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Quantum chemical calculations at the Hartré®ck, B3LYP, MP2, and CCSD(T) levels of theory were
performed in order to study the mechanism ofQgachemical vapor deposition (CVD) from Taiind HO.

The geometries and vibrational frequencies of reactants, products and transition states of the reactions, which
are used for modeling the initial steps of the CVD process were calculated using effective core potentials for
Ta and Cl atoms. The reaction between Ta&iid HO proceeds via formation of a strongly bonded six-
coordinated tantalum complex (25 kcal/mol at CCSD(T)//B3LYP). The correlated methods show the transition
state energy to be close to the energy of the initial reagents. Formation of Fa®@he unimolecular
decomposition of TaGDH and TaCGJ(OH),, has similar barriers of20 kcal/mol. The catalytic effect of an
assisting water molecule opens a barrierless channel for TadO@iation in the gas phase.

Introduction nism14 Since in ALD the active components are introduced into
the reaction zone subsequently, it allows a homogeneous
distribution of reactants throughout the surface area. It also
separates certain deposition reaction steps, which provides films
with high precision thickness control and facilitates the study
of the deposition mechanism. According to Aarik and co-
workers* formation of intermediate volatile TaOCéxplains
etching, which occurs at high Tafldoses and increased
temperature. The reactivity of TaCltoward HO-treated
tantalum oxide has been shown to be higher than the reactivity

Tantalum pentoxide thin films, a high-quality dielectric
material, have been intensively studied for different applications
in microelectronic industry, e.g., as capacitors for dynamic
random access memories, gate insulator for metal-oxide-
semiconductor devices and integrated optical deViéeshe
high integration of an increasing number of semiconductor
devices on chips of decreasing size leads to extremely high
requirement of film quality. Among the different growth
technique$chemical vapor deposition (CVE)often provides :
the best quality thin films with very low defect densiyThe of H0 tqward Ta_Gj—treated oxide surfa_céé. o )
search for optimal precursors and operational conditions in a  1N€re is a growing number of theoretical ab initio studies of
CVD reactor, e.g., pressure, temperature, carrier gas, flow rate’_molecules (clusters) and their reactl_ons, which prowde valuable
etc., can be accomplished either experimentally or via computerinformation about a CVD mechanism of semiconductor and
simulations. Experiments provide the most reliable results, but dielectric-type materials for known and potential applications
they are expensive and time and material consuming. Computer” th? m|Cf09|99tr0nIC mqlustry (see, for example, rgf 15 and
simulations are an efficient alternative, if an adequate and the literature cited therein). Besides fundamerfalitative
reliable model is derived. Gas phase and surface reactionknowledge about the type of reactions which may occur in CVD
mechanism and kinetics are essential components for theProcesses, these studies proviintitatie values of thermo-
construction of a computer model for CVD reactor simulation. chemical and kinetics parameters, which can be used in
Knowledge of nature, thermochemistry, and kinetics of critical Semiempirical modeling of processes in CVD reactors. In this
reactions leading to film deposition and to byproduct formation Paper we present a quantum chemical study of initial reactions
also helps in the search for obtaining high quality thin films in tantalum pentoxide deposition from the Tg&O system®
with best chemical, electrical, structural, and mechanical proper- Although this study concerns only selected reactions of gas-
ties. phase molecules, we believe that it helps to understand the

Several precursors such as FAFTaCk, Ta[N(CHy)s]s, Ta- molecular mechanism of 3@s CVD. We predict that the
(OCHy)s, and Ta(OGHs)s!3 have been applied in the T reaction between Taghnd HO in the gas phase occurs without

CVD. Tantalum pentachloride has the advantage of avoiding & Significant barrier. Assuming that fast vibrational energy
carbon contamination in growing filn#t is also suitable for ~ relaxation occurs on the surface of the growingQ@gfilm, an
model experimental and theoretical studies of the CVD mech- intermediate complex of hexa-coordinated tantalum can be
anism since the number and type of intermediate species and'med between Taghnd hydroxyl groups on the surface. We
reactions involved are expected to be smaller compared tohave used a variety of theoretical methods, i.e., HF, MP2,
tantalum compounds with alkylamino and alkoxi ligands. A B3LYP, and CCSD(T) in combination with effective core

study of atomic layer deposition (ALD) of 3@s from TaCk potentials (ECP) and 6-31G* basis sets. According to the
and RO revealed important details of the deposition mecha- literature dat¥ correlated methods in combination with ECP’s
can provide a reasonable-8—5 kcal/mol) accuracy for such
t Philipps-Universita Marburg reaction energies and barriers. We have also computed heats of
* Motorola Inc. formation, structures, and vibrational frequencies of the tantalum
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Exp:
Ta-Cl,=2.369+0.055
Ja-Cl,,=2.227+0.048
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Figure 1. Optimized geometries of (a) Ta£l(b) TaOCH4, (c) TaClQ at the B3LYP level. Values at HF followed by MP2 data are given in

parentheses. Bond lengths are given in A, angles in degrees.

