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Chemical vapor deposition (CVD) of group 4 metal-diboride ceramics from a single source is a versatile technique that finds

many applications from hypersonic flight to microelectronics. Though the kinetics of CVD have been studied extensively—

allowing significant process improvements—a mechanistic understanding of the process has yet to be attained.

Computations suggest two plausible reaction pathways—one higher-energy and the second lower—that correlate well with

experimental results reported in the literature, explaining phenomena such as high-temperature deposition resulting in films

overstoichiometric in boron. These insights offer a new perspective that may be instrumental in the rational design of new

precursors for single-source CVD.

Introduction

Borides of the group 4 transition metals (TiB,, ZrB,, HfB,) are
hard, infusible, inert solids with good thermal and electrical
conductivity.'™ Their uncommonly high melting points (3,245°C
ZrB,, 3,380°C HfB,) qualify them as ultra-high temperature
ceramics (UHTCs),®> and this property in conjunction with their
resistance to oxidation at high temperatures makes them
attractive materials for thermal coatings on hypersonic
vehicles.>® TiB, and ZrB, have found applications in protective
coatings for cutting tools, for similar reasons.”8 Thin films of
these ceramics have also drawn interest as copper and gold
diffusion barriers for microelectronics.®'! Chemical vapor
deposition (CVD) has proved to be a powerful technique for
generating such films.12-14

Two processes dominate the chemical vapor deposition of
group 4 transition metal diboride ceramics: independent-
precursor systems centered around metal chlorides,*%1>1° and
single-source systems involving metal borohydrides.?%=2° The
single-source technique has significant advantages over the
independent-precursor system. Films may be deposited at
temperatures as low as 200-250°C?%-262°, whereas the
independent-precursor systems require temperatures in excess
of 700-900°C.#16-19.30 The films deposited from a single source
are cleaner, free of halogen impurities.® While the kinetics of
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deposition have been studied extensively and this knowledge
leveraged to tune the process,'4222° the overall mechanism by
which the ceramic is generated has not been elucidated. In this
work, we present the results of a computational study of several
group 4 metal-borohydride complexes and their reactivities. We
discuss the early stages of two probable reaction pathways in
the initial stages of deposition. We also contend that these
findings have important implications in their own right for the
rational design of new CVD precursors.

Computational Section

Density-functional theory calculations were performed in
the gas phase at 298.15 K in Gaussian 16,3 using the hybrid
PBE03233 variant of the PBE3* functional and Grimme’s DFT-D3
dispersion correction with Becke-Johnson damping.3® This
combination has been shown to give satisfactory energetics in
main-group and transition element compounds.36-38 Al
calculations involving d° metal centers were spin-restricted.
Both singlet and triplet states were considered for d2 metal
centers; only Zr-1d is a ground state triplet. All calculations on
open-shell species were spin-unrestricted. Metal centers (Hf,
Zr) were described with SDD effective core potentials and basis
set,3® and all other atoms (C, B, H) were defined with the
def2tzvp basis set.%%4! Structures were constructed and
visualized in GaussView 06.%2 All starting materials were
geometrically optimized, and the potential energy surface
subsequently probed with relaxed PES scans. Relevant minima
and saddle points turned up by the relaxed PES scans were
optimized in turn. Harmonic vibrational frequencies were
calculated for all converged structures. Thermodynamic state
functions are corrected for zero-point energies and were
calculated at 298.15 K from harmonic vibrational frequencies.
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Scheme 1: Initial reactions of Hf(BH,),.

Results

Four starting materials were investigated: Zr(BH,)s,
Hf(BH4)4, CpZr(BH4)s, and CpHf(BH,4)s (where Cp = CsHs). These
starting materials are respectively indexed as Zr-la, Hf-1a,
CpZr-1a and CpHf-1a. Throughout this work, the indexing
system refers to the starting material from which the compound
was obtained and the size of the largest boron-based ligand
(e.g., Hf-2a refers to a complex with a two-vertex borohydride
ligand generated from Hf(BH,)4). The final letter provides no
further
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Figure 1: Reaction coordinate diagram of the initial reactions of all Hf(BH,),
pathways. All enthalpies were calculated at 298.15 K.

information and was simply assigned according to the order in
which geometries were calculated. In some cases, letters have
been omitted. This is because a likely geometry was proposed
but ultimately not calculated, or was calculated but found to be
irrelevant in the context of the overall potential energy surface.
Where possible, the same complex with different metal centers
has been given the same index designation. When relevant,
transition states are indexed such that Hf-1a-TS-2a refers to the
transition from Hf-1a to Hf-2a. All enthalpies are given in kcal
mol? relative to the respective starting materials. In all
optimized structures, stereochemistry at Zr or Hf s
approximately tetrahedral, unless otherwise noted.

