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ABSTRACT: Tetrakis(tetrahydroborato)zirconium(IV), Zr(BH,),, is a volatile compound that has been widely used as a single-
source precursor to grow carbon-free thin films of zirconium diboride by chemical vapor deposition (CVD) on a wide range of
substrates that include oxides, semiconductors, and metals. However, the basic surface chemistry of the compound that underlies the
initial stages of the CVD process is largely unknown for any substrate. We studied the adsorption and decomposition of Zr(BH,), on
a Pd(111) surface with the experimental techniques of reflection absorption infrared spectroscopy (RAIRS), temperature-
programmed reaction spectroscopy (TPRS), and X-ray photoelectron spectroscopy (XPS) and with density functional theory and
first-principles molecular dynamics simulations. After exposing Pd(111) at 90 K to Zr(BH,), (g), a RAIR spectrum was obtained
that closely matched that of the pure compound, indicating that it adsorbs without dissociation at 90 K. However, upon heating to
200 K the RAIR spectrum undergoes dramatic changes indicating that a new surface species is formed that retains both terminal B—
H bonds and bridging metal-H—B bonds, as indicated by B—H stretches in the ranges of 2563—2540 and 2143-2135 cm™},
respectively. Hydrogen desorption is first observed at around 178 K and the presence of a stable hydrogen-containing surface
intermediate is revealed by additional H, desorption peaks at 330 and 426 K. A combination of theoretical methods reveals that BH
adsorbed at a 3-fold hollow site on the Pd(111) surface is the most stable species, but once formed two BH molecules can dimerize
to form HBBH. A stable configuration for B,H, is achieved through formation of B—H---Zr bridge bonds with a Zr atom located at
one or both ends of a B,H, molecule. Calculated vibrational frequencies and intensities provide an excellent match with the
experimental RAIR spectra.

1. INTRODUCTION (tetrahydroborato), often referred to simply as the borohy-
drides, are solids at room temperature but with high vapor
pressures that make them convenient precursors for boride film
growth. As the chemistry of Zr and Hf are quite similar,
conclusions reached for growth of HfB, films from Hf(BH,),
are highly relevant to ZrB, film growth from Zr(BH,), In a
series of papers, the research groups of Abelson and Girolami
have explored various properties of primarily HfB, films grown
from Hf(BH,),.””"® They have found that while amorphous
films are produced at 200 °C, crystalline and even epitaxial
films are formed at higher temperatures. One of their

Surface chemical reactions play a central role in important
thin-ilm growth methods such as atomic layer deposition
(ALD) and chemical vapor deposition (CVD).'™> A detailed
understanding at the atomic and molecular level of the surface
chemistry that underlies such methods is needed to develop a
more rational approach to optimizing and expanding the
application of thin-film growth processes. The obvious and vast
technological importance of thin films has led to applied
research efforts to improve deposition methods, while
relatively little basic research is being devoted to the surface
reaction mechanisms involved. This is despite the existence of

powerful experimental techniques that can provide such Received:  April 9, 2024
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Hf(BH,), can be used to deposit highly conformal and Published: July 22, 2024

stoichiometric ZrB, and HfB, films at low growth temper-
atures.’”'® These compounds, zirconium and hafnium tetrakis-
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significant findings is that highly conformal films can be formed
under appropriate conditions. Furthermore, the growth rate
from a single source precursor, such as Hf(BH,),, can be
considerably higher than is typically possible with ALD." If
the reaction probability for the precursor with the surface is
too high for conformal growth, then inhibitors can be added to
decrease the surface reaction probability. A detailed under-
standing of these surface processes implies that it may be
possible to more widely achieve conformal growth, while
retaining the advantages of single-precursor CVD methods
over ALD.

The interest in these thin films stems from the unique
properties of transition metal diborides, including TiB,, ZrB,,
and HfB,, which are extremely hard, high melting point metals
with high electrical conductivity. They find applications as
hard, refractory coatings and have been explored as diffusion
barriers in microelectronics.”’>* Other remarkable discoveries
among the diborides include finding that MgB, becomes
superconducting at 39 K** and that OsB, has an extremely
high bulk modulus, suggesting it might be a new ultrahard
material,”* although this was later disputed.”® Because of a
good lattice match between GaN and ZrB,, epitaxial films of
ZrB, on Si substrates have been explored as buffer layers for
the growth of GaN on Si.”***

The numerous previous studies of the growth of transition
metal diborides from borohydride precursors leave important
questions unanswered. Mass spectrometry showed that the
excess boron and hydrogen are removed as diborane (B,Hj)
and H, according to the equation®:

Zr(BH,),(g) — ZrB,(s) + B,H(g) + SH,(g) (1)

This net reaction must necessarily occur by multiple
unknown elementary steps. Unlike the strong covalent bonding
between Zr and B in the diboride, in Zr(BH,), there is no
direct Zr—B bonding. Instead, the BH, groups bond to the
central Zr atom via three B—H---Zr bridge bonds from each
BH, group, as shown in Figure 1. These bridge bonds are an

Figure 1. Optimized gas-phase structure of tetrakis-
(tetrahydroborato)zirconium(IV), Zr(BH,),. The Zr atom is colored
cyan, B atoms are colored pink, bridging H (H,) atoms are colored
white, and terminal H (H,) atoms are cream colored. Solid lines
indicate bonds.

example of the three-center two-electron bonding that is a
distinctive feature of boron chemistry. One goal of the present
study was to determine if this aspect of boron chemistry would
play a role in the surface reactions of borohydride CVD
precursors.

In contrast to the numerous past studies of diboride film
growth from borohydride precursors, the work described here

focuses on the adsorption of Zr(BH,), on a Pd(111) surface
and its decomposition pathways. Despite the importance of
surface reactions in film growth, little consideration has been
given to the nature of the substrate used to grow MB, films
from M(BH,), where the earliest examples were of films
grown on materials such as glass, sapphire, quartz, silicon, or
iron foils.””® To align computational and experimental results
on surface reactions, it is desirable to use well-characterized
single crystals so that the models of surface atomic structure
assumed in the computations accurately represent the surface
structure used in the experiments. We chose a metal surface for
this study because reflection absorption infrared spectroscopy
(RAIRS) has high sensitivity for molecular adsorbates only for
metallic surfaces. As palladium is generally a good dehydrogen-
ation catalyst, it may promote the first stages of the
decomposition process and thereby facilitate diboride film
growth at lower temperatures. The experiments have been
conducted on a clean well-ordered single crystal of Pd(111)
using the surface science methods of RAIRS and X-ray
photoelectron spectroscopy (XPS). The RAIRS results reveal
that one or more stable intermediates form that feature both
terminal B—H bonds as well as B—H---metal bridging bonds.
The first-principles computations reveal that BH is by far the
most stable B,H, species on the Pd(111) surface. However,
BH can dimerize to form an HBBH species, which is stabilized
through interaction with surface Zr atoms to form B—H---Zr
bridge bonds. The calculated frequencies and intensities for
BH, HBBH, and Zr—HBBH-Zr together provide good
agreement with the experimental RAIR spectra. A recent
related computational study considered the decomposition
pathways of Hf(BH,), and Zr(BH,), to understand the early
events in the CVD growth of MB, thin films.*> However, that
study did not consider surface reactions. In the case of ZrB,
film growth, after the initial decomposition takes place,
subsequent growth necessarily occurs on a ZrB, surface. To
explore the surface chemistry of the later stages of film growth,
we are conducting similar studies to those reported here on a
ZrB,(0001) surface, which is a reflective metal suitable for
RAIRS. 3638

