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The four-membered-ring heterocyclic mole-

cule Cp,TiCH,Si(Me,)NSiM e, (1
Cp=mn—CyH;) was studied as a single-source
precursor to titanium-based ceramic thin
films. Its decomposition was studied at atmos-
pheric and low pressure under nitrogen,
argon and helium by TG-DTA-MS. Thin
films containing the four elements of the
metallacycle and oxygen were deposited on
silicon substrates by low-pressure (20 Torr)
chemical vapor deposition (CVD) between 773
and 923 K. Films were characterized by
SEM-EDS, XPS, EPMA-WDS and XRD
analyses. © 1997 by John Wiley & Sons, Ltd.
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INTRODUCTION

Organometallic chemical vapor deposition
(OMCVD) has gained increasing interest during
the last 30 years because the use of molecular
percursors for the preparation of ceramic materi-
as offers advantages over conventiond
high-temperature processes with regard to homo-
geneity, purity, partical size regulation and
amenability to intelligent processing control.*®
Moreover, single-source precursors, i.e. mole-
cules exhibiting prebonding between the atoms
from which the ceramic will form, have lately
been extensively studied as they should require
lower energy to convert them into ceramic
materials than conventional precursors.”®

The Cp,TiCH,Si(Me,)NSIMe;  molecule,
1(Cp=mn— CsHy), exhibits a four-membered ring
arrangement that prompted us to check whether
it could be used as a single-source precursor to
advanced ceramic thin films containing the
atoms of the ring. Thin films of titanium carbide,
nitride and silicide are interesting in many ways
for mechanical and/or electrical applications.>™
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Figurel El mass spectrum of Cp,TiCH,Si(Me,)NSiMe;.
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Combination of these properties can be foreseen
if solid solutions or defined phases can form. The
Ti—Si—N system istechnologically interesting for
electrical  interconnections in  electronic
devices® while the Ti-Si—-C system attracts
interest for its mechanical properties®** The
phase diagrams of these two systems have been
studied™** and chemical vapor deposition (CVD)
has been used to deposit thin films from
conventional precursors.’***1% The quaternary
Ti—-SI-C—N system that may arise from the
decomposition of compound 1 could hopefully
combine the electronic and unusual mechanical
properties afforded by both of the systems
mentioned above.

This paper isintended to show that compound

- 65

1 can be used as a single-source precursor to
ceramic thin films containing titanium, silicon,
carbon, nitrogen and oxygen.

RESULTS AND DISCUSSION

Synthesis and characterization of 1

Cp,TiCH,Si(Me,)NSiMe; (1) was prepared fol-
lowing reported procedures (Scheme 1).%+%? Sub-
limation (383 K/10~ 2 Torr) affords 1 as a waxy
red compound that cannot be crystallized. Ele-
mental and '"H NMR analyses were consistent
with previously reported data.
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Mass spectrometry of 1 (Fig. 1) shows the
parent peak at m'z=337. Mgjor fragments have
been assigned following Scheme 2. It should be
noted that a number of these fragments exhibit
the Ti-Si—C—N cycle, or at least contain al four
elements. The chemical structures proposed in
Scheme 2 take into account the comparison of
the observed peak pattern with the theoretical
isotopic distribution of titanium and other ele-
ments. Species containing only silicon and
carbon or only silicon and nitrogen were aso
identified. Note that if these species aso arise
under thermal fragmentation of 1 they may
induce the formation of silicon carbide or
nitride.

Thermal decomposition of 1

The thermal behavior of 1 was studied under
nitrogen, helium and argon. At atmospheric
pressure and under nitrogen as well as under
argon (Fig. 24), a one-step 73% weight loss is
observed within the 473-603K temperature
range. The compound does not melt (no DTA
peak prior to weight loss). The DTA curve
exhibits two thermal events correlated to the
weight loss (Fig. 2a): an endothermic peak at
523 K and an exothermic one at 573 K. Under
helium, the overall weight loss remains identical
but occurs in two steps (Fig. 2b). The two
thermal events observed under argon are present

weight loss (%)
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Figure2 Thermogram of Cp,TiCH,Si(Me,)NSiMe;: 10 K min~* temperature ramp. (a) Weight loss and DTA curves for
argon and P,.. (b) Weight loss and DTG curves for helium and P,
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at the same temperatures and might be assigned
to each weight loss. In conditions closer to those
of the CVD experiments, i.e. at low pressure and
under nitrogen, a single weight loss is observed
again and reaches 100%.