Scheme 1 indicates a trend that recurs for all
precursors: two likely pathways of intramolecular reactions
were found, wherein the borohydride ligands reacted with each
other while remaining bound to the metal center. One pathway
was found to have lower enthalpic demands than nonreactive
(i.e. energetically monotonic) dissociation of BHs, while the
other pathway was higher in enthalpy. Figure 1 compares these
pathways in terms of enthalpy. In both cases the first
intermediate was Hf-2a, formed through the collision of two
BH, ligands to produce B,H; and a terminal metal hydride. The
calculated transition state and stable product minimum indicate
that this reaction is favored both kinetically and
thermodynamically over BH; dissociation.

From Hf-2a, the lower energy pathway involved an early
elimination of dihydrogen and formation of a diborane dianion,
yielding the trigonal planar complex Hf-2f. It is important to
note that in this reaction the dihydrogen ligand is formed from
one terminal metal hydride, and one terminal boron hydride.
The higher energy pathway involved further collisions of the
borohydride ligands, leading to Hf-2c and Hf-3a. These
reactions are energetically very similar and are likely to
compete with each other when they occur. Following the
dissociation of H,, Hf-2f may convert to several complexes:
simple dissociation of BH3 to yield the trigonal planar Hf-2i,
further collisions of the ligands yielding Hf-3e (with reduction of
the metal center) or square pyramidal Hf-2h. Scheme 2 offers a
visual summary of these reactions, and Figure 2 compares them
beginning from Hf-2a, adding for greater context the possible
dissociation of BH; from Hf-2a either by way of intermediate Hf-
2b, yielding Hf-1a, or directly to yield Hf-2g. The transition state
Hf-2a-TS-2b is energetically close (ca. 3.7 kcal mol™) to the
dissociated product Hf-1b. Direct dissociation of BH; or B,Hg is
quite unfavorable, but all the other relevant reactions are
thermodynamically similar (though the kinetics vary). Finally,
dissociation of the bora-ethane ligand (either as B,Hg with
reduction of the metal center to give the linear Hf-1d, or B,H,
to give Hf-1c) is unfavorable, leading to a coordinatively
unsaturated metal center.

Note that conversion of Hf-2f to Hf-3e must obviously go
through a transition state, even though none is given. The
reaction appears to proceed in two steps. The first is insertion
of the metal center into a B-H bond on the complexed dibora-
ethane anion, converting the B,Hg? ligand into B,Hs™ and a

four
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Scheme 2: Reactions along the lower energy pathway of Hf(BH,),.

terminal metal hydride. The intermediate converts to Hf-3e by
a collision of the B,Hs" and BH, ligands. This mechanism appears
to be valid for the Zr(BH,), and CpZr(BH,), complexes as well.
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Figure 2: Reaction coordinate diagram of the low energy pathway of Hf(BH,),
reactions. Line drawings of complexes are indicated. All enthalpies were
calculated at 298.15 K.
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Scheme 3: Hf(BH,), reactions high energy pathway - reactions of Hf-2c.

The two higher energy pathways, shown in schemes 3 and 4
and compared in figure 4, are more complex. Conversion of Hf-
2a into Hf-2c and Hf-3a is similar kinetically and
thermodynamically fairly close; these reactions are likely to
compete. Though Hf-3a is more expensive in energy, it
ultimately leads to the more favorable Hf-3d and Hf-3e through
reductive elimination of H,, much like the low-energy pathway
that generates Hf-2f (see Figure 2). Hf-2¢, however, is likely able
to convert to Hf-2h (see Figure 2, Scheme 3),
thermodynamically favorable reaction with reductive
elimination of dihydrogen (though Hf-2h is still slightly less
favorable in enthalpic terms). An interesting reaction along this
pathway is the reactive elimination of neutral diborane,
proceeding through the intermediate Hf-3b to yield Hf-1c.
Dissociation of BH; to give Hf-2g remains unfavorable, and in
general most of the pathway is higher energy than the
dissociation of BH3; from Hf-2a to give Hf-1b.