In many cases, stable intermediates that form on metal
surfaces are also found in organometallic comglexes. In the
well-developed field of metalloborane chemistry,”~** there are
numerous compounds that contain both boron—metal and B—
H---M bridge bonds. While much of the focus of metal-
loborane chemistry is on the interaction of boron hydride
cluster compounds with metals, complexes with various
diboranes are also known.”> However, the high stability of
the BH species on Pd(111), and its propensity to form B,H,
stabilized on the surface and engaged in B—H---Zr bridge
bonds, represents distinctly different chemistry than is
generally observed in metalloboranes.

2. METHODS

2.1. Experimental. All experiments were carried out in a
stainless steel ultrahigh vacuum (UHV) chamber with a base
pressure of 1 X 107'% Torr. The chamber is equipped with an
ion gun for Ar* sputtering (Physical Electronics, PHI 04-161),
a Fourier transform infrared (FTIR) spectrometer (Mattson
Instruments, RS-10,000), a hemispherical electron energy
analyzer (VG Microtech, CLAM 2) with a dual Mg/Al
anode X-ray source, reverse view low energy electron
diffraction (LEED) optics (Princeton Research Instruments,
RVL 8-120SH), and a quadrupole mass spectrometer (UTI

https://doi.org/10.1021/acs.jpcc.4c02327
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100 C) for temperature-programmed reaction spectroscopy
(TPRS).*"* All RAIR spectra were taken with 1024 scans and
4 cm™! resolution. The XPS spectra were obtained using Mg
Ka radiation and pass energies of either S0 or 100 eV.
Although we used the same XPS spectrometer for earlier
studies of a ZrB,(0001) single crystal using a pass energy of SO
eV,”7* the sensitivity and resolution of the spectrometer has
degraded with time.

The Pd(111) single crystal was spot-welded to two tantalum
wires mounted on a liquid nitrogen cooled sample holder. A
type K thermocouple was spot-welded to the top edge of the
crystal for temperature measurements. The sample could be
resistively heated to 1200 K and cooled with liquid N, to 90 K.
The Pd(111) surface was prepared by Ar" bombardment (1
keV, S yA) and annealing to 1200 K in UHV. The cleanness of
the surface was verified by XPS and LEED.

Zr(BH,), was synthesized by the reaction between LiBH,
and ZrCl, in the absence of solvent™’:

ZrCl,(s) + 4LiBH,(s) — Zr(BH,),(s) + 4LiCl(s)

The method used here mainly follows the procedure
described by Haaland et al.*® Zirconium tetrachloride
(anhydrous) and lithium borohydride (>90%) were purchased
from MilliporeSigma and used for synthesis without
purification. The sample was verified to be pure by its infrared
spectrum and was stored in a glass bottle in a refrigerator for
further use.”*™>*

The Zr(BH,), exposures were performed by opening a leak
valve and backfilling the chamber and are reported in units of
Langmuir, where 1 L = 1 X 107® Torr s. The pressure
measured during exposures was based on uncorrected ion
gauge readings. The ion gauge sensitivity is calibrated for N,
and sensitivity is likely quite different for Zr(BH,),. Ko et al.
noted that ionization efficiency for a molecule scales with the
number of electrons, and provided a simple equation for
estimating ionization efficiency, which yields an ionization
efficiency of 3.7 for Zr(BH,), relative to CO, which should be
nearly the same as for N,°° Summers found a linear
correlation between ion gauge sensitivity and molecular
polarizability.”* Although an experimental value for the
molecular polarizability for Zr(BH,), is apparently not
known, we used density functional theory calculations to
obtain a theoretical value, which is a factor of 23 higher than
that of N,. If the relative ion gauge sensitivity differs by the
same factor, then a nominal 300 L exposure corresponds to
only an actual 13 L exposure.

2.2. Computational. Periodic calculations were performed
using the Vienna Ab Initio Simulation Package (VASP)> with
the optPBE-vdW*®*” density functional, which accounts for
London dispersion forces through an augmented nonlocal
correlation functional. A plane-wave basis set energy cutoff of
500 eV was used in the geometry optimizations, first-principles
molecular dynamics (FPMD), nudged elastic band (NEB),”%**
and single-point calculations. The projector augmented wave
(PAW) method®®®’ was used to treat the core states, as
implemented within VASP. Due to the large size of the
simulation cell, only the gamma-point was used in the periodic
geometry optimizations. All atoms were allowed to relax fully
within the surface—adsorbate systems in the geometry
optimizations and NEB calculations, except for the bottom
two layers of the four-layer 120-atom Pd(111) surfaces, which
were kept fixed at the experimental bulk lattice constant for Pd
(3.89 A). As expected, in the relaxed structure for the clean

Pd(111) surface the interlayer distance between the top and
second layer and the second and third layer expand relative to
the bulk interlayer spacing. The experimental binding energy of
1/2 H, to Pd(111) is reported in the literature to be —0.49
eV® and our computational methodology involving optPBE-
vdW calculates the 1/2 H, adsorption to be —0.46 eV, showing
excellent agreement. Single point calculations on optimized
structures were performed to obtain Bader charges and charge
density difference (CDD) isosurfaces. The CDD isosurfaces
were calculated by subtracting the clean Pd(111) surface
charge density, free zirconium charge density, and/or BH,,
BH;, BH,, BH, or B,H, species’ collective charge density from
the total system charge density. The unit cell dimensions used
with the Pd(111) surface were 13.75 A X 14.29 A x 30.00 A,
with the z-axis being large to ensure sufficient vacuum space to
prevent unwanted interactions between periodic images. Gas-
phase calculations were performed on isolated molecules,
atoms, or molecular fragments, as appropriate, within a box of
the same size employed to model the surface—adsorbate
system. The FPMD simulation was performed with the NVT
ensemble (constant number of particles, constant volume,
constant temperature), Nose—Hoover thermostat,63’64 alofs
time step, and a temperature of 200 K. In the FPMD
simulation of Zr(BH,), at 200 K a two-layer Pd(111) surface
was used. The climbing image NEB method was used to obtain
saddle points to approximate the transition states in the
dissociation of hydrogen from Zr(BH,), into Zr, B, and 4H
atoms on Pd(111).

