NH (dimethylamine), (CH3)3N
(trimethylamine) to (CH3CH?2)3N (triethylamine) which is almost completely TiC (almost 80%).

Goldberg et al. [130] describe TiN deposition using Til4 as titaninm precursor. Equation 3 shows the
overall reaction. They find good TiN layers, with resistivities between 44-288 pOhm.cm using deposition

2Til4 + H2 + 2NH3 > 2TiN + 8HI 3)

temperatures ranging from 375-450°C. The I content in the TiN layers is less than 1.5 at% in this tem-
perature range. This decrease in deposition temperature is ascribed to the lower dissociation energy of the
primary bonds in Til4. The heat of formation for Til4 is -92 kcal/mole, as compared to -192 kcal/mole for
TiClg.

2.2 Metal organic or organometallic Ti precursors

Clearly the deposition temperatures needed to deposit good quality TiN with TiCl4, even though it has
been reduced dramatically to temperatures down to S00°C, is still too high for many applications. One of
the reasons for this is the relatively high chemical stability of TiCl4. As we have seen this lowest tem-
perature can be reduced with about 100°C using the less stable Til4. However, 400°C deposition tempera-
ture is even for some applications too high. One way of trying to overcome this problem is to search for
titanium containing metalorganic or organometallic* precursors, (generally described by MO-precursors),
which are able to undergo a reaction with nitrogen or nitrogen containing species at lower temperatures,
or which due to the fact that they have nitrogen containing ligands, can form TiN by decomposition itself,
at lower temperatures than the processes described in paragraph 2.1. When MO-precursors are used the
general term Metalorganic Chemical Vapour Deposition or MOCVD is used.

In MO-precursors, the organic ligands surrounding the, often central, titanium atom, may or may not
contain nitrogen [22, 46, 68, 69]. In the second case, a nitrogen supplier has to be added to the CVD
system. In the first case, when no nitrogen supplier is added to the gas flow, titanium nitride may also
result from decomposition of the precursor.

Several types of precursors have been tested on their capability of forming clean TiN, but after meeting
requirements like good thermal stability, high volality and low costs, not many precursors remain inter-
esting. Table 1 shows an overview of the precursors described in literature. Among these MO precursors,
much attention is paid to the deposition behaviour of Ti(NMe2)4 and Ti(NEt2)4, in which the central Ti
atom is surrounded by four di(m)ethylamino ligands. Using these species, temperatures as low as 200 °C
have been realised to deposit titanium nitride [48, 70, 82, 85, 86, 122]. Other interesting species are
CpTiC7H7 and 'Bu(NMe2)3 but have not been investigated so widely.

# Metal organic compounds are defined as chemicals containing metal nitrogen or metal oxygen bonds (e.g.
Ti(NMe 2)4), where organometallic compounds have metal carbon bonds (e.g. CpTiC7H7)
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Precursor Temperature range | Process References
Ti(NMe2)4 100-500°C APCVD 4,29, 39, 48, 95, 133
55-580°C LPCVD 31, 43, 60, 65, 70, 71, 72, 78, 84, 85, 91, 93,
103, 104, 105, 120, 122, 126, 129, 132
100-600°C PECVD 51, 52, 54, 82, 92, 95, 96, 97, 107, 108, 113,
124, 125, 131
Ti(NEt2)4 350-600°C APCVD 28,79, 95
160-500°C LPCVD 54,77,102, 119, 120, 122, 128, 134
250-550°C PECVD 51, 52, 76, 82, 86, 92, 95, 96, 108
Ti(N(Me)Et) 4 350-500°C APCVD 29
350°C PECVD 76, 108
tBuTi(NMep)3 300-400°C APCVD 29
300-600°C LPCVD 91
CpTiC7H7 500-625°C LPCVD 91
300-600°C PECVD 76, 100, 101, 108
Ti(NC4Hg)4 400°C APCVD 58
350°C PECVD 76
Ti(NCsH10)4 400-650°C APCVD 58
[Ti(u-N-'Bu)(NMe2)2]2 400-450°C APCVD 29
300-500°C LPCVD 91
Ti('BuDAD)2 400-500°C LPCVD 91
? PECVD 41
FTi[N(SiMe 3)213 _| 500-740 LPCVD 115
[TiCl2(NH'Bu)2(NH »!Bu)2l2 | 500°C LPCVD 75, 111
TiCl4(NH3)» 475-600°C LPCVD 127
TiCl4(TPPO)> 475-600°C LPCVD 127
CpTiCIpN(SiMe3)> 400-600°C LPCVD 67, 68
CITiMe)(Cp™)2 250-450°C PECVD | 52,108

Table 1 Overview of Ti-MO-precursors for TiN, including the CVD techniques and
deposition temperature ranges used with these precursors.