TABLE 1: Computed and Experimental Vibrational
Frequencies (in cnt?) and IR Intensities (in % to the most
active mode) for TaCk

freq HF MP2 B3LYP exp
v1(d1) 383 (0) 415 (0) 400 (4) 406
vo(ai) 294 (0) 330 (0) 319 (0) 324
v3(a’y) 329 (100) 376 (100) 359 (100) 371
va(@'s) 161 (8) 176 (7) 166 (6) 155
vs(€) 371 (55) 413 (50) 399 (54) 402
ve(€) 138 (4) 147 (3) 139 (3) 181
vi(€) 55 (1) 58 (3) 59 (2) 54
vg(€') 182 (0) 198 (0) 187 (0) 127

a Reference 16

containing molecules Ta§;ITaOCk, TaOCl, TaCLOH, and
TaCk(OH),. In this series of molecules only Taltas been
studied experimentalli while theoretical data are available for
TaCk! and TaOC.2%21 A comparison of our theoretical results

with literature data for these two molecules provides an estimate

B3LYP level and the structural parameters for the B3LYP
optimized geometries.

All calculations were performed using a quasi-relativistic
effective core potential (ECP) for tantalum with a valence basis
set (441/2111/21), which was derived from the [55/5/3] valence
basis set of Hay and Waédlt Also, for chlorine, an ECP with a
valence basis set (4/5)/[2s3pgxtended by a d-type polarization
functior?® was used. For oxygen and hydrogen atoms we used
6-31G** basis set& It has been demonstrated for a representa-
tive set of transition metal complexX@shat ECPs generated
for ab initio methods can be applied in DFT-based calculations
as well. To confirm the accuracy of the ECP in the reaction
mechanism study, we performed B3LYP calculations of tanta-
lum oxochloride formation (see below) with a 6-31G* all-
electron basis s&tfor the chlorine atom. The difference in the
calculated reaction energies using both kinds of basis sets for
chlorine atom is only 3 kcal/mol.

of the accuracy of ab initio approaches applied in this study, Results and Discussion

while computational data obtained for unknown tantalum
compounds, e.g. TaQl, TaCLOH, and TaGJ(OH), should help
in their experimental identification and characterization.

Computational Methods

Considering the mechanism of initial reactions leading to
formation of tantalum pentoxide from tantalum pentachloride
and water we have computed a series of tantalum-containing
molecules: TaG| TaOCk, TaG:Cl, TaCLOH, and TaG(OH),.

For TaCkOH and TaGJ(OH), several geometric isomers can

Molecular geometries have been optimized using three be visualized based on different possible locations of Cl and

different theoretical methods: HF, MP2.and B3LYP? as
implemented in th&aussian 9§rogram packagé Analytical

OH in a trigonal bipyramide (axial and equatorial) and H-
bonding pattern. Since a detailed conformational analysis of

harmonic frequencies have been computed at the B3LYP leveltantalum hydroxychlorides is beyond the scope of our paper

of theory for all stationary structures and at the HF and MP2 we have considered only a few geometric isomers and confor-

levels for selected molecules. HF vibrational frequencies are mations, which apparently have low energies or are located on

scaled by 0.89° Single point coupled cluster CCSDEf) a minimum energy pathway toward a reaction transition state.

calculations have been done at the B3LYP optimized geometries.Conformational processes in those molecules are accompanied
Al relative energies presented in the paper include zero-point by small energy changes and thus should be very fast.

energy (ZPE) corrections. If not specified otherwise relative

Structure, Bonding, and Vibrational Frequencies of TaCk,

energies discussed in the paper are given at the CCSD(T)//TaOCls, and TaO.,Cl. The calculated geometries of TaCl

TABLE 2: Computed Harmonic Vibrational Frequencies (in cm~1) and IR Intensities (in % to the most active mode) for
TaOCl; and Experimental Vibrational Frequencies for VOCIl; and NbOCI;

freq HF MP2 B3LYP assignment VOgl NOCI?
v1(ay) 1010 (100) 949 (31) 1017 (100) TaO bond stretch 1043 997
va(ay) 372 (9) 405 (13) 398 (10) TaCl symmetric bond stretch 411 395
va(an) 120 (2) 123 (2) 123 (2) ClTaCl symmetric bending 160 133
va(€) 377 (57) 420 (100) 410 (80) TaCl asymmetric bond stretch 508 448
vs(e) 216 (4) 223(2) 227 (3) OTaCl bending 246 225
ve(€) 103 (1) 106 (1) 108 (1) ClITaCl asymmetric bending 124 106

aReference 33? Reference 31, 34.