Crystal orbital Hamiltonian populations (COHP) were
calculated using LOBSTER®® from VASP geometry optimized
systems and their wave functions were generated using a
Monkhorst—Pack k-grid of 4 X 3 X 2. The negative integrated
crystal orbital Hamiltonian populations (—iCOHP) were used
to determine bond strengths. The structures used in
LOBSTER were selected from the geometry optimized
structures to include only the adsorbates and the first layer
of Pd atoms.

The Pd(111) surface is a large reservoir of electrons and it
can readily accept or donate electrons to the adsorbate, which
makes the addition or removal of charge on surface species
nontrivial. Therefore, we postulated that calculations on
neutral models would yield results that were in-line with
those obtained for models whose charges were chosen to
reflect the formal charge of the adsorbate. To ensure our focus
on uncharged models was sound, a benchmark was performed
comparing the relative energies and B—H bond lengths in the
Pd(111) adsorbed Zr+BH+3H versus Zr+BH+3H*" systems
along with the Pd(111) adsorbed ZrBH, versus ZrBH,*"
systems. The B—H bond lengths were identical in the charged
and neutral BH and BH, species, and the relative energy of
adsorbed Zr+BH+3H versus ZrBH, with and without included
charges only differed by 0.02 eV/adsorbate atom. Unfortu-
nately, the software package (VASP) that we used allows for
charged systems to be computed, but does not allow for
charges to be placed on particular atoms nor include charge in
a simple user-friendly fashion.

The binding energies (eq 2) and formation energies (eq 3)
discussed in the computational section were calculated using
the following equations:

https://doi.org/10.1021/acs.jpcc.4c02327
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Binding Energy = [Surface — Adsorbate System Energy]
— [Pd(111) Surface Energy]
— [Adsorbate Energy] (2)

Formation Energy
= [Surface — Adsorbate System Energy]
— [Pd(111) Surface Energy] — 2*[Zr Atom Energy]
— b*[B Atom Energy] — h*[H Atom Energy] 3)

where z, b, and h are the number of Zr, B, and H atoms,
respectively, in the modeled system, and the energies
employed were those of isolated atoms.

Gas-phase density functional theory calculations were also
performed using Gaussian16°° to obtain vibrational frequen-
cies, total infrared intensities, and intensities proportional to
the square of the z-component (the surface normal) of the
dipole derivatives as the latter corresponds to the experimental
RAIRS intensities. The PBE generalized gradient approxima-
tion (GGA) functional and Def2-TZVPP basis set were used in
the Gaussian vibrational frequency calculations on VASP
geometry optimized structures of Zr(BH,),, and hypothesized
dissociation products Zr(BH,);,, Zr(BH;), Zr(BH,), Zr-
(BH,),, Zr+BH adj, Zr+BH sep (BH), BH, BH,; B,H,,
B,H,—Zr, B,H,—2Zr, B,H,, and B,H; adsorbed on the
Pd(111) surface. The VASP geometry optimized structures
on Pd(111) imported into Gaussian were selected to include
only first layer Pd atoms that ensure hollow sites, bridge sites,
and top sites were accounted for.

3. RESULTS

3.1. RAIRS and TPRS. RAIR spectra for 300 and 500 L
exposures of zirconium borohydride to the Pd(111) crystal at
90 K are shown in Figure 2. For both exposures, the most

500 L

2495
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b 2571
1288 \ 2197
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0.004

1232

300 L

NS

1057‘ 1284 2173 2573
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Figure 2. RAIR spectra after nominal exposures of 300 and 500 L of
Zr(BH,), to Pd(111) at 90 K.

intense peaks are assigned to terminal B—H stretches (2571—
2573 cm™'), bridging B—H---Zr stretches (2173-2197 cm™"),
and H-B—H bending modes (1225—1232 cm™"). For the 500
L exposure, several weaker peaks are also observed. The RAIRS
peaks observed here are compared in Table 1 with reported

Table 1. Comparison of Frequencies (in cm™) for a 500 L
Exposure of Zr(BH,), to the Pd(111) Surface at 90 K with
Values from the Literature”

N, matrix solid Pd(111)
(14 K)*  gaseous® (77 K) (90 K) assignment
2590 2575s 2580 (sh) - VB—H,
2569m 2571s vB—H,

2563m vB—H,
2500 2493w --- 2495w 1218 + 1288 = 2506
2430 2431w - - 2 X 1218 = 2436
2350
2320 --- --- --- ---
2210 2194s 2199 (sh) 2197 (sh)  vB-H,
2175 --- 2171m 2177s vB—H,
2110 2133s 2107m 2116m vB—H,
1600 - --- ---
1295 1288w - 1288m 0H-B—H
1225 1218vs 1217s 1232vs SH-B—H
1190 1185 (sh)  1180m SH-B—H
1065 1034w 1058mw 1059m SH-B—H
670 581w vZr—H,
525 S60vw 547w -—- vZr—H,

S07s 504s vZr—BH,

213m 216mw 0BH,—Zr—BH,

“Relative intensities are indicated by s = strong, m = medium, w =
weak, and v = very. (sh) = shoulder.

values for Zr(BH,), in the gas phase, trapped in an N, matrix,
and in the solid phase. The excellent agreement, particularly
with solid Zr(BH,),, indicates that Zr(BH,), adsorbs non-
dissociatively at 90 K and forms a multilayer structure like that
in the molecular solid. The biggest discrepancy is for the most
intense peak for the 500 L exposure at 1232 cm™", which is 14
cm™" higher than in the solid. For the 300 L exposure, it is at
the same position as in a solid N, matrix. In their normal-mode
analysis of the IR and Raman spectra of Zr(BH,),, Smith et al.
found from the potential energy distribution of the internal
coordinates that the mode giving rise to the 1217 cm™" peak
consisted of 27% Zr—Hj, stretch, 61% HBH, bend, and 23%
HyBH, bend, where H, and H; refer to bridging and terminal
hydrogens, respectively.®’