Depending on the application, TiN layers must be dense, without pinholes or contamination and should
have good uniformity over the substrate. Because until now, most attention is paid to the application of
TiN in microelectronic devices, resistivity is also an important property. The quality of these properties is
very much dependent on the type of production process and the parameters used.

2.2.1 Ti(NR2)4

By far the most studied metalorganic Ti-precursors used for the deposition of TiN are the methyl and
ethyl analogues of tetrakis(dialkylamido)titanium (see references in table 1).

To be able to deposit high quality layers, it is important to determine what the actual process steps are
and what the reaction mechanism is. As with other CVD processes, these mechanisms are determined by
process parameters like temperature, pressure, substrate material, reactor geometry etc. The mechanisms
that govern the TiN deposition process, using Ti(NMe2)4 and Ti(NEt2)4, are not clear yet. In most cases,
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these precursors are used in combination with ammonia, although nitrogen is already present [48, 60, 70,
82, 85, 86, 122].

Reaction mechanisms - Thermal decomposition of pure Ti(NR2)4 without NH3, seems to result in TiN
layers with large carbon contamination's. Of this decomposition reaction, f—hydrogen elimination seems
to be an important step [29, 60]. Hydrogen in ligands will activate the bond between carbon and titanium
of neighbour ligands and a metallacycle will result via loss of dimethylamine (see equation 4, in case of

Me)N NMe, MeN CH
Y 2

\T~ , ()
! EE— Ti + HNMe)

Ti(NMe2)4). This mechanism accounts for the TiC found in the deposited TiN layers.

From the combination of NH3 and Ti(NR?2)4, with hydrogen and/or nitrogen as carriergas, one of the
most important reaction steps is the transamination reaction. This reaction consists of the exchange of
amines. Equation 5 shows the general reaction for Ti(NMe2)4), with n=1 to 4 Use of deuterated ammonia

Ti(NMe2)4 + nHNR2 ---> Ti(NMe2)4-n(NR2)n + nHNMe2 (5)

ND3 and 15NH3 confirmed this exchange mechanism. [60, 82, 85]. By further reactions (most im-
portantly B-elimination; eq. 4), the resulting compound is converted to TiN, which is often oligomeric.
Dubois et al. [104] find almost no transamination reaction occurring under deposition conditions yielding
TiN with high levels of carbon contamination, indicating that an intramolecular process (e.g. eq. 4) is
dominating the chemistry. They find that as the NH3:Ti(NMe2)4 ratio is increasing, the level of carbon
contamination decreases until for a film containing low percentages of carbon (~5%), all the nitrogen in
the film originates from NH3, suggesting a intermolecular process (as in eq. 5). We have found [91]
porous black coloured TiN layers with low C impurities using high Ti(NMe 2)4/NH 3 ratios, from which
after heating up to 700°C, a considerable amount of NH3 was liberated, and only low amounts of carbon
containing species. These results seem to be in agreement with the results from Dubois et al [104].
However, the complete chemistry is not clear yet. One of the difficulties of the above mechanism is the
poorly understood reduction of Ti(IV) to Ti(III) [104]. B-elimination reactions result in the formation of
NTilVNR 2. It is not clear how this is converted into TiIN. From gas phase studies it is indicated that
gas phase reactions may be as important as the surface chemistry. Specifically, the surface reactions
responsible for the growth of TiN films involve intermediates according to eq. 5 that are formed in the
gas phase.