1188 J. Phys. Chem. A, Vol. 104, No. 6, 2000

TABLE 3: Computed Vibrational Frequencies (in cm~1) and
Intensities (in % to the most active mode) for TaQCl

freq HF MP2 B3LYP

vi(d) 986 (43) 917 (23) 999 (42)
vo(d) 367 (25) 390 (61) 392 (34)
vy(d) 293 (3) 316(5) 329(4) OTaO bending

ve(@) 102 (28) 155(28) 156 (20) ClTa@psymmetric bending
vs(@') 925 (100) 904 (100) 946 (100) TaO bond asymmetric stretch
vg(@') 153 (2) 176 1) 180 (<1) CITa(®) asymmetric bending

assignment

TaO bond symmetric stretch
TaCl stretch

TABLE 4: Results of the NBO Analysis at B3LYP: Bond
Polarity (%Ta), Relative Contribution of s, p, and d Orbitals
of Tantalum, and Atomic Charges (q)

bond %Ta %s(Ta) %p (Ta) %d(Ta) q(Ta) q(O) q(Cl)
TaOCE Cs,
TaCl 18 27 1 72 1.66 —0.71 —0.32
TaOo 21 18 1 81
TaOn® 23 0 1 99
TaO:Cl Cyy (planar)
TaCl 8 68 10 23 2.23 —0.83 —0.56
TaOo 15 4 12 84
TaOnn 26 0 3 97
TaOx; 11 5 26 69
TaO,Cl Cs(nonplanar)
TaCl 14 50 2 48 2.06 —0.79 —0.47
TaOo 18 19 8 74
TaOm 24 3 3 95
TaOm, 13 1 29 70

aThere are two degeneratadrbitals in theCs, symmetric TaOGl

TABLE 5: Relative Energies of TaCl,OH and TaCl3(OH),
Conformers (in kcal/mol)

HF MP2 B3LYP CCSD(T)

TaCLOH

OH-eq 0.0 0.0 0.0 0.0
TS 1.9 1.9 2.0 1.9
OH-ax 1.2 0.9 1.1 0.9
TaCk(OH),

OH, OH-eq 0.0 0.0 0.0 0.0
TS 2.8 2.9 2.8 3.1
OH-eq, OH-ax 1.3 0.4 0.8 0.9

TaOCk, and TaQCl at B3LYP, HF, and MP2 are shown at

Siodmiak et al.
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calculated value of 1.7 kcal/mol for the energy of pseudorotation
barrier in TaC§ computed at B3LYP coincides with an earlier
estimate at QCISD(TY It is also in good agreement with an
experimental value of 1.2 kcal/m8lestimated using electron
diffraction data obtained at 10TC.

There are no experimenatal data available for the geometries
and vibrational frequencies of TaQCOur calculated molecular
geometries (Figure 1b) can be compared only with the data
obtained from earlier theoretical studies at HartrEeck and
MP220 and at the DFT (local density approximation (LDAY)
levels of theory. In our and other calculations tih®@TaCl angle
is smaller thanOCITaCl in TaOC}. Similar results were
obtained for the other group 5 oxychlorides, V@1P2 (JOVCI
= 107.6, OCIVCI = 111.3) and NbOC421 3% (OONbCI =
106.0, OCINbCI = 112.7). This is in contrast to main-group
15 oxochlorides, e.g., POC(OOPCI = 114.8, OCIPCI =
103.7).34 The calculated harmonic frequencies for Ta@&k
given in Table 2 along with experimental frequencies for

Figure 1. The corresponding vibrational frequencies are pre- VOCI3% and NbOC}4.3336The frequency pattern is very similar

sented in Tables-13. Experimental data are available only for

for all three molecules. Vibrational frequencies diminish with

TaCk.!® The experimental value for the equatorial TaCl bond increasing atomic mass)(~ M~Y9 and the reduced masses
length (2.227 A) is shorter and for the axial bond it is longer of vibrations approach the masses of light ligand atoms, O or
(2.369 A) than the corresponding calculated values. However, Cl, if the mass of the central heavy atom grows. According to
the computational values are within standard deviations esti- this we may simply extrapolate the TaQ@Ibrational frequen-
mated for the experimental values (see Figure 1a). The B3LYP cies to be 16-20 cnt! smaller than the corresponding values
method provides longer axial and equatorial bonds comparedfor NbOCk.