Figure 3 shows RAIR spectra after a 400 L exposure of
Zr(BH,), to Pd(111) at 90 K and after annealing to the
indicated temperatures. The 150 K spectrum shows a small
decrease in peak intensities, but otherwise is almost the same
as the 90 K spectrum. Annealing to 200 K causes significant
changes, most prominently the complete loss of the 1230—
1228 cm™" peak, leaving behind only two peaks at 2563 and
2143 cm™". These two peaks lose intensity and are red-shifted
after the 250 and 300 K anneals, but are absent after annealing
to temperatures of 350 K and above. In the complementary
TPRS experiments shown in Figure 4, three H, desorption
peaks at 178, 330, and 426 K are observed. The 178 K peak is
attributed to fragmentation of the parent molecule. The peak
at 330 K is close to that of recombinative desorption of H,
from the clean Pd(111) surface implying that adsorbed H

https://doi.org/10.1021/acs.jpcc.4c02327
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Figure 3. RAIR spectra after a 400 L exposure of Zr(BH,), to
Pd(111) at 90 K and after annealing to the indicated temperatures.
After annealing, the crystal was cooled back to 90 K before the spectra
were acquired.
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Figure 4. TPRS results after a 500 L exposure of Zr(BH,), to
Pd(111) at 90 K. The mass-to-charge ratios (m/z) measured were 2,
11, 27, 120, and 150 amu. The hydrogen signal was scaled by 1/100.

atoms were already present due to decomposition of Zr(BH,),
at lower temperatures. Conversely, the 426 K H, peak must be

due to reaction-limited desorption, implying the presence of a
hydrogen-containing surface species up to this temperature.
Desorption of the parent molecule, corresponding to m/z
ratios of 120 and 150, was not directly detected by TPRS.
However, the B,H; (m/z =27) and B (m/z = 11) peaks at 174
and 172 K are assigned to fragments of the parent molecule
desorption.

3.2. XPS. Figure 5 shows XPS spectra after exposing 500 L
of Zr(BH,), to Pd(111) at 90 K and then annealing to the

Intensity (a.u.)

175 180 185 190 195
Binding Energy (eV)

Figure S. XPS spectra in the B 1s/Zr 3d region as a function of
annealing temperature after a 500 L Zr(BH,), exposure to Pd(111) at
90 K.

indicated temperatures. The clean Pd(111) surface does not
show any peaks from 170 to 200 eV. Molecularly adsorbed
Zr(BH,), at 90 K has a Zr 3d peak at 183 eV and a B 1s peak
at 188 eV. At the pass energy used, 100 eV, the Zr 3d;,, 3d;,,
peaks, which are separated by 2.4 eV, are not resolved. The
Zr(BH,),layer thickness, d, at 90 K can be estimated from the
attenuation of the Pd 3d;,, peak using eq 4,

i
- P Gcosd )

where I° is the Pd 3d;), peak area of the clean Pd(111) surface,
I is the peak area following Zr(BH,), adsorption, and A is the
inelastic mean free path of the electrons in the Zr(BH,), layer.
In this equation, @ is the angle between the surface normal and
the analyzer, which in our case is approximately zero (0 +
15°). We used the calculated inelastic mean free path 1 = 32 A
for 1000 eV electrons in ZrO, and assumed the same value for
electrons in solid Zr(BH,),.*” This yields d = 12 A, which
would correspond to a few layers of Zr(BH,),. After annealing
to 200 K, the molecule decomposes with the boron peak
moving to a higher binding energy of 189 eV where it remains
for further annealing temperatures but decreases in intensity
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above 400 K and is just barely visible after annealing at 600 K.
After annealing to 400 K and above, the Zr peak shifts to a
lower binding energy of 182 eV.

Figure 6 shows an XPS survey spectrum after CVD growth
of a ZrB, film formed by an 1800 L exposure of Zr(BH,), to
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Figure 6. XPS spectrum from 0 to 800 eV after exposing 1800 L of
Zr(BH,), to Pd(111) at 773 K.

the Pd(111) crystal held at 773 K. Previous work has indicated
that at this temperature a crystalline ZrB, film should form.”
No elements other than Zr, B, or Pd are visible in the
spectrum. In particular, no carbon or oxygen contamination is
detected. This is in contrast to what has been reported in
conventional CVD growth experiments where oxygen con-
tamination is observed.®”” Table 2 lists the peaks and their
binding energies from Figure 6. Using eq 4 again with an
assumed inelastic mean free path of 32 A, we calculated a ZrB,
layer thickness of 18 A.

Figure 7 shows the XPS spectra obtained with pass energies
of 100 and S0 eV following exposure of 1800 L of Zr(BH,), to
the Pd(111) surface at 773 K. At a pass energy of 50 eV, the Zr
3ds/, peak at 179 eV can be resolved from the Zr 3d;,, peak at

Table 2. XPS Peak Assignments and Positions of Zr, B, and
Pd for a 1800 L Exposure of Zr(BH,), to Pd(111) at 773 K

peaks binding energy (eV) peaks binding energy (eV)
Zr 4p 28 Pd 4p, Zr 4s 51
Zr 3d 179 Pd 4s 88
B 1s 187 Pd 3d;,, 335
Zr 3s 430 Pd 3d;, 340
Pd 3ps), 532
Pd 3p, 560
Pd 3s 671
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Figure 7. XPS spectra in the B 1s/Zr 3d region at pass energies of 100
and S0 eV following exposure of 1800 L of Zr(BH,), to Pd(111) at
773 K.

181 eV, and the B 1s peak is at 187 eV. These binding energies
can be compared to our previous XPS results for a ZrB,(0001)
single crystal where the Zr 3ds,, Zr 3d;/,, and B 1s peaks were
observed at 179.2, 181.6, and 188.2 V, respectively.46 These
earlier XPS results were also obtained with a pass energy of 50
eV, and therefore at the same nominal resolution. The fact that
the separation between the two Zr 3d components is less
distinct here may be associated with a lower degree of
crystallinity in the ZrB, film on Pd(111). These binding
energies are 0.2 eV higher than the values we reported earlier
using a different XPS system and a different ZrB,(0001) single
crystal.”® Within the accuracy of the measurements, the ZrB,/
Pd(111) film binding energies match those of the ZrB,(0001)
surface.

