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The thermal decomposition of tetrakis(ethylmethylamido) titanium (TEMAT) has been investigated in Ar and
I; gas atmospheres at gas temperatures ot 100-400 °C by using Fourier Transform intrared spectroscopy
(FTIR}) as a fundamental study tor the chemuical vapor deposition {CVD) of titanium nitride {TiN} thin film.
The activation energy tor the decomposition of TEMAT was estimated to be 10.92 keal/mol and the reaction
order was determined to be the first order. The decomposition behavior of TEMAT was affected by ambient
gases. TEMAT was decomposed into the intermediate forms of imine {C=N} compounds in Ar and II»
atmosphere, but additional nitrile (RC=N) compound was observed only in IH: atmosphere. The decomposition
rate of TEMAT under II; atmosphere was slower than that in Ar atmosphere, which resulted in the extension
ot the regime of the surface reaction control in the CVD TiN process.
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Introduction

Trend in shrinking the size of integrated-circuit {IC})
device features leads the continued increase in aspect ratio
(depth/diameter) of contacts and vias. Therefore, a contor-
mal process for the deposition of diffusion barrier materials
is required for the tabrication of advanced IC devices.
Chemically vapor-deposited (CVD} titanium nitride tilms
are widely used for the fabrication of advanced integrated-
circuit devices because of their excellent barrier properties,
good electrical conductivity, and good step coverage on
high-aspect-ratio contact holes and vias. The titanium nitride
(TiN} films can be prepared by CVD process using either
inorganic or metal-organic precursors. Compared to inot-
ganic-CVD TiN, metal-organic-CVD (MOCVD) TiN is
known to have some advantages: low deposition temper-
ature, no chlorine contamination and adequate step cover-
age. The most widely used MOCVD precursors for deposit-
ing TiN film are titanium alky amides such as tetrakis-
(dimethylamido} titanium (TDMAT), Ti[N{CH3):]4. tetrakis-
(diethylamido) titanium {TDEAT), Ti[N(C:Hs):]4, and tetra-
kis{ethylmethylamido) titanium, TEMAT, Ti[N(C:Hs)-
(CHs)]s."* Among these precursors, TEMAT has not been
used widely for CVD TiN compared to TDMAT and
TDEAT, although the TEMAT-based CVD TiN films show-
ed better chemical/physical propetties than TDMAT or
TDEAT-based TiN films.® Previously, it was shown that gas-
phase chemistry greatly affects the deposition characteristics
in the CVD processes.”’! Nonetheless, to our knowledge,
there are no reports on the eftect of ambient gases on the
thermal decomposition of tetrakis(ethylmethylamido} titani-
um (TEMAT) for CVD TiN process. Therefore, we investi-

gated the thermal decomposition behavior of TEMAT at
various gas atmospheres, aiming to relate the gas-phase
chemistry and the growth characteristics of CVD TiN films
to compare with the decomposition of TDMAT and TDEAT.
The gas phase chemical reactions have been mainly studied
using in-sitne FTIR.

Experimental Section

Materials and Instrumentations. The precursor, TEMAT
(99.9%), was purchased from the UP Chemical Inc. and
used without further purification. There were no detectable
impurities in the 'H-NMR spectra of the as-received
TEMAT. The compound is a yellow-orange liquid with
molecular weigh of 280.32 g The density and vapor
pressure of TEMAT is 0.95 g/cm’ and about 0.4 torr at 60
°C, respectively. The decomposition behavior of the pre-
cursor was studied using Fourier Transform infrared spectro-
scopy (FTIR, Jasco 430 model) by monitoring of the specific
chemical bonds, and the schematic drawing of the experi-
mental apparatus is shown in Figure 1. The mixture of
carrier gas and vaporized precursor was introduced into a
specially designed quartz gas cell (volume: 141.4 cm’),
which was covered with a heating block. The precursor
container was kept at 55 °C. During the experiment, the gas
line from the bubbler to the inlet of cell was heated at 65 °C
to prevent precursor condensation. A collimated infrared
beam (IR band: 400-4000 cm™) was irradiated from the FT-
IR spectrometer through the quartz cell equipped with two
KBr windows, and the passed IR beam was analyzed with a
liquid-nitrogen-cooled MCT (Hg-Cd-Te) detector. Each IR
spectrum was collected with 8 em™ resolution and 50 scans
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Figure 1. Schematic diagram of in-sifu FTIR diagnosiic sysiem.

were averaged, The gas iemperature of the cell was mea-
surcd by K-type thermocouple and varied from 100 to 400
°C under Ar and Hz gas cnvironnents,

The deposition of TiN also carried out on the (100} p-type
silicon covered by Si0a in a low pressure CVD reaclor 1o
investigate the clfects of ambient gas on the CVD TiN. The
films were deposited in the range of 250-375 °C at the total
pressure of 1 torr, 55 °C of precursor temperature, and 30
scem carrier gas. Film growth rate was calculated by divid-

ing the film thickness by reaction time and the thickness of

the [1lms was cvalualed using scanning clectron microscope
(Hitachi 5000 SEM modcl).