Contamination's - The problem that arises, using Ti(NR2)4 type precursors with or without ammonia, is
incorporation of contaminants like carbon and hydrogen in surface layers. These contaminants can
severely effect the desired properties of the layer. Carbon can be built in the layer in different process
steps. Different ways of incorporation, result in different types of bonds between carbon and the bulk
material. Carbon may be bonded directly to Ti to form TiC. This material has some TiN-like properties, it
is even harder than TiN and has a resistivity in the same order as TiN. Carbon however, can also be in-
corporated as graphite precipitates, or as not completely reduced organic impurities. These carbon con-
tamination's are highly unwanted, because it almost always reduces the quality of the TiN layer.

Similar amounts of hydrogen can be incorporated using large NH3/TiClg ratios. It causes the TiN layers
to be non-dense [91] with bad wear resistant properties.
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It seems that thermal decomposition of Ti(NR 2)4 without ammonia results in rather high levels of carbon
and hydrogen in the layers. Metallacycle’s are quite stable and once adsorbed TiC or organic by-products
may be formed [60, 83]. Ti(C,N) layers have been produced by thermal decomposition containing more
than 40 at% carbon [29, 82, 83]. Rapid thermal MOCVD processes gave somewhat better results Bu the
produced layers still contained 26 - 35 at% C [43]. Changing process parameters as temperature and
pressure do not seem to have much influence. High carbon values are always reported [29, 43, 82, 83].
Increasing temperature results generally in a small increase in carbon content [43, 82] The opposite
influence is noticed from pressure increment [43].

Also oxygen impurities are usually found in the deposited TiN layers, even though there is no oxygen
present in the precursors. Ti is very reactive with oxygen. Ti-precursors to a small extend and several in-
termediates to a large extent will react with every oxygen atom present in the process. Ti-chips are often
used as catalyst to purify gases from oxygen. TiO2 increases the resistivity of TilN layers dramatically,
which makes them less usefull for microelectronic applications [29, 43, 82, 93]. Therefore very clean,
oxygen and especially water free reactors have to be used. This is often accomplished by using LPCVD
reactors with very low background pressures. Unfortunately also the precursors often contain metal-or-
ganic impurities with oxygen in their ligands. It is also observed that some of the TiN layers deposited
are oxidised after exposure to air [91]. Especially porous TiN layers with organic and/or hydrogen
impurities can oxidise to a considerable extend. Oxidation of the TiN interface, can however also be ad-
vantageous. It can strengthen the TiN diffusion barrier [122].

Resistivities, varying from 425 - 5000 pOhm.cm have been found [29, 43, 82, 91, 93]. Temperature does
not seem to have much influence in the incorporation of oxygen. Increasing process pressures do cause a
large increase in oxygen content [43].

In the literature most attention is paid to TiN deposition with the T(NR2)/NH3 process, with R=Me,Et.
The addition of NH3 gives better results with respect to impurity levels {see references in table 1]. The
layers can in general be characterised as smooth
with sufficiently high conformality and low
resistivities to be applicable for IC-technology
applications [70, 122]. Raaijmakers et al. [70],
obtain resistivities of about 180 uOhm.cm at

o ; ) 100000 1T T T T3
425°C with low impurity levels (<3% C, < 0.5% —_ 3
0). In figure 3, the impurities of the layers ? 1
obtained by Raaijmakers et al [70] are compared = 10000 —§
with layers obtained by the TiCl4/NH 3 process. ; ]
At low pressures, opposite behaviour is observed z 1o Ticl, /NN, 3
as compared to the atmospheric pressure process. % MOCVD S 3
At low pressure, increasing temperature and - 100 3
decreasing pressure generally results in rougher § I I l l .

surfaces and a lower conformality but on the 19 L=
other hand in lower carbon contents [70, 122]. On
the contrary at atmospheric pressure an increase
in carbon content is reported upon increasing

200 400 600 800
TEMPERATURE (°¢)

Fig.3 Resistivity of LPCVD TiN vs. deposition tempera-
ture. Bullets: Ti(NEt2)4/NH3 chemistry 70); Open
circles [38], Diamonds [24]: TiCl4/NH3 process.

deposition temperature [39]. However the amount
of carbon incorporated at atmospheric pressure is
considerably lower, even at high temperatures
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than with LPCVD. Mechanisms describing the incorporation of carbon are only speculative.