Zr(BH,),4 gives similar results (see supplemental figures S3-
5). Unsurprisingly, the results show that zirconium is more likely
to undergo reduction to the +2 state than hafnium. This
manifests notably in dissociation of diborane from Hf-2f and its
zirconium counterpart, Zr-2f (see Scheme 2, Figure 2 and
supplemental figure S4). Namely, the hafnium complex is much
more likely to evolve B,H, without reduction of the metal center

also a

Figure 3: Visualization of the structure of Hf-2f.
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to yield Hf-1c. The zirconium complex is somewhat more
amenable to dissociation of B,Hg with simultaneous reduction,
leaving Zr-1d, the only ground-state triplet encountered in this
work (see supplemental figure S4). This dissociation remains
very unfavorable, leading to an overall enthalpy increase of
approximately 18.3 kcal mol* greater than for conversion to Zr-
2i, and dissociation of B,H, is higher energy still.

The cyclopentadienyl complexes follow the same overall
pattern (see supplemental figures S6-8, S11-13), though the
absence of a fourth borohydride ligand in the starting material
narrows the possible pathways (e.g. there is no Hf-2¢
equivalent). The Cp- ligand appears to encourage reduction and
stabilize lower oxidation states of the metal centers by about 7-
8 kcal mol?; see Figure 2 and supplemental figures S8, S11 and
S16. Most notably, CpZr-3d has a neutral BsHg ligand and a
metal center in the +2 oxidation state while its three analogues
have a B3Hq? ligand and a +4 metal center. Figure 4 shows a
visualization of CpZr-3d and its analogue, Hf-3d. Additionally,
an interesting structural difference is the conformation of the
B,Hg?" ligand in complexes CpZr-2f and CpHf-2f — in lieu of an
eclipsed conformation the borane groups are gauche, possibly
due to the steric demands of the Cp- ligand (see supplemental
figures S9-10). Removal of the cyclopentadienyl group in radical
form is very high energy, with A,H = 80-100 kcal mol? for the
various complexes investigated.

Discussion

These computational results correlate well to many
experimental observations and offer a new perspective on the
mechanism of deposition. Previously, a general scheme of
conversion from precursor to product was proposed?*? wherein
the reaction proceeded through a metal polyhydride
intermediate (indexed in this work as Hf-1c; see figure 4,
schemes 2 and 4) attained through the loss of diborane (see

4| J. Name., 2012, 00, 1-3

Scheme 5). Several observations supported this conclusion,
including volatile diborane as a byproduct of the reaction? and

Figure 4: Visualization of the structures CpZr-3d and Hf-3d. Note the presence of a
second bridging hydrogen in CpZr-3d. Unlabelled atoms are hydrogen.

the isolation of zirconium and hafnium polyhydrides*34* from
tetrakis(tetrahydroborato) complexes of the metals in question.
It is important to note here the manner in which the
polyhydrides were obtained: tetrakis(tetrahydroborato) metal
complexes were treated with phosphines, and a neutral
phosphine-borane complex was obtained as a byproduct.*344
Such a complex would clearly be more stable than the free
borane, and therefore less thermodynamically expensive to
generate. There is no obviously analogous Lewis base in the
deposition mechanism, and therefore it does not necessarily
follow that one reaction is representative of the other.

Perhaps based on the scheme proposed by Gozum et al., it
appears to have been generally assumed®4° that the first step
of the deposition mechanism involves the dissociation of
neutral borane from the M(BH,); complex such that a terminal
hydride remains bound to the metal center (with the two BH3
molecules presumably dimerizing into diborane in the reactor
vessel). We observed the possibility of an alternative reaction
between two BH, ligands on the same metal center, to yield a
hydride. Though still
endothermic, we found the products of the intramolecular

B,H; ligand and a terminal metal
reaction to be more enthalpically stable by approximately 20
kcal mol. The transition state for this reaction is comparable to
the dissociation products in terms of enthalpies, and generally
several kcal mol lower across the range of compounds studied.
By all indications, this reaction is more favorable than the
simple dissociation of BHs.