to the other two computational approaches, HF and MP2. In an

earlier ab initio HF pseudopotential study of TgGlalues of

An NBO analysis for TaOGlat B3LYP is presented in Table
4. The Ta-Cl and Ta-O bonds are very polar. The and

2.369 A and 2.326 A were reported for the axial and equatorial bonds have a maximum localization of only 26% at the tantalum

TaCl bonds, respectively. The BSLYP calculation of TaGl

end. Thus, Ta always carries a large positive charge. The metal

with a 6-31G* basis set for chlorine atom gives a bond length s orbital contributes more to the F&I bonds than to the FaO

of 2.346 A for the axial Ta-Cl bond, which is close to the
experimental value. The calculated equatoriaTa bond
length (2.290 A) has a larger deviation from experiment.
The computed and experimentally assigifedibrational
frequencies of TaGlare in good agreement except figrand

o bonds.

There are neither theoretical nor experimental data available
for TaO,Cl. According to our computations the molecule is
nonplanar with Ta-Cl and Ta-O bond lengths being larger
than in TaOG. The nonplanar structure is a result of a

vg, where theory and experiment show opposite values. Similar compromise between ligardigand repulsion, which would lead
disagreement between theory and experiment in the symmetryto a planar structure, and the overlap between metal and ligand
assignment of these two modes has been pointed by Albrightorbitals, which according to Landisfavors angles smaller than

et al’® The ¢ mode is formally symmetry forbidden, but
coupling of vibrational modes may let thg mode mix with

12 for any sd hybridization. If the planar structure is imposed
in the geometry optimization, all bonds become longer (TaO

other vibrations. This may lead to an erroneous symmetry = 1.737 A, TaCl= 2.361 A) and the energy raises by 5.7 kcal/
assigment based on experimental IR and Raman intensities. Oumol at B3LYP.
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Figure 2. Optimized geometries of TagdH and TaG(OH), conformers at the B3LYP level. Values at HF followed by MP2 data are given in

parentheses. Bond lengths are given in A, angles in degrees.

TABLE 6: Zero Kelvin Heats of Initial Reactions of TaCl s
Hydrolysis and Ta,Os Deposition (in kcal moly

reaction HF  MP2 B3LYP CCSD(T)

(1) TaCk + H,0 — -80 -76 —86 -7.3
TaCLOH + HCI

(2) TaCLOH+H,0— —80 —68 —7.4 —6.8
TaCk(OH), + HCI

(3) TaCLOH — 117 0.1 9.2 8.0
TaOCk + HCI

(4) TaCh(OH), — 197 69 166 14.9
TaOCk + H;0

(5) TaOCh + H,0 — 900 766 787 82.0
TaO,Cl + 2HCI

@ Lower energy conformers of Ta§0H and TaGJ(OH), have been
used used in computation of heats of reactiongl1

TABLE 7: Estimated Heats of Formation and Ta—O Bond
Dissociation Energies in Tantalum-Containing Molecules

TaCLOH TaCk(OH), TaOCk TaOCl
AH® [kcal/mol] —225.8 —268.3 —195.7 —127.3
Erao[kcal/mol] 126.4 126.1 220.5 179.8

In accord with the bond elongation in TaCl, the corre-
sponding Ta-O and Ta-Cl bond stretch vibrations have lower
frequencies compared to TaQ(see Table 3). The predicted
IR spectrum of Ta@Cl has four intense bands: two modes
around 1000 cmt, which correspond to symmetric and asym-
metric Ta—O bond stretching, one mode with a frequency 370
cm™1 corresponding to TaCl bond stretching mixed with
0OTaO bond angle bending. Finally, the vibration at about 100
cmt corresponds to th&TaOCl bond angle bending.

The NBO analysis (see Table 4) shows a similar Ta
hybridization character in the(Ta—0O) and Ta-CI bonds of
TaOCk, while in TaQCl the Ta d-orbitals dominate in the
(Ta—0) bonds and the s-orbital mainly contributes to the-Ta

Cl bond. In the nonplanar TaQl molecule the Ta AO has
almost exact sd hybridization in the TaCl bond. There is a
significant difference between the charge distribution in the
planar and nonplanar form of TaOl. In the nonplanar form
the Ta atom is less positivet@.06) than in the planar form
(+2.23). Thus, bending of the molecule increases the covalent
contribution to the chemical bonding in TaCl.