Results and Discussion

Figure 2 shows the typical FTIR absorplion spectrum of

gas phasc TEMAT, and the peak assignments are listed in
Table 1. The FTIR spectrum ol gas phase TEMAT was simuilar
o that of other pure metal alkyl amino compounds.'®!'! The
degree of thermal decomposition of TEMAT was monitored
using the intensity of NCa asymmetric stretch at 978 cm™,
because the relatively intense NC» stretching band is known
to be a good signature for the metal[N(C:Hs}CHs)]s
bond.”"!* Figure 3 shows the IR spectra of TEMAT at cell
temperatures of 100, 300, 350 and 400°C under Ar
atmosphere. As can be seen in Figure 3, the peaks intensity
of CN: asymmetric stretch at 978 em™ and of the Ti-N

Table 1. FT-IR peak assignments for TEMAT
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Figure 2. FTIR Spectrum of TEMAT at 100 °C under Ar
atmosphere.

stretch at 603 cm™ decreased with incrcasing the cell
temperature, suggesting that TEMAT became unstable at a
high temperature, causing the decomposition of TEMAT
into Ti metal and cthyl-methyl-amine, Here it is interesting
to note that the absorption at 1680 ¢n™" appeared at high
temperatures over 300 °C. This peak could be assigned to the
C=N streiching,” suggesting that N-CH; of TEMAT is

Absorbance [a.u.]
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Figure 3. FTIR Spectra of TEMAT in gas phase at different cell
temperatures at Ar atmosphere.

No. Wave Number (cm™) Peak assignment No Wave Number (cm™) Peak assigmment
I 2962 va CH: 10 1209 tw CHa
2 2029 va CH; 1 1151 P(N)CH; ; vN-CH:
3 2841 s CHa 12 1101 PN)CH;; vC-C
4 2777 va (N)CH; 13 1076 P(C)YCH:: p(N)CH:
5 1452 da CH; 14 1049 AC)CH; ; vC-C
6 1412 aCHz : 95(C)CH; 15 978 vaNCy; vC-C
7 1369 05 (N)CH3 16 877 PCH; 0sNC: 1 dsNC»
8 1342 Os(CY)CH; ; «CHa 17 788 #CHz 5 vN-C
9 1297 @CH: 18 603 vTi-N

Abbreviations : v: streching, o1 deformation, a1 sissoring, 1 rocking, m @ wagging, tw: twising, s: svmmetric, a: asynunetric.
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hydride elimination reaction: ie, Ti[N(C-H;}CHs)]y —
CH;-CH>-N=CH; + H-Ti[N(C-H:}CHj3)];. Likewise, the
N-CH>CH; of TEMAT may be also transformed into another
imine intermediate by S-hydride climination reaction: fe.,
TiN(C:H:s}HCH3)]s — CH3-N=CH-CH; + H-Ti[N(C;Hs)-
(CH3)]s. Howcever, the possibility of CH3;-N=CH-CH; for-
mation could be lower than that of CH;-CH>-N=CH.
formation because of steric reason,” Turthermore,  the
possibility of CHz=CH> formation by y-hydride climination
reaction could be slim becavse the process requires much
higher cnergy: fe., Ti[N(C-H:)}CH3))y — CH>=CH; +
TiINH(CH3;)] [N(C-H<)(CH3}]s. The indicative peak for the
formation of Ti-N-C mectallacyclic ring compound, an
infermediate with a rcasonably short life time, during the
thermal decomposition process could not be clearly scen
probably duc to its inherent instability at high temperature,
duc to the paramagnctic nature of TiTIT) species, and/or duE:
1o the overlapping of the peak position of  Ti{-N-C
metallacyclic ring compound with CHz twist peak at around
1210 em™ in TEMAT, Nonctheless, the Ti-N-C metalla-
cyclic ring compounds, which is the coordinating complex
of iming intermediale Lo the titanium moicty, could be casily
formed as obscrved in the other_alkyl amido titanium
compounds, ™" The formation of Ti-N-C metallacyclic ring
compounds during the decompaosition process could be very
important (o the formation of imine intermediate by
hydride climination and the lormation of nitrile intermediate
by isomerization.

