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The initial steps of the thermal chemistry of Cu(l)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidinate on metal
surfaces were characterized using temperature-programmed desorption experiments and density functional
theory (DFT). The relative stability of the initial dimer relative to its dissociation on metal surfaces was
evaluated. Several molecular desorption temperatures were identified on Ni(110), but all correspond to dimers,
either containing the initial Cu ions or after their removal; no monomer was ever detected. DFT calculations also
indicated preferential bonding on Cu(110) as a dimer, albeit with a distorted configuration, via the Cu atoms and in
registry with the lattice of the substrate. A potential dissociation pathway of the adsorbed dimer was identified
involving the partial detachment of the ligands via the scission of one Cu-N bond at the time and migration to
adjacent surface sites. This process is accompanied by the reduction of the Cu centers of the metal-organic
complex, indicating that it may be the rate-limiting reaction that leads to further fragmentation of the ligands.

The chemistry of metal-organic complexes on solid surfaces is
quite relevant to several practical applications, in the making of
heterogeneous catalysts [1, 2] and the growth of thin solid films
[3, 4, 5], for instance. In general, adsorption of those com-
pounds is assumed to take place via the formation of new
bonds involving the metal center of the discrete metal-organic
complex, a step that may require either rearrangement of the
original ligands or displacement of one or more of those by
a surface site [6]. However, in some instances, this chemistry
may be complicated by the fact that the gas-phase precursor
may exist in an oligomeric form, typically as a dimer but
sometimes as a trimer or a tetramer. An early example where
this issue was recognized was in the study of the deposition of
aluminum-containing films (i.e., nitrides and oxides) using
a trimethylaluminum [TMA, Al(CH3)s] precursor [7], which is
well known to dimerize in the gas phase [8]. Many bidentate
ligands may also favor the formation of dimers, trimers, or

even tetramers, upon complexation with metal centers [9, 10,
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11]. In general, this oligomerization of film-growth precursors
has been seen as a positive development that helps increase
volatility, a property needed for vapor depositions, but its
implication to the surface chemistry involved has not been fully
recognized.

To address this issue, we in our laboratory have focused on
the characterization of copper precursors made with amidinate
and related ligands used for atomic layer deposition (ALD)
applications [12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22]. We rely
on our extensive experience in the study of reaction mecha-
nisms on solid surfaces using modern surface-sensitive techni-
ques [13, 23, 24, 25]. In our initial report on the specific subject
of the behavior of copper amidinates, we provided mass
spectrometry evidence for the preservation of the oligomeric
structure of these compounds when vaporizing them from their
solid state, and additional quantum mechanics calculations to
explain the origin of the energetic stability gained by the
formation of dimers or tetramers [19]. We also found that, on

silica surfaces, the steric constraints added by the shielding of
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Scheme 1: Line drawings of compounds (1) and (2), highlighting the
possible interconversion between the dimer and the monomer forms of the
former.

the metal center in the gas-phase dimers force adsorption via
one of the nitrogen atoms rather than the Cu ions. More recent
density functional theory (DFT) calculations on the energetics
of the likely reaction pathway during copper(I)-N,N’-dime-
thylacetamidinate thermal activation on Cu(110) surfaces in-
dicated that the initial adsorption of the dimer in that case does
involve the Cu ions, but that the adsorbate then follows
a decomposition route that depends on surface coverage: at
low coverages the dimer fully sheds one of the ligands, whereas
at high coverages the ligand dissociation is only partial, with
retention of one Cu-N bond (the second ligand remains fully
coordinated, as is also the case at low coverages) [22]. A more
general discussion of this chemistry was briefly provided in our
recent accounts on the chemistry of inorganic precursors
during the chemical deposition of films on solid surfaces [6].
Here, we discuss the behavior of Cu amidinates on metal
surfaces in terms of the initial transformations associated with
their oligomers. Both experimental [temperature-programmed
desorption (TPD)] and computational (DFT calculations) data
are provided and analyzed in terms of the potential interconver-
sion between the dimer and its monomers. The molecule studied
here is Cu(I)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidinate,
herein referred to as compound (1) (Scheme 1). It was found
that, before thermal decomposition of the adsorbed precursor,
desorption of high-mass species is detected in three different
temperature regimes. Analysis of the cracking patterns of the
desorbing products, which were all very similar but displayed
a few key differences, was used to estimate the nature of the
desorbing species. For the two first peaks, seen at 320 and 350 K,
the desorbing species was determined to be the molecular dimer,
whereas the third TPD peak at 550 K was associated with a dimer
made out of two free ligands, without any copper ions. DFT
calculations were added to provide an energetic framework to