The diverging pathways after generation of Hf-2a agree
roughly with the observation that higher reaction temperatures
lead to films overstoichiometric in boron.®23-2> The large
clusters formed in the higher-energy pathway—more favorable
at high temperatures—appear to connect this set of reactions
with the generation of polyhedral boron clusters through
pyrolysis of diborane: BsHg has been postulated as an
intermediate in the pyrolysis reactions that lead to
decaborane(14).46%8 Furthermore, the presence of a three-
vertex boron cage as an intermediate also suggests that these
intermediates may convert to the BsHg complexes documented
and successfully used as precursors for CVD of metal boride

_

M(BH,)4

_

- BoHg

"MH3(BHy)," MB,

-5H,

This journal is © The Royal Society of Chemistry 20xx
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Scheme 5: Proposed scheme of CVD reaction.*?
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Figure 5: Reaction coordinate diagram of the high energy pathway of Hf(BH,), reactions.
All enthalpies were calculated at 298.15 K.

ceramics.*® Simple deprotonation of the BsHg ligand would
generate the known B3Hg, and the proximity of borohydrides,
metal hydrides and cyclopentadienide means that there is high
potential for such a reaction to take place. Addition of a reduced
metal center to a B-H bond is also a plausible pathway for
generation of BsHg. This suggests that the higher-energy
pathway does also lead to MB, ceramics, albeit the reactions
leading to the desired product likely compete with a metal-
catalyzed variant of the pyrolysis reactions known to produce
higher boranes, leading to excess boron content. Apart from
their relevance to the CVD reactions, these findings present an
interesting avenue towards metal-assisted synthesis of higher

This journal is © The Royal Society of Chemistry 20xx
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boranes, a topic of interest in polyhedral boron cluster
chemistry.>0-53

The lower-energy pathway is especially interesting, in part
because up to the formation of Hf-2f it is both
thermodynamically and kinetically favored over any possible
avenues of BH; dissociation. No clear continuation past Hf-2f
has presented itself yet — although multiple reactions are
possible, all of them are high-energy. It may be that generation
of Hf-2f is followed by a bimolecular step, e.g. ligands on a
second metal-borohydride complex entering the coordination
sphere of Hf-2f, forming a bridged structure and stabilizing the
dissociation of diborane from Hf-2f. Though bimolecular
reactions were beyond the scope of this particular study, we
expect that further investigation of this pathway will lead to
energetically favorable bimolecular reactions.

Certain of the B, and Bs ligands here are precedented. The
B,H, ligand in Hf-2a, Hf-2b, Hf-2d, Hf-2c (twice), CpHf-2a, CpHf-
2b, CpHf-2c, and their zirconium analogues, is known. Shore,
Bau, et al** have reported the crystal structure of [Ph,N][B,H;].
The structure shows a bent geometry at the bridging hydride
with staggered BH; moieties, giving the anion approximate C;
symmetry. The measured B-B distance is 2.107(7) A. Some
years later, Green et al*® disclosed the crystal structure of
[CoRu(PMe3s)(B,H7)], where the diboron ligand binds
analogously to Hf-2a. The measured B—B separation is 1.796(6)
A, shorter than that of the free ion. The average B—B separation
of B,H;~ ligands calculated here is 2.061 A (range: 1.994-2.086
A) which lies between the experimental values of Shore and
Greene. Complex Hf-2a, Figure 5(a), is representative: The
boron atoms in B,H,2~ are 2.046 A apart, and distances between
hafnium and the B,H,~ boron atoms are 2.467 and 2.498 A. For
comparison, the Hf—BH, distance is 2.283. The B,Hg?" ligand of
Hf-2f, Hf-2i, Zr-2f and Zr-2i is isoelectronic with ethane. This
ligand binds early transition elements, as exemplified by Ting
and Messerle,*® Wachter et al,*” and Cotton et al.>®

Only the niobium complex of Wachter and the tantalum
complexes of Cotton are crystallographically characterized. In
these structures, eclipsed B,H¢?~ ligands bridge metal-metal
double bonds between niobium or tantalum. Measured boron-
boron bond lengths are 1.716(6) (one niobium complex) and
1.68(2), 1.68(2), and 1.73(2) A (three crystallographically
independent tantalum complexes in two unit cells). The
eclipsed geometry presumably maximizes bonding between the
dinuclear core and the terminal hydrogens of B,Hg?>~. These
bond lengths are shorter than those calculated for the B,Hg?"
complexes here (1.855-1.891 A). The optimized structure of Hf-
2i is representative; it appears as Figure 6(b). Moreover, some
cyclopentadienyl complexes show staggered  B,Hg?"
conformations: CpZr-2f, CpHf-2f; the rest are eclipsed. We are
not aware of structurally characterized complexes where B,Hg?~
binds to a single metal atom.

The triboron ligands calculated here appear to be
unprecedented among crystallographically authenticated
compounds. The [B3Hyo]™ ligands of Zr-3a, Zr-3b, Zr-3c, Hf-3a,
Hf-3b, Hf-3c, CpZr-3a, CpZr-3b, CpHf-3a, and CpHf-3b are
formally hydride adducts of the C, isomer of BsHg calculated by
Schaefer,*® Duke,®® McKee,®! and their respective co-workers.