The use of Ti(NEt2)4 instead of Ti(NMe2)4 results in layers with lower resistivities, lower oxygen con-
tent, somewhat lower carbon content and higher conformality [120]. The methylamido ligands seem to be
more reactive and more easily to break up. The ethylamido ligands are more stable and the central Ti
atom is better protected from uncontrolled gasphase reactions. The deposition rates however are also
lower.

2.2.2 BuTi(NMe2)3

As described previously, the problem to reduce the TilV compound to Tilll, is believed to be one of the
causes of the incorporation of C. Therefore, the molecule tBuTi(NMe?2)3 [29, 30, 91] has gained some
interest. This molecule contains the loosely bonded 'Bu ligand. It is believed that this molecule dissoci-
ates according to equation 6, with the formation of a tBu radical and a Tilll compound.

tBuTilV (NR 2)3 --> Tilll(NR 2)3 + tBue 6)

Experiments with this precursor have been executed at atmospheric [29] and at low pressures [91]. The
results show the same level of carbon impurities as compared with Ti(NMe2) 4 as precursor, even though
the compound contains more carbon. It is suggested that there is still a common intermediate involved in
the further decomposition process with tBuTi(NR2)3 just as with Ti(NR2)4 [29]. However, although the
amount of carbon impurities did not decrease, on the other hand the amount of oxygen, (and associated
with it the resistivity) did decrease using !BuTi(NMe7)3/NH3 [91]. We believe that the reactive tBue
radicals are acting as oxygen scavengers in the CVD system. Resistivities below 300 pOhm.cm are
obtained [66].

2.2.3 Alternatives

Several other precursors have been studied for the thermal LPCVD deposition of TiN (see table 1). As
yet, none of them has been successfully used to deposit good quality layers at temperatures below 450°C.
Partly, this originates from the low amount of thermal experiments described till now. A large part of the
alternative precursors still contain one of more chlorine ligands. As expected none of them produced TiN
layers without chlorine impurities. Nonetheless they are studied with the hope that the impurities can be
decreased considerably, without real big success up till now. The CpTiC7H7/NH3 system has shown to
be an interesting precursor for the deposition of TiN [91], with resistivities at S00°C, comparable to the
previously described systems. Unfortunately, the kinetics of the CpTiC7H7/NH3 system has shown it to
be kinetically limited at temperatures at least below 600°C. At 500°C the thermal growth rate is unfor-
tunately already too low for practical applications.

2.2.4 Conclusion s

Of these thermal processes, results are promising but, as can be concluded, the desired low deposition
temperature in combination with a low degree of contamination is still not reached. Especially when also
high conformality in 0.25 pm microelectronic devices is desired. To be able to decrease the deposition
temperature, other ways of exciting the reacting species must be searched for, like (remote) plasma
excitation.

The presence of organic and graphitic carbon, together with the low density of the layers tends to make
them unsuitable for use as hard and wear resistant coatings.
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3. PLASMA ACTIVATED CVD

One way of breaking chemical bonds is by thermal activation. As we have seen in the previous section
minimum temperatures necessary to establish chemical reaction or decomposition can be reduced consid-
erably by changing the chemistry (usage of NH3) or by using precursors with lower bond strengths (Til4,
MO-precursors). However, lowest temperatures of 200-300°C are still necessary. And although TiN is
formed at low temperatures, the growth rates are usually very low.

An alternative way of exciting reactants, is using plasma activation. In CVD processes a distinction must
be made between direct and remote plasma activation. A direct plasma, is a plasma in direct contact with
the substrate surface, such that the precursor molecules pass through the discharge itself. Substrate mate-
rial can be heated at moderate temperatures just sufficient to ensure surface mobility and reactions, while
in the gasphase excited particles and radicals are generated [3]. Plasma electrons are accelerated by an
applied electric field and acquire sufficient energy to cause dissociation and ionisation of molecules by
collisions. This may result in total decomposition of reactants in the gas phase [3, 4, 57]. Tons formed in
the plasma are accelerated by the high electric field strength over the boundary layer between plasma and
substrate. Using bias voltages, this electric field strength can be manipulated, thereby changing the
impact energy of the ions on the substrate. At low energies these impacting ions can cause enhanced
desorption of reaction products, where at high energies they can be implanted. Direct plasma's usually re-
sult in the incorporation of carbon in the layers [51, 54, 96]. Therefore, the resulting process is not
suitable for pure TiN deposition (e.g. as wanted in microelectronic devices). Direct plasma’s are however
very useful for depositing Ti(C,N) hard coatings. Especially the bombardments with accelerated ions and
electrons [4, 57] can be used for etching and stress modification, resulting in the deposition of very dense
and compressed Ti(C,N). Impacting low energy ions can be used to enhance the desorption of carbonic
complexes from the surface.