Coupled MS analysis of the gas phase,
performed under N,, indicates the presence of
[MeSi*] (mz=73), [Cp'] (m/z=65) and
[HNSi,Mel] (m/z=146) as major decomposition
products. [Me,Si*] and [Cp*] fragments appear
at the beginning of the weight loss, i.e. a ca
473 K, while [HNS,Mel] is detected at ca
573K (end of weight loss). The fragments
resulting from the thermal decomposition of 1
are aso present among the major species
detected in the conditions of electron impact (EI)

mass spectrometry fragmentation. This further
allows us to propose the following pathway for
the decomposition of 1: the Cp and Me,;Si groups
are eliminated in the first step of the decomposi-
tion while the four-membered ring core of the
molecule remains stable up to higher tem-
peratures. This pathway is consistent with the
two-step weight loss shown under helium and
with the two thermal events described above.
Figure 3 shows the thermal behavior of 1
recorded in isotherma mode under nitrogen. At
atmospheric pressure, the weight loss varies
linearly as a function of time at 413 and 433 K
(Fig. 34). This behavior corresponds to a zero-
order kinetic process, consistent with the simple
sublimation of the compound. At 443K and
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Figure3 Thermogram of Cp,TiCH,Si(Me,)NSiMe, showing the weight loss at various temperature levels. N, carrier gas

@1 h™%. (@) Py (b) P=5Torr.
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Table1l. CVD from Cp,TiCH,Si(Me,)NSiM e

Analysis of the

Sample Mass of Substrate Substrate  deposits(at %)

no. precursor type temperature ——

(mg) T(K) Tiss CN O

1 170 Si 923 1420 71 58
2 130 S 873 17 17512 1.5 52
3 120 S 823 2013 142 51
4 170 Si 773 1910 284 39
5 1360 Si, steel 773 137 15 65

@ N, flow rate: 51h~% P: 20 Torr. Samples 1 to 4 were
analysed by XPS after a 10 min sputtering at 4 kV. Analysis
of sample 5 was carried out by EPMA-WDS on the deposit
obtained on a 35CD4 steel substrate.

above, the formation of a residue (10-20%)
indicates the decomposition of 1. At low pressure
(Fig. 3b), the same phenomena are observed.
However, the beginning of decomposition is
shifted towards a lower temperature (393 K).

This thermal study indicates that 1 bears the
features (volatility and decomposition ability)
necessary for use as a CVD precursor. Moreover,
we could study, under nitrogen and as a function
of the vaporization temperature, the nature of the
gas phase. During CVD experiments, 1 can be
transported in sublimation mode up to 433K at
atmospheric pressure and up to 383K at low
pressure. Above these temperatures, the gas
phase will consist of the decomposition products
of the molecule as identified by conventional
dynamic thermal analysis (vide supra).

Thin-films deposition and
characterization

In an attempt to confirm the ability of 1 to form
ceramic thin films, and to identify the atoms that
would participate in the deposit, hot-wall CVD
experiments were carried out on silicon sub-
strates, under nitrogen, and at low pressure. The
two driving modes (sublimation and decomposi-
tion) were studied but could not be accurately
compared because, in hot-wall CVD equipment,
the presence of a large zone of temperature
gradient leads in any case to the decomposition
of the vapor before it reaches the substrate
surface. Therefore, we report here only on the
studies of the films obtained in decomposition
mode (precursor vaporized at 423 K) for various
substrate temperatures (773-923 K). The experi-
mental conditions and the anayses of the
deposits are gathered in Table 1.