Energies and Structures of TaC}OH and TaClz(OH),.
Tantalum hydroxytetrachloride [TagOH] and tantalum dihy-
droxytrichloride [TaC}(OH),] are intermediate species in the
hydrolysis of tantalum pentachloride yielding tantalum pentox-
ide. Two geometric isomers can be visualized for L&,
with equatorial and axial positions of the hydroxyl group,
respectively. The two isomers apparently can be converted into
each other via a square pyramidal transition state (Berry
pseudorotation), Scheme 1.

We located both geometric isomers and the energetically low
lying transition state shown in Scheme 1 (see Figure-2 a
and Table 5). The isomer with an equatorial position of the OH
group (Figure 2a) is more stable. All methods predict that the
OH-ax isomer (see Figure 2c) is ca. 1 kcal/mol higher in energy.
The barrier for interconversion of OH-eq into OH-ax2 kcal/
mol. In all three structures the OH group forms an H-bond with
the nearest chlorine atom. The average-O€l intramolecular
H-bond distance is 2.932 A at B3LYP, which can be compared
with 2.56 (2.57) AintermolecularH-bond in (HCI} dimer
computed at the B3LYP (MP2) level with the 6-BG** basis
set3® According to Del Bene et & the B3LYP method
somewhat overestimates binding energies of H-bonds and gives
shorter than experimental bond distances, particularly for small
basis sets.

For TaCk(OH),, the product of the second step of TaCl
hydrolysis, we can visualize three isomers with respect to the
position of OH and Cl in the trigonal bipyramide (Scheme 2).



1190 J. Phys. Chem. A, Vol. 104, No. 6, 2000

2.3156

Ta (2.283, 2.299)
agVes)
D= =D

82.85
(83.50, 82.70)
2.367
(2.355, 2.351)
a) TaCl,-H,O

1.384
(1.318, 1.373)

2.862
(2.798, 2.772)

\ 1.450
(1.460, 1.438)

b) TaCl,-H,O transition state

Figure 3. Geometries of TaG+H,O complex and TaGHH,O

transition state optimized at the B3LYP level. Values at HF followed
by MP2 data are given in parentheses. Bond lengths are in A, anglesreactions 1 and 2 isxothermicthe formation of a TerO double

are given in degrees.

Siodmiak et al.

We have computed all three isomers at the B3LYP level. As
expected from the results of the TaOH computations, stability
of isomers with axial OH groups is lower. Thus the relative
energy of the least stable isomer with two axial OH groups
(OH,0OH-ax) is 1.8 kcal/mol above the energy of the most stable
isomer with two equatorial OH group®H,0H-eq). We have
computed only the first two geometric isomers in Scheme 2
and the transition state between them at all four levels of theory
(see Figure 2df and Table 5). The barrier for pseudorotation
is ~3 kcal/mol for TaC§(OH),, which is 1 kcal/mol higher than
the barrier in TaG(OH). According to the results derived for
TaCLOH, two patterns in the H-bond should be favorable
(Scheme 3).

We have found at B3LYP that the trans H-bond conformation
is less favorable than the cis conformation by 0.7 kcal/mol. Since
an extensive conformational analysis is beyond of the scope of
our paper we have not considered the trans H-bond conforma-
tion.

Thermochemistry of Gas-Phase Reactions in the System
TaCls/H20. Hydrolysis of TaCi and deposition of T#Ds
include a series of elementary reactions of substitution of
chlorine by oxygen in the coordination sphere of tantalum. We
have computed some initial reactions between §agt HO,
which may occur in the tantalum pentoxide CVD process in
the gas phase or on the growing,Dg surface terminated by
Cland OH groups. Zero Kelvin heats of reactions are presented
in Table 6. The first and second steps of Tal@ldrolysis have
similar reaction energies at all levels of theory. Since the
coordination of tantalum remains the same on the left and right
sides in eqs 1 and 2, correlation effects probably compensate
in the reaction energies of the two reactions. Such a compensa-
tion effect is not observed in the last three reactions, where the
coordination number of Ta becomes lower in the reaction course
and strong correlation effects may be expected. Note that even
in the nonisodesmic eqs=% in Table 6 the B3LYP reaction
energies are close to CCSD(T) values withi3 kcal/mol range,
while MP2 values differ by about 8 kcal/mol from CCSD(T).