Flow type experiment was used o examine Kinetic para-
meters such as decomposition reaction order and activation
energy of TEMAT in gas phasc. The decomposition acliva-
tion ¢nergy of TEMAT in the gas phase was obtained by
following the method of Yun e af,'* The gas cell used in this
experiment may be considered o be a tubular reactor {plug-
Nlow rcactor), in which (he reaclants arc continually
consumed as they flow in the reactor. If the reaction is irst
order, the design equation v the tbular reactor from the
mole balance and the rate law at steady state can be written

as'®

dF/dV — —kC (1

where F is the molar flow rate, V is reactor volume, Kk is the
reaction rate constant, and C is the concentration of the
reactant. Integration of Eq. (1} with the inlet concentration of
C=Cy at volumetric flow rate g gives

In(C/Co) — —Vkiq (2)

If the plot of [In(C/Cy)] as a function of —=V/q is linear with
slope k. the reaction order is first order and k is reaction
constant at the temperature. As shown in Figure 4, the plot
of [In{C/Cy)] for the ratio NC; asymmetric stretching peak as
a function of —V/q is quite linear which suggests that the
decomposition reaction is first order. The decomposition
rate constant of TEMAT at 375 “C was obtained to be 217.90
m™' from the slope. The decomposition reaction rate
constant of TEMAT was obtained from the slope of the plot

temperature [In(C/Cq)] vs —Viq at different gas temperatures
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Figure 4. Absorption intensity ratio of the peak intensity of NCa
peak as a function of —Viq in Ar atmosphere at 648 K.

from the flow type experiment. The decomposition reaction
activation energy of 10.92 kcal/mol was obtained from the
slope in Arrhenius plot of natural log of TEMAT decompo-
sition rate constant (In k) vs T™'.

As the type of the carrier gases was reporied (o profoundly
affcet the gas-phasc reactions,”'” we cvaluated the efiect of
ambicnt gas on the decomposition of TEMAT: ie., the Ar
ambicnt gas was replaced with Ha, To investigale quantita-
tively the degree of the decomposition of TEMAT at various
aas phasc temperatures using Ar and Ha gases, the ratio of
the peak intensity of NC, asymmetric streteh {(I) 10 CH;
deformation {7y} was emiployed. The reason we adopled the
1369 em™ peak of CHs deformation peak as a standard was
duc to the near-insensitivity ol this peak under the investi-
aating condition. The peak intensity was obtained by the
integration of the peak arca, and Tigure 5 shows the
variation ol the peak intensily ratio of 710 Fy at the ccll
temperatures of 100-400 °C. For all gases, no significant
change was found in the ratioc of peak intensity upon
increasing the temperatures up to 275 °C. However, the ratio
greatly decreased at above 300 °C for the case Ar atmo-
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Figure 5. liffect of substrate temperature on deposition rate under
different ambient gases.



222 Bull. Korean Chem. Soc. 2006, Vol. 27, No. 2

sphere, suggesting that the decomposition of TEMAT
became significant at above 300 °C. From this results, the
gas phasc rcaction temperature should be kept below 300 °C
with Ar to avoid particle gencration in Ti(NT:tM¢),-based

CVD. On the other hand, significant change of the ratio of

peak intensity of NC, asymmetric  stretching to CH;
deformation began at 325 °C for the case of hydrogen gas.
This indicatcs that hydrogen suppresses the decomposition
rcaction of cthylmethylamido groups from Ti(NEWMe),. The
function of hydrogen gas could be mainly 1o remove the
amide ligand as HNEMc as scen in the thermal decompo-
sition of TDMAT with SiH, gas.'8 This {act was confirmed
by 'H NMR spectroscopy, showing the increased formation
off HNE(Me in the H: gas atmosphere, Therefore, the
hydrogen use would be benelicial for reducing the particle
gencration in gas phasce as well as extension of the controlled
regime in TINTtMe)-based CVD at the expense of slower
decomposition rate of TEMAT,

To obscrve any spectral changes depending on the ambient
gases, FTIR spectra of TEMAT under Ar and Hy atmosphere
were investigated at 375 °C. As can be seen in Tigure 6, in
the case of Hi atmosphere, new peak at 2146 ¢m™ was
interestingly observed along with an intine peak at 1680
em™! (C=N) above 350 °C. Since nitrile (RC=N) compounds
usually absorb at 2100-2250 em™," we suppose that the
peak at 2146 e¢m™ might indicale the presence of stable
nitrile compound, In the decomposition of TEMAT under
argon atmosphere the imine intermediate (CH3-CH:-N=CH)
could be formed by S-hvdride climination of N-CH; as
Ti[N(C;Hs ) CH3)]y — CH3-CH:-N=CH> + H-Ti[N{C;Hs)-
(CH3)s.