.n remote-plasma CVD, the plasma is generated at a certain distance, from the substrate surface. Thus,
fast plasma electrons can still produce excited radicals by collisions, while the produced ions escaping the
plasma are neutralised before reaching the substrate. Thereby bombardment of the substrate, by energetic
charged particles is avoided. Although sometimes the precursor itself is led through the remote plasma
volume, it is common practice to introduce the precursor between plasma and substrate. The plasma is
used as a source of excited coprecursor molecules, and radicals (e.g. Ar, He, N2/N). By regulating the
plasma power and thereby the internal energy of the coprecursor molecules and radicals, it might be pos-
sible to break the bonds within the precursor molecules selectively. In this way, also carbon free TiN for
microelectronic devices, could be deposited at low temperatures.

As stated, direct plasma’s can be used for the deposition of hard, wear resistant coatings. Most references
describe the use of direct current plasma’s (DC) [45, 51, 54, 92, 96]. Both continuous and pulsed DC
plasma are used. A few references describe the use of radio frequency plasma’s (RF, 13.56 MHz) [14].

3.1TiCl4

Apart from a limited amount of references which describe the use of PECVD using TiCl4 as Ti-precursor
for IC-technology applications [8, 26, 37, 109], a large series of articles have been published on the depo-
sition of TiN as hard coating for wear resistant applications, by this technique [14, 23, 37, 40, 42, 45, 47,
49, 50, 88, 89, 106, 112]

Akabhori et al. [37, 1097 use ECR (Electron Cyclotron Resonance) PECVD, with a remoté 2.45 GHz mi-
crowave plasma to deposit TiN for IC-technology applications. Lower chlorine concentrations than with
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LPCVD-TiN were found. Also a low
resistivity of 40 uOhm.cm is found, using a
deposition temperature of 540°C.
Unfortunately, the lowest deposition
temperature necessary to deposit good
quality TiN layers, is about 450°C. Films
deposited by ECR plasma CVD have low
stress values, due to a counterbalance be-
tween compressive stress induced by ECR
and tensile stress caused by thermal
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3.2 MO-precursors

As we have seen in the previous paragraph, good wear resistant layers have been obtained at much lower
temperatures than for the classical thermal CVD process using TiCl4/N2, by enhancement of the growth
using glow discharges. However, the deposited layers always contain chlorine contamination, when low
deposition temperatures are used. Only at deposition temperatures above 500°C, good layers are obtained
(even though a small percentage of chlorine is still present). This is the reason why a considerable
amount of research is being undertaken, to use MO-precursors in combination with plasma enhanced
CVD. Table 1 summarises the MO-precursors being studied in combination with PECVD.

Direct plasmas

In the deposition of hard coatings for wear resistant applications only direct plasmas are being applied.
As with LPCVD, two MO-precursors are mostly used, e.g. Ti(NMe2)4 and Ti(NEt2)4. Also the range of
deposition temperatures is comparable, and is in most references in the range of 200-600°C. At tempera-
tures exceeding 550 °C, almost no deposition is reported. Beyond this temperature, most of the precursor
is converted into powder by homogeneous reactions in the gas-phase [54, 96]. Below this temperature,
good adherent and dense layers are being produced. The morphology of the Ti(C,N) layers shows
columnar grains, which seem to decrease in size with increasing temperature [51, 92]. Adhesion of these
layers seems to be good (30-50 N) [51].