explain the experimental results. The details are provided below.

Low-temperature TPD

The general aspects of the thermal chemistry of (1) on Ni(110)
surfaces were already characterized by TPD and X-ray photo-
electron spectra (XPS) in the past, and the results reported in
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a previous publication [21]. The adsorbed molecules were
determined to decompose in a stepwise fashion, starting at
approximately 450 K. One characteristic feature of this type of
decomposition is the emission of H, in TPD experiments, which
can be used as a proxy to determine the reactivity temperature
ranges as well as the yields of the products resulting from the
decomposition. In order to estimate the doses of (1) required to
saturate the first layer on the Ni(110) surface, H, TPD data were
recorded as a function of exposure; the results are shown in
Fig. 1 (left panel). It can be seen in the figure that the desorption
profile changes with increasing initial dose, in general shifting to
higher temperatures. This is expected, and indicates partial
inhibition of the decomposition of the ligand upon crowding
of the surface (the hydrogen atom recombination step on
Ni(110) is well known to occur at much lower temperatures
[26], and does not contribute to this kinetics).

One thing to notice in Fig. 1 is that the H, desorption
profile stops changing significantly after initial (1) doses above
approximately 20 L, which we associate with the saturation of
the first layer on the surface. The TPD yields for H,, as well as
those for HCN and isobutene, two other main products from
the thermal decomposition of (1) on Ni(110), are reported as
a function of initial dose in the right panel of Fig. 1. In all cases,
maximum yields are reached after approximately 10-20 L.

The low-temperature thermal chemistry of (1) adsorbed on
Ni(110) is highlighted by the peaks seen in the TPD reported in
Fig. 2. There, traces are shown for a large selection of high-amu
fragments, to illustrate the desorption profile of the different

species that may desorb. An exposure of 20 L was chosen for
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Figure 1: Left: H, TPD from Cu(l)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidi-
nate, (1), adsorbed on Ni(110) as a function of initial exposure. Right: H,, HCN,
and isobutene yields (in arbitrary units) in TPD experiments as a function of (1)
dose. Heating rate: 5 K/s.
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Figure 2: Selected TPD traces from thermal activation of 20 L of (1) adsorbed
on Ni(110).

these experiments in order to saturate the first layer but not
condensed excessive amounts of the precursor because de-
sorption from the condensed layer, which was determined to
occur around 285 K, could mask the other features.

Three distinct features can be identified in the traces in
Fig. 2, with peaks at 320, 350, and 550 K. Because of the
significant overlap in the cracking patterns of the potential
species produced during this thermal activation of the adsorbed
precursor, analysis of the data is not straightforward. Neverthe-
less, some clear differences among the three temperature
regimes can be identified upon close inspection. Here, we
focus on the high-mass end of the data associated with large
molecular species, either derived from the precursor itself
(monomer or dimer) or from the ligand (iminopyrrolidine).
An analysis of the relative intensities of the peaks for all the
amus probed is summarized in Figs. 3 and 4 in the form of
extracted cracking patterns for the desorbing species. The two
figures correspond to two separate amu ranges: 100-230 amu
in Fig. 3 and 220-350 amu in Fig. 4. It should be pointed out
that the peaks for fragments with masses beyond about 250
amu were quite weak, and that those data are somewhat less
reliable than the information in Fig. 3.