While the substitution of TaCl bonds by Ta-OH in

bond is moderately endothermin reactions 3 and 4 and

E,,, [keal/mol]
A
o 00 RC
3.4 ”
(9.1,-5.6,-1.5)
44 S
//
I/
+
ol &
TaCl,+H,0 7.3
124 (-8.0,-7.6,-8,6)
TS
i TaCl,OH +HCI
204+
ol ccsom
(HEMP2,B3LYP)

-25.0
(-20.0,-25.9,-20.6)

Figure 4. Calculated reaction path for the hydrolysis of Ta@l CCSD(T). Relative energies at HF, MP2, and B3LYP are given in parentheses.
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strongly endothermidn reaction 5, which certainly makes
tantalum oxychlorides, particularly TaOl, difficult for ex-
perimental observation. The B3LYP calculation of the energy
of the reaction TaGl+ H,O — TaCkO + 2HCI (sum of the
energies of reactions 1 and 3 in Table 6) using a 6-31G* basis
set for chlorine gives 3.6 kcal/mol which is in reasonable
agreement with 0.6 kcal/mol obtained in the calculations using
an ECP for CI.

The calculated reaction energies presented in Table 6 allow
to estimate heats of formation of all tantalum-containing
molecules in Table 6, based &viH°; values available for Tagl
(—182.8 kcal/mol), HO (—57.8 kcal/mol), and HCI<{22.1 kcal/
mol)®® (see Table 7). For the estimation of the heats of formation
we used the most reliable CCSD(T) values for the reaction
energies. Using these data and known heats of forntfon
gaseous Ta (186.9 kcal/mol), Cl (29.0 kcal/mol), O (59.6 kcal/
mol), and OH (9.3 kcal/mol) we can also estimate the-Da
bond dissociation energies using a simple additivity approach
and the assumption that the f&l bonds have the same
(average) energy of 102.9 kcal/mol in all tantalum-containing
molecules, which can be estimated from the heat of atomization
of TaCk (Table 7). It is seen that the F& single bond energies
are similar in TaCJOH and in TaGJ(OH),, which can be
(tentatively) used for validating an additivity approach in
calculating bond energies in other TCIH)s—x molecules. Note
that the Ta=O double bond in TaOGhas a higher bond energy
than in TaQCl, indicating a partial triple bond character@s,
symmetric oxotrichloride. The computed TaO bond energies can
also be compared with F&C (67 kcal/mol), Te=C (126 kcal/
mol), and Ta-l (62.9 kcal/mol) avarage bond energiés.
Probably the ionic character makes the TaO bond much stronger

J. Phys. Chem. A, Vol. 104, No. 6, 2000191

<OTaO=68.86 (68.88, 68.96)

1.815
(1.779, 1.829)

1.208

2.130 (1.199, 1.185)

1.253
(1.230, 1.277)

a) TaCl,{OH), transition state

1.712

(1.678. 1.736)

95.20

9993 (95.16, 97.03)

than the less polar (more covalent) TaC and Tal bonds. This is (2.276, 2.275)

particularly displayed in the FaO single bond, which is

predicted to have similar bond energy as the=Cadouble bond. @)
Assuming that the further hydrolysis steps have simitar ( >

—7 kcal/mol) reaction energies as for reactions 1 and 2 in Table

6, we may use the difference in the estimated heats of formation

for TaCLOH and TaGJ(OH); as an increment to calculateH®

for completely hydrolyzed Ta(OH)This gives a value ohAH®

= —395.8 kcal/mol, which can be used further to estimate the

heat of reaction for conversion of hypothetical gaseous Ta{OH)

into solid TaOs:

b) TaCl,0-H,0

Figure 5. Geometries of the TaOgtH,O transition state and the
TaOCk—H;O complex optimized at B3LYP. Values at HF followed
by MP2 data are given in parentheses. Bond lengths are in A, angles
are given in degrees.

of TaCk hydrolysis (eq 1 in Table 6) and for TaffDH),
dehydration and for TagDH dehydrochlorination (egs 1, 4,
A calculation based on tabulated heats of formation of gaseousand 3, respectively, in Table 6).
TaCk and HO and solid Ta0s (—489.0 kcal/moB® gives a Mechanism of Hydrolysis of TaCk. High valent transition
negative (exothermic) value of the reaction heat for the metal compounds easily form complexes with electron donors
formation of TaOs: increasing the coordination number of the central atom. Ac-
cording to our calculated results Tg@brms a strong doner
acceptor complex with D (see Figure 3a and Figure 4). The
stabilization energy of the complex varies witha 6 kcal/mol
range between 20 kcal/mol value at HF and 26 kcal/mol at MP2,
Entropy effects favor formation of tantalum pentoxide for both with the B3LYP value being close to the HF value and MP2
reactions, particularly at higher temperatures applied in CVD. matching CCSD(T). The TaO distance in the TagkH,0
Although thermodynamic calculations are important in esti- complex is about 0.5 A longer than in tantalum hydroxychlo-
mating the “chemical driving force”, energy balance and relative rides: TaClOH and TaCGJ(OH), (Figure 2). The calculated
stability of the intermediates, and products of deposition, in most 2.315 A at B3LYP can be compared with the experimentat Ta
cases CVD processes occur at conditions which are far from OH, distance in Cp*Ta(OH2)(pert-butylcalix[4]arene), which
thermodynamic equilibrium. The film structure and composition is equal to 2.188 A!
are governed by other factors: chemical kinetics, surface and The transition state energy in the reaction of Td@idrolysis
gas diffusion, and mass transfer. To reveal important details of is lower than the energy of the separated Fa&@hd HO
potential energy surfaces for the types of reactions which may molecules at all but the HF level. Overestimation of the reaction
occur in tantalum pentachloride CVD, we have computed barrier is typical for the HartreeFock method, while B3LYP
transition states and intermediate complexes for the first stepand CCSD(T) give similar barriers within a reasonable 3 kcal/