In principle, the stoichiometry of the film can also be
determined from XPS using the appropriate sensitivity factors
for Zr and B. However, Weng et al. evaluated the accuracy in
using XPS to quantify composition and concluded that the
error can be as high as 15%.”" Our previous XPS work with a
ZrB,(0001) single crystal surface was obtained with the same
spectrometer used here and that crystal had a carefully
measured stoichiometry of ZrB, y,.”> The XPS results from that
crystal implied a sensitivity factor ratio of 16.4 based on the Zr
3dss, to B 1s peak area ratios. The areas were determined
based on Gaussian fits to the peaks after a Shirley background
subtraction. Interestingly, the sensitivity factor ratio using a
different spectrometer was 16.2 for the same angle that we
used of 54.7° between the analyzer and X-ray source.”” Using a
sensitivity factor ratio of 16.4 implies the stoichiometry of our
film based on the results in Figure 7 is ZrB, ;o3 where an
uncertainty of 15% is assumed. This is also the error associated
with measuring the peak areas from the 50 eV pass energy
spectrum in Figure 7.
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3.3. Computation. The pathway for dissociation of
Zr(BH,), on the Pd(111) surface was explored computation-
ally by calculating energies of the parent molecule and possible
molecular fragments as adsorbed on the Pd(111) surface. In
considering the sequential loss of BH, units according to the
equation Zr(BH,), — Zr(BH,),_, + nBH,, it was found that
Zr(BH,),_, was stably adsorbed and that BH, would dissociate
to form adsorbed BH + 3H (BH boron atom adsorbed to Hy,
site and three hydrogen atoms adsorbed to Hy., sites on the
surface) as the most stable product. In particular, the formation
of BH from Zr(BH,), Zr(BH,)s;, Zr(BH,), and Zr(BH,),
releases 2.68, 1.28, 1.01, and 0.94 eV, respectively (Supporting
Information (SI) Section S2). The results from the FPMD
simulations presented in Figure 8, also support Zr(BH,),
decomposition by sequential loss of BH, units into BH units,
but with one lingering Zr—BH, after 12 ps at 200 K. However,
even after 12 ps, this FPMD run is not yet fully equilibrated, as
evidenced by the continual decrease in the energy during the
simulation time (Figures S15 and S16). Visualization of the
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Figure 8. (a) The FPMD simulation over 12 ps at 200 K for
Zr(BH,),. Three BH units form and one Zr(BH,); unit is retained
above the Pd(111) surface. (b) The reaction profile showing the
energies of each adsorbed species and the approximate transition state
energies between species in the dissociation of Zr(BH,), to form one
Zr, one B, and four H atoms adsorbed on Pd(111). The most stable
structure was observed to be BH adsorbed on Pd(111) separated
from Zr, labeled Zr+BH sep, which is more stable than Zr+BH at
adjacent sites, Zr+BH adj. All energies are relative to the energy of the
most stable structure, Zr+BH sep. (c) The structures of the various
adsorbed species and transition states from (b). The structures of
B,H, and B,H,—2Zr on Pd(111) are also shown, with B,H,—Zr in
the bottom-right inset. The hydrogen, boron, zirconium, and
palladium atoms are colored white, pink, cyan, and teal, respectively.

trajectory reveals that dissociation of the last remaining Zr-
bound BH, unit has yet to occur. To further explore the
decomposition of the final Zr(BH,), species obtained in the
FPMD, nudged elastic band (NEB) calculations and conven-
tional geometry optimizations were used to obtain approx-
imate transition states/saddle points and energy minima,
respectively, as presented in Figure 8b. The low activation
energies of approximately 0.27, 0.10, and 0.17 eV for loss of
the first, second, and third H, respectively, from Zr(BH,),
make it kinetically feasible to reach the final configuration of
BH adsorbed at an hcp (hexagonal close-packed) 3-fold hollow
site and separated from the Zr (Zr+BH sep), with Zr+BH sep
being 0.24 eV more stable than its adjacent version, called Zr
+BH adj (see Figure 8b). The Zr+BH adj and Zr+BH sep
structure models are illustrated in Figure 8c. The dissociation
of BH to produce adsorbed B and H atoms is endothermic by
0.38 eV with a large (approximate) barrier of 0.91 eV, further
supporting BH as a stable species on the Pd(111) surface.
Inspection of the energies of various Zr/B/H adsorbed
species shows that in the reactions Zr(BH,),_, — nBH, + Zr,
as n increased, the binding energy of Zr(BH,),., also increased.
The formation energies of the Zr(BH,),., species also follows
this trend so long as the energies are divided by the number of
BH, units present. The equations for how the binding and
formation energies were calculated are given in the computa-
tional methods section above. Thus, the Pd(111) adsorbed
binding energies decrease in the order Zr(BH,), > Zr(BH,), >
Zr(BH,); > Zr(BH,),. The Zr+BH adj and Zr+BH sep species
have the most stable binding energy compared to Zr(BH,),,
Zr(BH;);, and Zr(BH,);. Zr and B atoms were found to
adsorb more strongly to hcp 3-fold hollow sites while H atoms
bonded more strongly to fcc (face-centered cubic) 3-fold
hollow sites (H;.). For BH,, BH;, BH,, and BH, the most
stable configuration was with the boron atom above the hollow
sites. Bader charges show that the charge transfer increases
between the Pd(111) surface and the various adsorbed
structures as they approach full dissociation and form BH
units, with Zr+BH donating 1.5-1.6 e to the surface. The full
analysis of energetics, binding site preferences, bond lengths,
and Bader charges are provided in the SI, Tables S5—S14.
Given the stability of BH on the Pd(111) surface, BH
dimerization was considered. This process was found to form a
B,H, unit stably adsorbed on Pd(111) at an energetic
minimum with all real frequencies (as computed using a
molecular model within, but with some of the surface atoms
included). B,H, is also capable of forming B,H,—2Zr through
B—H---Zr bridging interactions that are unaltered by the
Pd(111) surface. The calculated frequencies and intensities of
BH, B,H,, and B,H,—2Zr adsorbed at their respective most
stable sites are given in Table 3. Both BH and B,H, have
calculated terminal B—H stretches about or within the range of
2563—2540 cm™!, close to the experimental values. BH was
calculated to vibrate at 2528 cm™' when isolated entirely on
the Pd(111) surface. Furthermore, although two B—H
stretches are calculated for both B,H, and B,H,—2Zr, the
higher wavenumber peak of the pair has a much higher
calculated RAIRS intensity, implying that only the more
intense one would be observable in the experiment. Unlike the
IR spectrum of Zr(BH,),, the surface intermediate that gives
rise to the 2143—2135 cm™ peak does not have an observable
peak in the H—B—H bending region. According to the
calculated frequencies and intensities presented in the SI, this
rules out surface intermediates containing BH,, BH;, and BH,
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Table 3. Computed IR Frequencies and Intensities for BH, (a) o;o;o;t (b) b o0 000
which is the same as Zr+BH sep, B,H,, and B,H,—2Zr on ),0,0_0_¢ o AR
la 0.0 O () ,°°°°°°°‘ 000000 s
Pd(111) above 1000 cm ’090%0°%0¢ ’000000¢0 000 0
’A°A° ° ‘lﬁﬁﬁnﬁﬂﬂl\nnnnnn' ~ A A A s
Model Frequency Total IR intensity z IR intensity ’Uovo 0000000
system (em™) (km/mol) (km/mol) ,o ) ,°°
BH 2532 85 85 )30 (] c:o C:oo ooce j‘g o0
BZHZ 2554 6 4 ’A‘?vvoiav? clﬂﬂnﬂﬂﬁﬂ"ﬂ‘:l\n::nn- n A A A n
2564 45 45 (chooooo oo ©0000 ¢
DO0O0O0OC p O ° ° °
B,H,—2Zr 2139 72 2 °0cc000 b—d :o°o°o°o X 0 d 0
2150 116 114 6000000 © © 000 ooooooooooc’ coooo
AnAAAAAAf A A A A AAAAAnAA A A A A A Ff