The atomic compositions of the deposits were
estimated by XPS analysis (Table 1). The XPS
spectrum of sample 4 (Fig. 4) is representative of
the deposits obtained for all substrate tem-
peratures. The deconvolution of the C, and Ti,,
peaksis presented in Fig. 5. All deposits contain
titanium, silicon, carbon, oxygen and smal
amounts of nitrogen. The observed binding
energies for each element are reported in Table 2
and their values can be compared with those in
the literature.*** The position of the titanium
peak is consistent with the presence of titanium
dioxide and titanium oxycarbide or oxynitride.
Silicon is also present as an oxycarbide and does
not appear as titanium silicide. Nitrogen is
present in small amounts and from its binding
energy it may be inferred that it appears in a
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Figure4 XPS spectrum of Sample 4.
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Figure5 Measured XPS spectraof the Ti,, doublet (a) and
C,s peak (b) in sample 4.

nitrogen-rich titanium oxynitride phase. The
binding energies observed for carbon are con-
sistent with the presence of amorphous carbon
and carbide as titanium and/or titanium oxy-
carbide. Therefore, the deposits can be described
as titanium and silicon oxycarbides and nitrides
containing titanium dioxide and amorphous car-
bon.

The oxygen content of the deposits is high at
al substrate temperatures (4060 at %). Pre-

Table2. XPSbinding energiesin eV

Phase Si,,  Cis Nis Ty, O

Titanium 453.8

Amorphous carbon 284.5

B-SiC 100.5 2835

SiC,0, 102.0 284.6 532.1

SO, 103.4 5324

SiN,O, 102.0 398.3 532.2

a-SigN, 1014 397.9

TiC 281.2 454.7

TiN 396.7 454.6

TiN,O, 398.6 4554

TiO, 458.5 530.0

TiSi, 98.3 453.2

Sample 4 102.4 2829 397.1 456.4 5313
284.7 458.7

© 1997 by John Wiley & Sons, Ltd.

Figure6 SEM of the cross-section of sample 5. Deposit
on silicon substrate.

cursor 1 is highly sensitive to oxygen and
moisture, and an imperfect purification of the
CVD apparatus (which is equipped with only a
primary pumping system — see Experimental
section) is sufficient to explain the incorporation
of oxygen in the deposits. Prolonged sputtering
of the surface of the deposits during XPS
analysis does not eliminate oxygen. Electron
microprobe analysis with wavelength-dispersive
spectrometry (EPMA-WDS) of sample 5, pre-
pared in the same conditions as sample 4, on
silicon and 35CD4 steel substrates, confirms the
presence of oxygen in the bulk of the deposits
(Table 1). Scanning electron microscopy (SEM)
of sample 5 shows that the deposits are ca
0.9 um thick (Fig. 6) and exhibit a smilar
homogeneous granular surface on both types of
substrates (Fig. 7). As shown on Fig. 8, crystal-
lized phases are formed and the influence of the
nature of the substrate is shown by the difference
observed in the XRD peaks on each substrate.
None of the sets of XRD peaks could be
accurately attributed to known phases.

The preliminary CVD studies conducted on
compound 1 have shown its ability to be used as
a single-source precursor to the formation of
deposits in the Ti—Si—-C—-N-O system. Further
studies, using higher-quality CVD equipment,
will be performed to allow the exclusive forma-
tion and accurate characterization  of
Ti—Si—C—N-containing deposits.

EXPERIMENTAL

General comments

All manipulations were carried out by using
standard Schlenk and dry-box techniques under

APPLIED ORGANOMETALLIC CHEMISTRY, VOL. 11, 195-203 (1997)
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argon. Pentane was dried and distilled over Na/K
aloy. Compound 1 was prepared following
reported procedures.’®? Attempts to crystallize it
by various techniques (sublimation, recrystalliza-
tion) did not success in producing crystas
suitable for X-ray diffraction studies. The 'H
NMR spectrum was recorded on a Bruker
AMX200 (200 MHz) spectrometer. Mass spec-
trometry (MS) analyses were conducted on a
Nermag Model R10-10 spectrometer.