2Ta(OH)}— Ta,0; + 5H,0 AH°, = 13.6 kcal/mol

2TaCl + 5H,0 — Ta,05 + 10HCI
AH°, = —55.4 kcal/mol
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mol range. Thus our calculations predict that in the gas phasethan in the TaG—H,O complex, while the TaO distance is
TaCk hydrolysis should occur without a barrier. However, intermediate between the values in the complex and in jfaCl
considering the same reaction of Ta@tisorbed on the surface  OH.

(or similar reaction for a TaGkurface fragment), we must take

We have not been able to locate a TA&H—HCI complex
into account the surface as a part of the reacting system. Thewiith six-coordinated tantalum on a “product site” similar to the
energy released in formation of TaEHO complex ¢-26 kcal/ TaCk—H,O complex on the “reactant site”. At each level the
mol) dissipates in surface and bulk film vibrational modes. Thus optimization did collapse to a hydrogen bonded form of TaCl
the barrier for the reaction on the surface is not equal to the QH---CIH without formation of a doneracceptor bond between

energy difference between separated B4GO and the transi- Ta and Cl.
tion state but the one between Tg€H,O complex and TS We calculated next the structures and energies along the path
(~20 kcal/mol). of hydrolysis of tantalum hydroxytetrachloride. TaGH forms
The Ta-Cl distance in the transition state (see Figure 3b), a strong complex with water-21.6 kcal/mol at B3LYP), in
which corresponds to a leaving Cl atom, is about 0.5 A longer which H,O is positioned at the backside of the OH group. The
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Figure 8. Calculated reaction path for the dehydrochlorination of T@El at CCSD(T): (a) direct decomposition (b) water assisted reaction.
Relative energies at HF, MP2, and B3LYP are given in parentheses.

Ta—0 bond length in TaGOH—H,0 is 2.289 A at B3LYP, that another isomer with one axial and one equatorial OH group
which is 0.026 A shorter than in Ta&tH,0. The hydrolysis (Figure 2f) is the direct product of the reverse reaction. We

of TaClLOH proceeds similar to the hydrolysis of Tag®ith have found computationally a transition state between two

transition state energy close to the energies of separated-TaCl TaCk(OH), isomers (Figure 2e), which is discussed above.

OH and HO molecules: —2.4 kcal/mol at B3LYP. Since the transition state between the B&CH), isomers has
Mechanism of Dehydration of Tantalum TaClz(OH),. The a much lower energy than the transition state fe®Hlimina-

termination of tantalum pentoxide film surface by the OH group tion, Berry pseudorotation does not play a significant role in
is most plausible under atmospheric condition or exposure to the reaction of TaG(OH), dehydration and can be ignored in
water under deposition condition, which include(Has a most of the kinetics modeling studies.

precursor (oxygen source). According to Aarik and co-wofkers Also TaOC} forms a strong complex with water with a
the film etching, which occurs at higher Tg@oncentrations stabilization energy at-20 kcal/mol. The water molecule is
and elevated temperature, can be explained by the formationpositioned trans to the FeCl bond. The relative energy of
of intermediate volatile tantalum oxychlorides, e.g., TaCl TaOCk—H20 with respect to TaG{OH), depends substantially
Formation of TaQCl is unfavorable because of a very high on the computational method. MP2 shows the largest deviation

endothermicity for its formation (see Table 6). from CCSD(T).
We optimized the stationary structures, minima, and transition ~ Since in a TaG/H>0 — TaxOs CVD process water vapor is
states, for TaOGlformation from TaG(OH), (Figure 2d-f used as a precursor, we have also considered the dehydration