“Both the total intensities and the intensities based on the square of
the z component of the dipole derivative are given as the latter is
responsible for the experimental RAIRS intensities. Although there
are two B—H stretching peaks for both B,H, and B,H,—2Zr, only one
is calculated to have enough intensity to be observable with RAIRS.

with and without Zr interactions. Instead, a species that gives a
strong calculated B—H---Zr stretch is B,H,, with one or both
BH bonds interacting with a neighboring Zr atom. All other
considered species like Zr+BH adj (2260—2396 cm™,
depending upon the B—H---Zr distance), B,H, and B,H,
include frequencies between 2220 and 2500 cm™', above
2600 cm™}, or below 2100 cm™, which are not observed
experimentally (see SI, Section S4). Attempts made to put Zr
+BH adj into an ideal geometry on Pd(111) to produce a
stretching vibration close to 2143—2135 cm™" with knowledge
of the length necessary from B,H, result in the geometry
optimization pushing the BH hydrogen farther from the Zr due
to the need for BH, without the B—B bond, to stand vertically
along the surface normal.

As shown in Table SS, an isolated B,H, has a favorable
binding energy to the Pd(111) surface of —6.31 eV, and this
increases through formation of one B—H---Zr bridge bond, and
even more when both ends of the B,H, molecule have bridge
bonding to a neighboring Zr atom. Furthermore, these species
give rise to a bridging B—H stretch in the range observed
experimentally, but without any intense peaks in the H-B—H
bending region. In the bonding configuration of B,H, on
Pd(111) as illustrated in Figure 8c, the two B atoms are above
hollow sites. The adsorbed B,H, has a lengthened B—B bond
of 2.02 A compared to 1.52 A for gas-phase B,H, shown in
Figure 9. Whereas the BH bond of adsorbed BH is oriented
perpendicular to the surface, in B,H, the BH bonds are tilted
toward the surface. In the presence of Zr atoms, the H atoms
of B,H, bend further toward the surface and engage in B—H---
Zr bridging interactions, which does not occur when BH is
adsorbed near a Zr atom. The engaging of B,H, in B—H---Zr
interactions also decreases the B—B bond length to 1.71 A, and
is associated with a large charge density gain between the
boron atoms as seen in the B,H,—2Zr structure shown in
Figure 9. In fact, B,H,—2Zr was computed to have the most
negative, and favorable, binding energy out of all the
investigated Zr/B/H species. The Bader charges of B,H,—
2Zr and ZrBH, indicate that the hydrogens are hydridic while
the Zr and B atoms are positively charged. On Pd(111), the
Zr—H, bond length in B,H,—2Zr is 2.27 A, while it is 2.20 A
for ZrBH,. These calculated values are quite similar to the
experimentally determined Zr—Hy, bond length in gas-phase
Zr(BH,), of 221 A.”* The comparison indicates that B—H---
Zr bridge bonds in B,H,—2Zr on Pd(111) are typical of
hydrogen bridging bonds between boron and zirconium atoms.

The bond strengths in the various surface species were
explored through LOBSTER calculations with the results
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Figure 9. Structures and charge density (p) differences (CDD) for
the given isovalues expressed in e/A* of the various species on
Pd(111) (a) Zr+BH adj (+0.06). (b) Zr+BH sep (+0.10). (c) B,H,
(£0.10). (d) B,H,—2Zr (+0.06). The CDDs (red = charge gain, blue
= charge loss) were calculated with the following equations: (a) CDD
= System (p) — Surface (p) — Zr (p) — BH (p); (b) CDD = System
(p) — Surface (p) — BH (p); (c) [Middle] CDD = System (p) —
Surface (p) — BH (p) — BH (p); (c) [Bottom] CDD = System (p) —
Surface (p) — B,H, (p); (d) [Middle] CDD = System (p) — Surface
(p) — 2Zr (p) — BH (p) — BH (p); (d) [Bottom] CDD = System
(p) — Surface (p) — 2Zr (p) — B,H, (p). (e) The total —iCOHP for
the Zr+BH adj, Zr+BH sep, B,H,+2Zr (which is B,H, with two
separated Zr atoms), and B,H,—2Zr systems. The average Pd—Zr
bond strengths and Pd—B bond strengths were multiplied by three
due to their binding sites being at 3-fold hollow sites. The B—B bond
strengths were divided by two, and only one B—H bond and one B—
H---Zr interaction were used for the totals to ensure an equal number
of bonds considered to properly compare BH and B,H, systems. Gas-
phase B,H, is illustrated in the top-right of (c). The hydrogen, boron,
zirconium, and palladium atoms are colored white, pink, cyan, and
teal, respectively. The bonds made between the adsorbate atoms and
the underlying Pd(111) surface were removed for clarity.

presented in Figure 9 for the Zr+BH adj, Zr+BH sep, B,H,,
and B,H,—27Zr systems and in Section SS. For both adsorbed
Zr(BH,), and Zr(BH,),, the calculated —iCOHP values are
2.23 and 2.05 eV /bond for each of the B—H---Zr interactions,
calculated by adding the Zr—B and Zr—H interactions, and
averaging them. Upon adsorption to Pd(111), BH, has its B—
H bond —iCOHP value lowered to 3.98 eV/bond from 4.97
eV/bond, reflecting the weakening of the B—H bonds prior to
BH, dissociation. This reduction in bonding interaction is also
seen in B—H bonds weakening as BH, units leave Zr; the
largest B—H bond strength in Zr(BH,), is 5.0S eV/bond,
showing significantly more bonding character than the
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Table 4. H—B—B Bond Angle, Boron and Zirconium Binding Sites, B—H and B—B Bond Lengths, Binding Energy (eV/BH),
Formation Energy (eV/BH), and Total Bonding Strength Using —iCOHP Values (eV/BH)“

H-B-B B binding  Zr binding B—H bond

system bond angle site site length (A)
Zr+BH adj  94° Hiep Hiyep 122
Zr+BH sep  91° Hyp Hy, 1.20

BHy+2Zr  107° [178°]  Hyp/Hee  Hig 120 [1.17]
B,H,~2Zr  118° Hp/Hee  Hyp/He 125

B—B bond
length (A)

binding energy  formation energy total bonding strength,
(eV/BH) (eV/BH) —iCOHP (eV/BH)
—13.60 —18.73 18.83
—14.08 —19.00 19.08
2.02 [1.52] —11.58 —18.72 22.10
-7.85 —18.45 19.68