First, the cracking pattern of the molecules desorbing from
the condensed layer, at 285 K (not shown in Fig. 1), is quite
similar to that measured for the gas phase (1). The small
differences can in fact provide an estimate of the experimental
errors associated with these measurements. Second, the fact
that peaks are seen here for masses larger than the molecular
weight of the monomer of (1), 230 and 232 amu (in a 2:1 ratio),
indicates that dimers (or other oligomers) of the Cu complex

either survive adsorption or form on the surface. Third, the
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Figure 3: Cracking patterns in the mass spectrometer of the species that
desorb from the Ni(110) surface at the indicated temperatures. Data are shown
for the 100-230 amu range.
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Figure 4: Cracking patterns in the mass spectrometer of the species that
desorb from the Ni(110) surface at the indicated temperatures. Data are shown
for the 220-350 amu range.

individual ligands [2-(tert-butylimino)-5,5-dimethyl-pyrrolidi-
nates] can be identified by the peaks at 167/168 amu;
accordingly, the fragments at 152/153 amu correspond to the
loss of a methyl group from that species. Fourth, because Cu
has two stable isotopes, with atomic masses of 63 (2/3 of total
intensity) and 65 (1/3) amu, it should be possible in principle to
identify fragments that contain Cu atoms in these cracking
patterns. Hence, the signals at 228 and 230 amu (seen in all
TPD peaks) could be associated with the molecular monomer

after losing two hydrogen atoms.
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All of the arguments presented in the previous paragraph
apply to all of the TPD peaks in Fig. 1, in particular to the low-
temperature (320 and 350 K) ones. In fact, the differences in the
cracking patterns of all these TPD peaks are subtle. Nevertheless,
some can be pointed out. First, the sequence of peaks at 332/334/
336 amu seen for the gas-phase molecule and for the 320 and
350 K peaks (but not for the 550 K peak) is likely to be associated
with a fragment containing two Cu atoms. That leaves an organic
moiety with a mass of 206 amu (after subtracting two Cu atoms),
which may correspond to a 5,5-dimethyl-iminopyrrolidinate
moiety (upon the loss of the tert-butyl group from the original
ligand) plus another 5,5-dimethyl-pyrrolidinate (without the
added imino nitrogen). The peaks for a [Cu(I)-5,5-dimethyl-
iminopyrrolidinate], dimer would be expected at 346/348/350
amu, at the limit of our detection (some of those peaks are
nevertheless seen in our spectra). All this points to the likelihood
that the species desorbing at both 320 and 350 K are dimers of
compound (1), or possibly larger oligomers. The main difference
between the cracking patterns of those two peaks is in the
intensity of some of the signals at masses beyond the unim-
olecular ligand, which is higher for the 350 K case. This is
particularly true for the signals at 214 and 215 amu, and also for
the signal at 281 amu. We do not have at present an interpretation
of these observations or a full assignment of all of the amus
detected, but speculate that perhaps the species desorbing at 350 K
is a dimer where some skeletal rearrangement has taken place.
Another possibility is that one of the peaks may correspond to
a dimer and the other to a tetramer, as the two are not too far in
energy [19]. It is difficult to settle this point with the available data.

The spectrum associated with the 550 K peak, on the other
hand, does display clear discernible differences with the others,
mainly in the 175-230 amu range. Because these peaks are at

masses above that of the molecular ligand unit, and because the

(a)
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peaks do not appear to correspond to fragments containing Cu
atoms [there is no 2:1 (amu):(amu + 2) split in intensities
anywhere in the cracking pattern figure], we believe that these
features may signify the dimerization of the ligands themselves,
perhaps to make [2-(fert-butylimino)-5,5-dimethyl-pyrrolidi-
nate],. In particular, the intense peak at 181 amu could be
associated with a fragment of C;(N3H,¢ stoichiometry, which
could come from a full 2-(tert-butylimino)-5,5-dimethyl-pyr-
rolidinate ligand plus an extra nitrogen atom (we suggest that
the dimerization takes place via a N-N bond formation). This
assignment is tentative, however, because the TPD data are by
themselves difficult to interpret, given the extensive overlap
with cracking fragments from other species and the possibility
of more than one species being formed at this temperature.
One additional observation in favor of our proposal is the fact
that this dimer desorbs as the Cu centers become reduced to
their metallic state [21]. It could be argued that the metal
reduction is achieved via a reductive elimination step such as
the ligand coupling proposed here; similar chemistry has been
seen with other ALD precursors [6, 25, 27, 28]. Regardless, it
appears that by 550 K, most of the adsorbed (1) precursor loses

its ligands on the nickel surface.