A sufficient hydrogen partial pressure in the reactor is desired to minimise the amount of free-carbon
contamination [54, 95, 96]. Although the deposition mechanism is unknown, it seems that hydrogen is
involved with the reduction of Ti(IV). Chemical analysis showed that Ti-N, Ti-C and C-C bonds are
present in the layers [92]. The amount of carbon and nitrogen impurities, is dependent on the character of
the precursor. Ti{NMe2)4 shows a very reactive behaviour. At low temperatures, carbon contents of 40
at% and nitrogen contents of 20 at% are found [54, 96]. Higher deposition temperatures result in
increasing amounts of carbon and decreasing amounts of nitrogen and titanium in the layers [54, 96].
PECVD, using Ti(NEt2)4, resulted in Ti(C,N) layers with considerable lower carbon content and higher
nitrogen content [54]. With Ti(NEt2)4, the level of carbon and nitrogen in the deposited layers is
independent of temperature, up to about 550 °C, where homogeneous reactions in the gas phase takes
over {54]. This phenomenon is contributed to the lower reactivity and growth rate of Ti(NEt2)4 as
compared with Ti(NMe2)4. Due to the lower reactivity of the precursor, soft ion bombardment of the
surface can desorb organic by-products during growth of the layer. Nitrogen, which is more strongly
bonded to the surface, is incorporated at a higher rate than the less strongly bonded carbon. Ti(NMe?2)4
seems to be more reactive and layers grow faster, while the intensity of ion bombardments remains
equal. Therefore, not all carbon containing organic by-products are being removed from the surface and
incorporated in the layer [54]. Hardnesses reached are in the range of 1200 - 2500 HV [51, 54, 92, 96],
and are slightly higher when Ti(NEt2)4 is used instead of Ti(NMe2)4.,

Oxygen impurities in the Ti(C,N) layers are only detected in small amounts, probably due to traces of 02
and H2O in the source gases and precursors, or absorbed at the walls of the reactor or by oxidation of the
deposited Ti(C,N) layer after exposure to air [54, 92, 96].

Hardly any other MO-precursors have been tested for the PECVD of Ti(C,N) in combination with direct
plasmas. Berndt et al [76] use Ti(NMeEt)4 and Ti(NC4Hg)4 as alternative Ti-precursor. Both precursors
also give Ti(C,N) layers, with almost similar results in carbon content for TIINC4HRg)4 as compared with
Ti(NEt2)4 and with results in between of Ti(NEt2)4 and Ti(NMe))4 for Ti(NMeEt)4, which is not
surprising.
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Remote plasmas

For IC-technology applications, the best results with MO-PECVD of TiN, are obtained using remote
plasmas. MO-precursors used in literature are Ti(NMe?2)4, CpTiC7H7 and Ti(tBuDAD)?2, often in com-
bination with NH3, Hp and N2 as co-reactants [41, 97, 100, 101, 107, 113, 124, 125]. Ti(NMe?2)4 is al-
most always used in combination with an ECR plasma [97, 107, 124, 125]. Deposition temperatures
range between 100-600°C. The layer quality seems to be dependent of temperature in combination with
deposition rate (see figure 6). At high temperature the film resistivity is independent of deposition rate,
where at low temperature only for low deposition rates good quality films are found. This can be
explained by the fact that the desorption rate of adsorbed reaction products is reduced at lower tempera-
tures, such that only at low deposition rates, undesired reaction products are not incorporated in the
growing layers [97, 107, 125].

l-—o— Nitrogen —e— Ammonia]

I-o- 400 °C -e= 500°C -a- 600 °C _ 200 1
E
300 3}
— 150
E 1 g
o)
< 20 // Z 100 .
£ 100 / & )\o<
£ Sed’ R 1
= ) 0 =
=
0 0
1152 28 3 35 4 100 200 300 400 500 600
Deposition rate [nm/min] Substrate temperature [°C]
Fig. 6 Influence of the TiN deposition rate on the TiN Fig. 7 Film resistivity vs. substrate temperature with the
film resistivity with the ECR-PECVD process ECR-PECVD process using Ti(NMep)4 in addi-
using Ti(NMe 2)4/NH3 (97]. tion with N or NH3 {125].

Both nitrogen and ammonia addition resulted in high quality layers with low resistivities (=45
HOhm.cm), even at 100 °C (see figure 7) [125]. This is due to low carbon and oxygen amounts (2-5 at%).
The mechanisms that govern the plasma enhanced deposition process are very complex. With the
addition of plasma activation the complexity of the chemistry is usually much higher than with thermai
CVD [3]. A few initial reports on the possible mechanisms can be found in references [113, 124] Weber
et al. [124] have used labelled nitrogen molecules (15N) and found almost exclusively TilSN. They
suggest that atomic nitrogen and amido radicals generated in the ECR plasma are the active species, and
show an initial mechanism by which exclusive formation of Ti 15N is explained.