“Zr+BH sep and B,H,+2Zr are the same as BH and B,H, alone on Pd(111) but they include the binding energy of 1 Zr and 2 Zr, respectively, to
compare to Zr+BH adj and B,H,—2Zr. Values given in brackets are for gas-phase B,H,. The equations for calculating binding energy and formation
energy are given in the computational methods. The H—B—B bond angles for Zr+BH adj and Zr+BH sep were obtained by measuring with another

adsorbed BH neighbor.

maximum value obtained for Zr(BH,);, 4.14 eV/bond. The
Pd—B bonds for BH and B,H, have —iCOHP values of about
1.6 eV/bond, consistent with chemisorbed species. The
formation of B,H, is supported by calculated —iCOHP values
for its B—B bond of 7.98, 4.90, and 5.66 eV/bond in the gas-
phase, adsorbed to Pd(111), and when interacting with 2Zr
atoms, respectively. As Zr interacts with H, the B—H bond
elongates and weakens, which strengthens the B—B bond. The
strong B—B bond and relative —iCOHP values of B,H,
supports its formation from two adsorbed BH molecules on
Pd(111). Additionally, the —iCOHP values indicate that B,H,
gains further bonding character from the formation of B—H---
Zr bonds. This —iCOHP preference for B,H, formation from
BH is highlighted through the column graph given in Figure 9,
where the B,H, and B,H,—2Zr total bond strengths are larger
than Zr+BH sep and Zr+BH adj. B,H, has stronger bonding
than B,H,—2Zr as there is a loss in bonding to the surface
upon forming B—H---Zr bridging interactions, with a decrease
from 9.60 to 7.23 eV for the Pd—Zr bonds and from 4.56 to
2.94 eV for the Pd—B bonds. However, high coverage of Zr
atoms and B,H, would inevitably give rise to B,H,—2Zr and
provide a B—H stretching frequency near 2150 cm™.

The calculated CDD results of Figure 9 and the figures in
Section S1 provide additional insights into bonding within
Zr(BH,), and its dissociation products on Pd(111). In
Zr(BH,),, there is a gain of electron density at the bridging
hydrogens and a charge density loss on the Zr atom. The BH,
units closest to the Pd(111) surface experience charge density
loss at the boron atom but gain electron density on the
hydrogen atoms and in the region between the boron atom
and the underlying Pd atom, with a corresponding loss of
charge density at the Pd atoms. The Zr(BH,), species shows
similar charge reorganization to that of Zr(BH,), since the Zr
atom charge density loss induces gain on the bridging
hydrogens of the BH,. When Zr(BH,), is adsorbed on
Pd(111), the terminal B—H bonds lengthen from 1.19 to
1.24—1.26 A. The bridging H---Zr and B—H distances increase
from 2.16 and 125 A to 2.22—2.28 A and 1.27-1.31 A,
respectively. In Zr(BH,),, there is charge density gain on the
terminal hydrogen of BH,, loss at the boron atom, and gain on
the hydrogen closest to the Pd(111) surface. There is a
significant gain in charge density between the Zr atom in
Zr(BH,), and the underlying Pd atoms, which is indicative of
chemisorption. When adsorbed on Pd(111), Zr(BH,), has
three bridging hydrogens per BH, unit, which is the same as
for isolated Zr(BH,),. However, Zr(BH,), has two bridging
hydrogens, with the third hydrogen pointing upward and the
fourth hydrogen oriented toward the Pd(111) surface, which
suggests that the BH, unit breaks apart by replacing a B—H---

Zr bond with a B—H---Pd bond. This B—H---Pd interaction
causes the B—H bond to lengthen to 1.34 A compared to a
bridging B—H bond length of 1.25 A for B—H--Zr, which
supports the dissociation of BH, into BH; as the first step
toward BH. The bridge site for Zr and top site for BH, were
preferred for Zr(BH,),. An isolated adsorbed BH (Zr+BH sep)
and a BH adsorbed next to a Zr atom (Zr+BH adj) are shown
in Figure 9. In both cases, BH adsorbs at hollow sites and
forms three Pd—B bonds with significant charge density gain.
The CDD shows electron density loss at the B—H bond,
consistent with a red-shift of the B—H stretch to around 2550
cm™ in the experiment compared to the terminal B—H stretch
of 2571 ecm™ in Zr(BH,), on Pd(111). The CDD of B,H,
adsorbed on Pd(111) shows that there is significant charge
density gain between the boron atoms when the CDD is
calculated by duplicating the charge of one BH fragment.
However, when the CDD is calculated by treating B,H, in its
totality there is charge density loss between the two boron
atoms. This shows that there is an attraction to create B—B
bonds from two BH units, but that the BH units are not fully
bound together, like in the linear gas-phase geometry, because
B,H, must reorganize charge to enhance Pd—B bonding. In
B,H,—2Zr, the CDD isosurfaces are similar to those within the
B,H, without Zr, except that the B—H---Zr interactions cause
charge density gain on the hydrogen and loss on the boron and
zirconium. This gain of charge density on the hydrogen atoms
in B,H,—2Zr is in stark contrast to the loss of charge density
on the hydrogen in Zr+BH adj, Zr+BH sep, and B,H,.
Although there is a gain of charge density on the hydrogen
atoms of B,H,—27Zr, it is accompanied by a charge density loss
within the B—H bond, lengthening it to 1.25 A (2150 cm™)
from 1.20 A (2564 cm™) and giving it the lowest B—H bond
strength of 4.43 eV/bond for the BH and B,H, systems.

The comparison of calculated and experimental frequencies
favors a mix of BH and B,H,, with the latter capable of forming
B—H---Zr bonds, which the former cannot. While the
formation energy of 2BH units relative to B,H, shows that
BH units are preferable to B,H, (see Table 4), the B,H, unit
gains a significant amount of charge density directly between
the boron atoms, leading to the greatest total bonding strength.
The B—H---Zr interactions are responsible for red-shifting the
B—H stretching frequency to ~2150 cm™, but due to the
lowered total bonding strength and formation energy of B,H,—
2Zr relative to B,H,, this must occur primarily due to high
coverages of Zr and B,H,. Lastly, identification of adsorbed
B,H, and B,H,—2Zr as intermediates is supported by their
lower energetic stability relative to separated BH units, while
their heightened bonding strength with the introduction of B—
B bonding forcing hydrogen into closer distances with the
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Pd(111) and Zr may lead to a lower energetic pathway for the
final B—H bond dissociation.