Other type of imine intermediate (CH3-N=CH-CHj3) could
be formed with less possibility due o steric ground by f-
hydride climination of N-CH>CHjy of TEMAT as Ti[N(C;Hs)-
(CH3)]s = CH3;-N=CH-CH; + H-Ti[N(C-Hs}CH)]:."" By
comparison, unlike the decomposition under argon atmo-
sphere the formation of nitrile intermediate by isomerization
of imine intermediate could be promoted by the inter-

H, carrier gas
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Figure 6. FTIR Spectra of TEMAT in gas phase at 375 °C using Ar
and H: anmosphere.
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mediacy of Ti-N-C metallacyclic ring compounds during
the decomposition process under hydrogen atmosphere
Ti(CI1,-NCHAC11;) metallacyclic ring may be isomerized to
Ti(NH-CHCH,CH;) metallacyclic ring, to HTi(=N-CHCH,CH;),

and to HqTi(N=C(‘H2CH3) mctallacyelic ring, Here hydro-
aen gas might assist the series of isomerization by providing
the coordinating sites for imine and nitrile, The coordinating
sile could be well prepared by hydrogenolysis of Ti-NE(Me
to H-Ti + HNTtMe. The gascous compounds {ormed from
the thermal decomposition were trapped by bubbling thru
NMR solvents, The thermal decomposition of TEMAT in
acctonitrile-dy (at 70 “CY), toluene-dy (at 100 °C), and pyri-
dinc-ds (at 104 °C) was monitored by 'H NMR spectroscopy.
The 'H NMR spectra clearly showed the formation of
HNTtMc from the thermal decomposition of TEMAT on top
of many broad and noisy pcaks.'"t GC-mass analysis also
showed the presence of HNEMce (molecular ion peak of
59.11).

To ¢valuate the efleet of carrier gases on the film growih,
TiN has been grown using a home-made cold-wall type
CVD reactor at 250-375 °C in the atmosphere of Ar and Hs
gas, The deposition rate as a [unction of the substrate
temperature is shown in Figure 7, The growth rate of TiN
increased with increasing the deposition temperature below
350 °C in all carrier gases. With further increases of
substrate temperature, the film growth rale was saturated in
Ar atmosphcre, However, the film growth rale increased
continuously with increasing the subsirate temperature in Hs
atmosphere, In addition, the lilm growth rale with Hy was
higher than that with Ar by 10-20% below 350 °C.

As H; has higher thermal diffusivity compared with Ar,
we expected that the usage ol a higher-thermal-difTusivity
aas, Ha, may lcad to more decomposition than a lower-
thermal-diltusivity, Ar, gas. However, in our experiment, the
film growth rale of TiN in Hy atmosphere increased continu-
ously with increment of the deposition temperature up o
375 "C, in spite of decrements of the film growth rate
appearing in Ar atmosphere above 350 “C. Based on the
different dependence of film growth rate on the ambient
gases and the peak appearance at 2146 ecm™ (C=N com-

1000 4 .‘\_
4 N,
5 LA
£ e
=
v
<]
®
= 1004
£
Z
[
Q ® H, atmosphere
®  Ar atmosphere
10 T T 7

1/T(k) x 1000

Figure 7. Plot of film growth rate at different substrate temperature.
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pounds} only under H» in Figure 6, it is believed that the
decomposition reactions of TEMAT in the gas phase under
H: atmosphere differ from those under Ar gas. We can
speculate that hydrogen gas could accelerate the series of
isomerization process by providing the empty coordinating
sites for imine and nitrile thru the hydrogenolysis of Ti-
NEtMe to H-Ti — HNEtMe, although we do not understand
at present how H is exactly involved in the decomposition
reactions. A detailed mechanistic study using several deu-
terium-labelled TEMAT and proper analytical techniques is
in progress and will be published in due course.

Conclusions

As a basic study for TEMAT-based TiN C'VD systems, a
FTIR study was conducted at the cell temperatures of 100-
400 “C. The imine intermediate which could be partially
transformed by f-hydride elimination reaction of TEMAT
was observed in all the tested ambient gases. but the nitrile
intermediate was only detected under hydrogen atmosphere
at the temperature above 350 °C. A plausible mechanism for
the sequential isomerization of imine to nitrile by the inter-
mediacy of metallacyclic compounds was suggested. The
(=N peak appearance and the extension of the regime of the
surface reaction control in the CVD TiN process clearly
show that different reaction pathways could exist under
hydrogen ambient and further detailed mechanistic studies
should be required to elucidate the decomposition mech-
anism of TEMAT.
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