and Figure 5). The most stable isomer of T#OH), (both of TaCk(OH), assisted by one water molecule. The catalytic
OH— groups in equatorial positions, Figure 2d) was used as effect of external HO is provided by increasing polarity
the starting point of the study of dehydration of tantalum (microsolvation) and decreasing the strain in the transition state
dihydroxytrichloride. However, the direct minimum energy path for dehydration. The energy of two H-bonds in the intermediate
from the transition state (see Figure 6) to the reactant showsTaCk(OH),—H>O complex (see Figures 6 and 7a) is 9.6 kcal/
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bond is elongated by-0.5 A. Compared to the equilibrium
positions in HCI (1.295 A) and in Ta@DH (0.968 A) the
corresponding CIH and OH bond lengths are elongated by 0.354
and 0.283 A, respectively.
Water assistance significantly reduces the reaction barrier for
HCI elimination from TaCJOH. However, in contrast to the
1.785 TaCk(OH),/H,O system, where the transition state structure
{1.754.1.808) resembles the complex of TaDH)O~ with H;O" (Figure 7b),
the TS for water assisted HCI elimination is product-like (see
. Figure 9b) and closely corresponds to the H-bonded complex
63.07.68.2 of TaCkO, H,O, and HCI. We have only located the TS for

1.251

2.863 (1.232,1.197) H.0 assisted HCI elimination at the HF level. The dominating

(2.928.2.719) component in the imaginary frequency vector corresponds to
the proton transfer between,® and HCI, while the corre-
g 5331 593) sponding vector in the TS for water assis_tegt]—telimination
Cl e from TaCk(OH), shows synchronous motion of two protons.

Neither transition state nor the subsequent H-bonded complex
of TaCkO/H,O/HCI has been located at the correlated levels,
B3LYP and MP2 (Figure 8b). We believe that the water assisted
decomposition of TaGDH occurs without a barrier, when

correlation energy is included. This is also (indirectly) confirmed
@ by a very low single point CCSD(T) energy-10 kcal/mol)

computed at the HF optimized structure of the TS (see Figure
9b).
2,298
Summary and Conclusion
1.700
Zale]

2.276
(2.262,2.266)

a) TaCl,O-HCI transifion state

The results of our theoretical investigation can be summarized
230 T as follows:
W 1. The calculated geometries and vibrational frequencies of
81.88 the high-valent tantalum compounds which are predicted at the
' HF, MP2, and B3LYP levels of theory are in good agreement
with experimental results of known species. The reaction
energies and complex formation energies which are obtained
at the CCSD(T) and B3LYP levels do not exhibit large
deviations from each other, while the MP2 energies appear to

2.846

1.450 1.313
BREEE 1) R @ be less reliable.
2. The experimentally yet unknown compounds Tag&x®id
TaO,Cl have been characterized theoretically. The formation
b) TaCl,0-HCI transition state with assisting water* of TaO,Cl from TaCk and TaOd is a thermodynamically
Figure 9. B3LYP optimized geometries of the transition states for disfavored process. _ .
elimination of HCI from TaCJOH in (a) direct decomposition (b) water 3. The calculations predict that TaQlydrolysis in the gas
assisted reaction. Values at HF followed by MP2 data are given in phase should take place with a small or no barrier at all. The
parentheses; *values only at the HF level. Bond lengths are in A, anglesfirst step of the reaction is the formation of strongly bonded

are given in degrees. water complex, which eliminates HCI with a substantial barrier
with respect to the complex.

mol at CCSD(T). The transition state in the;® assisted 4. Water loss from TaGIOH), and HCl loss from TaGDH

dehydration of TaG(OH), (Figure 7b) qualitatively corresponds  have been studied as model reactions for etching gbFaims

to the complex of negatively charged Ta(@H)O~ with HsO* at high TaC} concentrations at elevated temperatures. Both

cation. The actual NBO charge transfer between these tworeactions have large barriers for the unimolecular pathway. The
fragments is 0.69 electrons in NBO analysis. The barrier for activation barrier becomes much lower through the catalytic
the water-assisted hydrogen transfer to B&CIH.O complex  assistance of a water molecule, which opens a barriereless
is now reduced from 22.6 kcal/mol to 4 kcal/mol at CCSD(T). eaction channel for reactions in the gas phase. Ta@@hs
Such phenomenon of microsolvation in the gas phase has already, strong water complex like Taglloes with a similar complex

been fePO_ftedz- ) formation energy. The role of the assisting water molecule in
Mechanism of HCI Loss of TaCLOH. Another reaction  the etching process is emphasized.

which may lead to the formation of TaO&k dehydrochlori-
nation of TaCJOH (reaction 3 in Table 6). This reaction presents  Acknowledgment. This work was supported by the Deutsche
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