4. DISCUSSION

The numerous past studies that have used Zr(BH,), as a CVD
precursor have not addressed the surface chemistry of its
decomposition in detail. As a single-source precursor, the
molecule would be expected to decompose according to eq 1
upon annealing after condensing an intact molecular layer.
Adsorbing Zr(BH,), on Pd(111) at 90 K clearly results in
nondissociative adsorption as the RAIR spectrum is identical
to that of the molecular solid. The XPS results of Figure 5 for
the multilayer at 90 K reveals Zr 3d and B 1s peaks of
comparable intensity. Whereas no RAIRS peaks are visible
after annealing to 350 K and above, the XPS results indicate Zr
remains on the surface after annealing to 600 K. Unfortunately,
the XPS sensitivity was insufficient to determine the precise B/
Zr ratio after the 600 K anneal. The Zr binding energy shift
with annealing to reach a final value after the 600 K anneal of
182 eV, is consistent with, but not definitive proof of, ZrB,
formation.

The decrease in the RAIRS peak intensities following the
150 K anneal without significant shifts in peak positions
indicates molecular desorption without decomposition. How-
ever, upon annealing to 200 K the most intense peak in the
Zr(BH,), multilayer at 1228 cm™" completely disappears as do
the peaks at 1286 and 1053 cm™'. These peaks are all
associated with H—=B—H bending modes. The two peaks that
remain at 2563 and 2153 cm™" are unambiguously assigned to
terminal and bridging B—H stretches. Further annealing causes
these peaks to red-shift as they decrease in intensity. We
attribute the red-shift to a coverage decrease of the responsible
surface intermediate as vibrational coupling effects can result in
coverage-dependent shifts of a similar magnitude. The loss of
all peaks after annealing to 350 K and above contrasts with
desorption of H, at 426 K. This indicates that H-containing
surface intermediates do not give rise to RAIRS peaks of
sufficient intensity to be detected. Based on the computational
results, we assume that this surface intermediate is B,H,. Given
that two B atoms and all 16 hydrogen atoms must be removed
to convert Zr(BH,), to ZrB,, the 425 K H, desorption peak
implies that CVD must be done at or above 426 K.

In a previous study, Sung et al. used an IR multiple-internal
reflection technique to detect surface species after exposure of
Zr(BH,), to a 1040 nm thick oxide film on a Si(100) surface
held at 250 °C.” They observed two broad peaks at 2608 and
1148 cm ™', which they tentatively assigned to the B—H stretch
and H-B—H bend of a BH, surface species. They then
concluded that for growth conditions that led to excess boron,
the boron was present as BH,. Their observation that films
with excess boron readily oxidized when exposed to air was
attributed to the high reactivity of surface BH, groups. They
found that stoichiometric ZrB, films could be readily formed at
temperatures as low as 300 °C when atomic hydrogen
generated by a microwave plasma was added to the Zr(BH,),
flux. The IR peaks assigned to BH, were not observed for the
stoichiometric ZrB, films, which were resistant to oxidation.

As noted by Sung et al,, the stoichiometry of diboride films is
quite important in determining their properties. In their study
they found that thermal CVD using Zr(BH,), on a Si(100)
surface at 250—450 °C resulted in films with B/Zr ratios near
3.” However, they used relatively low growth temperatures as
their goal was to produce amorphous films. In contrast, Tolle

et al. used a growth temperature of 900 °C to form crystalline
ZrB, films on Si(111) from Zr(BH,),.”” Although they did not
specifically address the stoichiometry of their film, TEM and
XRD results indicated ZrB, films of high crystallinity. In latter
studies by the same researchers, ZrB, films on Si(111) were
characterized by XPS, mainly to demonstrate that the films
were free of contamination.””*® A comparison of their XPS
results with our spectra%’m from ZrB,(0001) single crystals
indicate that while the Zr 3d and B 1s binding energies are in
good agreement, their B 1s/Zr 3d peak area ratios are
somewhat larger than in our single crystal results. However, as
noted earlier it is difficult to use XPS to accurately determine
composition. In a study of HfB, films grown on Si(100) using
Hf(BH,),, Jayaraman et al. concluded that thermal CVD
yielded stoichiometric films based on ex situ XPS measure-
ments using literature sensitivity factors, although as expected
with XPS the error bars were large, implying a stoichiometry of
HfB,,,s.'" Given the importance of obtaining stoichiometric
diboride films from M(BH,), precursors, there is clearly a need
for a more accurate way to determine the B/M ratios, which
would allow the growth conditions to be optimized to produce
diboride films with the most desirable properties.

The computational results are clear that a stable BH species
forms on Pd(111) from the decomposition of Zr(BH,), and
that once formed, two BH molecules can dimerize to form a
stable B,H, species. The latter species can form B—H---Zr
bridge bonds to one or two Zr atoms. The good match with
the experimental RAIRS results in which only bridging and
terminal B—H stretches are observed is only consistent with
the presence of a B,H, surface intermediate with one or both
ends interacting with a Zr atom. The formation of such a three-
center two-electron bond for a surface intermediate is not seen
in the more widely studied hydrocarbon species on transition
metal surfaces. The identification of such a species
demonstrates that the unique bonding attributes of boron—
hydrogen compounds also pertains to the surface chemistry of
metalloboranes such as Zr(BH,),.

The computational results also provide insights into the XPS
data. Although the signal-to-noise ratios are quite poor, upon
adsorption at 90 K, the Zr 3d and B 1s peaks consist of single
components indicative of one chemical environment for both
atoms as expected for molecular adsorption of Zr(BH,),.
However, a second binding environment is introduced as the
temperature is raised to 200 and 300 K. This is consistent with
the computational results implying a mix of Zr not interacting
with H or B, and Zr interacting with B,H, through B—H---Zr
bridge bonding. Two distinct B 1s peaks would also be
expected for BH and B,H,.

5. CONCLUSIONS

Zirconium borohydride, Zr(BH,),, molecularly adsorbs on
Pd(111) at 90 K to yield an infrared spectrum nearly identical
to that of solid Zr(BH,),. The molecule remains intact after
annealing the surface to 150 K, but further annealing to 200 K
leads to decomposition to form a surface intermediate that
retains terminal and bridging B—H bonds. The computational
results reveal that BH is a stable intermediate with a calculated
terminal B—H stretch frequency in the range observed
experimentally. Once BH is formed, two BH molecules can
combine to form a B,H, molecule, as indicated through the
energetics, charges, and bonding strengths from the DFT
calculations. One or both ends of a B,H, molecule can form
B—H---Zr bridge bonds, which further stabilizes the B—B bond
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of adsorbed B,H,. The calculated bridging hydrogen stretching
frequency matches the experimental frequency. Identification
of such an adsorbed species indicates that the prevalence of
three-center two-electron bridge bonding in the chemistry of
boron also applies to the surface chemistry of boranes. While
XPS results are inconclusive as to whether annealing a
condensed Zr(BH,), layer to higher temperatures leads to
formation of a ZrB, layer, exposure of the Pd(111) surface at
773 K does produce a zirconium diboride film, with a
stoichiometry of ZrB, ;,3.
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