SEM observations of the deposits were per-
formed on a JEOL JM S 840A unit equipped with
an energy-dispersive spectrometry (EDS) ana
lyser. Their elemental analysis was determined
by X-ray photoelectron spectroscopy (XPS)
using a VG Escalab Modd MK2 (Mg Ka
radiation, 1253.3 eV) under sputtering of the
surface with an Ar*™ ion beam. Electron micro-
probe anayses (EPMA) were performed on a
Cameca SX-50 apparatus equipped with three
wavelength-dispersive spectrometers (WDS). X-
ray data were collected on a Seifert model
XRD-3000 diffractometer (Cu radiation) work-

ing at the grazing angle (1°) and equipped with a
liquid-nitrogen-cooled germanium detector.

Thermoanalytical studies

Thermogravimetric studies were carried out in a
Setaram TG-DTA 92 system coupled to a
Leybold—Heracus QX 2000 quadrupolar mass
spectrometer through a capillary that allows the
gases to enter the analysis chamber continuously.
This on-line TG-MS configuration allows us to
approach the thermal decomposition of a pre-
cursor through simultaneous anaysis of the
volatile decomposition products. The thermogra-
vimetric equipment offers ssmultaneous TG and
DTA data collection at hormal or low pressure
with various carrier gases, and from room
temperature to 1873 K. Therma studies were
performed in dynamic mode (at a heating rate of
10K min~ %) and in isothermal mode, the latter
alowing us to define the temperature domains in
which the compound is transported in to the gas
phase either by sublimation or decomposition. In

Figure7 SEM of the surface of sample 5. (a) Silicon substrate. (b) 35CD4 steel substrate.
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Figure8 XRD of sample 5. (a) On silicon substrate; e,
aluminium sample holder. (b) On 35CD4 steel substrate; m,
substrate.

isothermal mode, the heating temperature was
rapidly reached by using a heating rate of
20-30 K min~ . The mass range of the QMS is
from 1 to 200 amu.

Chemical vapor deposition

The deposition of thin films was carried out in a
hot-wall CVD unit (Fig. 9). The reactor part
consisted of a Pyrex or quartz tube (=25 mm)
inserted into a Thermolyne tubular furnace (T,
1473 K). The constant-temperature zone of the
furnace was ca 8 cm long. The temperature of
the furnace was regulated through an externa
PID system connected to a K-type thermocouple
located between the furnace and the tube. Si(100)
and 35CD4 steel substrates were used and
located in the constant-temperature zone of the
furnace. They were pretreated as follows: silicon
substrates were cleaned in H,SO,/H,0, (1:4),
rinsed in distilled water and dried; steel sub-
strates were polished mechanically using
abrasive paper (grades 600 to 4000) and diamond
paste, and sonicated in an ethanol bath. The unit
was equipped with a liquid-nitrogen trap and a
high-flow-rate primary pump (Edwards E2M12).
A Pirani gauge indicated the total pressure of the
system. The precursor driving system consisted
of one U-type saturator immersed in a tem-
perature-controlled oil bath. The saturator was
loaded inside an argon-filled dry box in order to
prevent, as much as possible, oxygen and water
contamination. The line between the saturator
and the reactor was heated to 10 K above the

Furnace
| £ SR E l
—_—
—
to pump
Furnace Line Liq N,
o D Temperature| [Temperature
Gas Flow Pressure
I Controller Controller
~ Carrier gas

Figure9 Schematic diagram of the CVD equipment.
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vaporization temperature of the precursor in
order to avoid recondensation. The precursor
vapor was driven to the reactor by using nitrogen
carrier gas. ASM mass flowmeters were used to
control the gas flow rate. The saturator was
equipped with a by-pass allowing connection to
the unit and further purification without inter-
action with the precursor. The system was
evacuated and refilled with the carrier gas three
times before the carrier gas flow was opened to
the precursor container and the furnace was
heated. The precursor was heated at its vapor-
ization temperature when the furnace had
reached the desired temperature. At the end of
the experiment (ca 2 h), the unit was cooled
down to room temperature under gas flow.
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