J. Name., 2013, 00, 1-3 | 5
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The optimized structure of Hf-3b appears as Figure 7(a) and
line-drawings of triboron moieties appear as Figure 7(b) and (c).

Figure 6: Optimized structures of (a) Hf-2a, showing a B,H;™ ligand at bottom, and (b) Hf-
2i, showing an eclipsed B,H¢?" ligand at bottom. Unlabelled atoms are hydrogen.

Whereas C,-BsHg might be viewed as a di-borohydride adduct
of BH?*, C,,-B3H1g is a di-(borane) adduct of BH,".

The neutral ligand BsHg occurring in CpZr-3d has few
precedents, despite extensive study of triboron intermediates
in the pyrolysis of primary boranes.??%> The optimized
structure of Hf-3e appears as Figure 8(a). Perhaps the nearest
is a tetraborane(10) isomer calculated at the MP2/6-31G(d,p)
level by Ramakrishna and Duke®® in a study of bis(diboranyl)
rearrangement to arachno-B;H,o. Line drawings of this isomer
and the B3Hg ligand calculated here appear as Figure 8(b) and
(c). The tetraborane structure may be considered as a BH?*
adduct of the B3Hq%™ ligand encountered here. However, this
(unknown) B4H;o isomer is relatively high in energy, and
Ramakrishna and Duke disfavored it as an intermediate in ByHo
rearrangement. Metal complexes of B3Hq?™ as in Hf-3e do not
appear to have been structurally proven.

Conclusions

Though the mechanistic hypotheses presented here pertain
only to the earlier stages of deposition, they offer several useful
takeaways for rational design of single-source precursors.
Sterically demanding ancillary ligands may help to drive the
formation of Hf-2a by forcing the BH4 groups closer together.
The lower energy barriers observed in the CpM(BH,)s
complexes tend to support this hypothesis. The possibility of
addition of the metal center into terminal B-H bonds of
complexed boranes and borohydrides, followed by reductive
elimination of H, provides a clear route for dehydrogenation of
the borohydride ligands —and, crucially, one that may be tuned.
Our calculations find that borohydride ligands are non-innocent
and that deposition proceeds through formation and
degradation of larger boron cages on the metal center —

6 | J. Name., 2012, 00, 1-3

involving at least one reduction of the metal center, and
perhaps multiple cycles of reduction and oxidation as

C, Cy, (idealized)

Figure 7: (a) Optimized structure of Hf-3b, which is representative of BsH;,~ complexes.
(b) Line drawing of C, symmetric BsHy™. (c) Line drawing of a linear conformation of BsHyo~
. Unlabelled atoms are hydrogen.

This journal is © The Royal Society of Chemistry 20xx
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Ramakrishna, Duke (2004) ligand in Zr and Hf_3e

Figure 8: (a) Optimized structure of Hf-3e, showing BsHy?" ligand at bottom. (b)
Line drawing of a calculated isomer of BsH;, (see text). (c) Line drawing of
calculated BsHq?" ligand. Unlabelled atoms are hydrogen.

dihydrogen ligands are iteratively dispelled. Non-innocence of
boron hydride ligands suggests new ideas and research.

We note that the results presented in this work have not
been directly corroborated through physical experimentation.
Furthermore, common techniques®” used to investigate
deposition reactions are unlikely to shed much light on our
findings. For example, mass spectrometry of volatiles may not
distinguish between the complexes Hf-1a, Hf-2a, and Hf-3a as
they are fully isomeric and may not fragment in a manner that
would allow them to be differentiated. IR reflection-absorption
spectroscopy shows promise in this regard, and may
corroborate these findings in the future.5® As we continue our
investigations, we intend to identify reaction pathways that
may be evaluated experimentally.

In summary, early events in the chemical vapor deposition
mechanism of zirconium and hafnium diboride ceramics have
been discussed. The pathways identified conform to published
experimental results, but offer a fundamentally different
perspective on the process. Our results suggest that the
borohydride ligands react with each other to form larger
borohydride and borane intermediates while bound to the
metal center rather than dissociating as neutral boranes and
presumably forming diborane in the gas phase, followed by
elimination of dihydrogen. This has implications in the rational
design of new CVD precursors, though further investigation is

This journal is © The Royal Society of Chemistry 20xx
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needed to better understand the proposed pathway and to
experimentally corroborate the new hypotheses. Work in this
direction is ongoing.
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