With a remote RF plasma, carbon-free TiN films were deposited using Ti('BuDAD)2 [41]. The layers
were well adherent and scratch resistant, and were almost carbon free. Growth rates were however very
low (a few nm/min). Further investigations using this compound would be interesting.

CpTiC7H7 has also been used [100, 101]. In combination with RF remote plasma activated N9 or NH3.
Carbon free films were deposited in the temperature range of 300-600 °C. These layers were gold
coloured and consisted of very small randomly oriented, grains (10 nm size). Notably they do not exhibit
the columnar growth that is typical for thermal CVD TiN layers. Deposition with N2 or NH 3 showed
only little difference. In both cases, nitrogen rich films were the result. The incorporation of hydrogen in
the layer was higher, in the case of N2, which is unexpected. The use of H7 always resulted in small
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amounts of carbon in the layers [100, 101]. Resistivities of these films were very low and decreased with
increasing temperature (260 - 100 pOhm.cm).

As can be seen, use of different kinds of glow discharges leads to better layers, whether these are for mi-
croelectronic devices or wear resistant purposes.

4. SUMMARY AND CONCLUSIONS

Both in IC-technology as in wear resistant applications, a considerable decrease in CVD-TiN deposition
temperature has been realised over the years. For both applications, deposition temperatures down to
500°C have been proved to be possible. For wear resistant TiN layers, CVD production facilities are op-
erational since a few years [36], while CVD-TiN barrier layers are on the edge of being introduced in IC-
production lines [117, 123].

For IC-technology applications, three TIN CVD process technologies are near to the production stage.
TiCl4/NH 3, which offers the best step coverage, while at deposition temperatures above 500°C the pro-
duced TiN-films do not corrode or degrade overlying aluminium as long as they contain less than 5 at%
chlorine. The two other approaches use chlorine-free MO-precursors namely Ti(NMe2)4/NH3 and
Ti(NEt2)4/NH 3, thereby eliminating the afore mentioned chlorine contamination, which remained a con-
cern for some in the IC-production. As of yet one limitation for the MOCVD process, is the lower step
coverage and higher resistivity. Even though the deposition temperature has come down to about 500°C,
it still limits the range of applications within the IC-technology. The usage of alternative MO-precursors
has not yet been successful in a substantial lowering of the substrate temperature. The usage of more re-
active nitrogen sources, seems to be more promising. The usage of alternative nitrogen precursors ,like t-
butyl amine or methyl hydrazine, has been shown to give good layers at even lower deposition tempera-
tures . The most promising new development seems to be in the usage of atomic nitrogen generated by a
remote ECR plasma. Film resistivities lower than 100 pOhm.cm have been obtained at temperatures as
low as 350°C.

For wear resistant applications only the TiCl4/N2 PECVD process is operational in production [36], us-
ing still relatively high deposition temperatures above about 600°C. Deposition at lower temperatures
seems to be possible only with the usage of chlorine free precursors. With almost every presently known
chlorine containing precursor, chlorine impurities are found in layers deposited at temperatures below
500°C, regardless of deposition technique (LPCVD, PECVD). A consequence of the usage of MO-pre-
cursors is the incorporation of carbon in the layers. As long as the carbon is bonded as TiC, this itself is
not really a disadvantage, as Ti(C,N) layers have a slightly higher hardness. Carbon in the form of or-
ganic impurities however tends to degrade the wear resistant layer qualities. Thermal MOCVD, although
not yet studied very thoroughly, does not seem to produce good wear resistant TiN layers. PECVD how-
ever, shows interesting results. Hardnesses up to 2500 HV have already been accomplished. It seems that
a large series of MO-precursors are potentially suitable to deposit wear resistant Ti(C,N) layers. The ratio
of N/C in the layers however is very dependent on the applied precursor. Therefore, most probably dif-
ferent MO-precursors will be used, for layers with different qualities and (hard) coating applications.
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