Quantum mechanics calculations

In order to better understand the energetics of the monomer—
dimer interconversion of the iminopyrrolidinate complexes
when adsorbed on surfaces, complementary DFT calculations
were performed. Because it is well known that copper amidi-
nates tend to dimerize in the solid state [10, 29, 30, 31] (and in
the gas phase as well [19]), we first optimized the atomic
structure of isolated monomers and dimers of (1) using a big
unit cell (to simulate the gas phase, in which all molecules are

separated by a large distance). Figure 5 shows schematic views

: -~
" L
(b) C
Figure 5: Schematic views of the most stable monomer (a) and dimer (b) structures of (1). Green, gray, yellow, and blue spheres represent Cu, N, C, and H atoms,

respectively. Structural parameters for the dimer: Cux-Ng = 1.87 A, Cug-Nyg = 1.90 A, Cup—Cug = 246 A, Nig—C4 = 1.34 A, Npg-C, = 133 A, £ Njg-C4-Nyg =
121.6°, dihedral angles: 13.5° and 11.2°.

cambridge.org/JMR

www.mrs.org/jmr

Issue 7 = Apr 14, 2020

Volume 35

Journal of Materials Research

723


http://www.cambridge.org/JMR
http://www.mrs.org/jmr
https://doi.org/10.1557/jmr.2019.293

https://doi.org/10.1557/jmr.2019.293 Published online by Cambridge University Press

B NN 22 enncs

Figure 6: Top and side views of the different optimized configurations calculated for the adsorption of a monomer and of a dimer of (1) on Cu(110). (a) The most
stable monomer configuration M1; (b) configuration D1, where the dimer is intact; (c) configuration D2, after the dimer dissociates but keeps both ligands close to
each other; (d) configuration D3, where the dimer is dissociated and one of the ligands is on top of the two Cu atoms of the dimer while the other is on top of the
ideal Cu(110) surface. Green, gray, yellow, and blue spheres represent Cu, N, C, and H atoms of the molecule, respectively. Surface Cu atoms are shown as brown
spheres. The second-layer Cu atoms in the top views are shown with smaller diameters.

of the resulting structures. It was found that, in the monomer,
one Cu atom forms two Cu-N bonds with bond lengths of dc,,
N = 199 and 2.02 A, at an angle of ZNCuN = 69°. On the
other hand, the dimer shows two copper atoms each forming
two Cu-N bonds with bond lengths of dc,_n 1.87 and 1.90 A,
with the Cu,N, moiety in a configuration close to planar
(matching almost perfectly experimental X-ray diffraction
structural results) [32]. The differences in bond distances in
both cases are small and could be within the error of our
calculations; otherwise, the structures may fluctuate in time,
with the Cu-N bond lengths switching between the two
(monomer) or four (dimer) bonds involved. We have found
that a Cu(I)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidinate di-
mer is more stable than its two monomers kept apart by an
energy difference of approximately AE = 4.9 eV (470 kJ/mol).

Additional calculations were performed to probe the
adsorption of the monomer and the dimer on a Cu(110)
surface using a large (4 x 5) unit cell. Copper rather than
nickel surfaces were used here to isolate the trends in the
energetics of the surface interactions from the nature of the
metal used; analogous calculations on Ni(110) are being
carried out currently and will be reported in a future
publication. It should be stated that, based on our previous
studies, we believe that much of the chemistry of the
amidinate precursors is similar on Cu and Ni surfaces,
although the thermal decomposition tends to take place at
lower temperatures on the more active Ni substrates [15, 20,
33]. In any case, it was determined that on Cu(110) and for
the monomer in its most stable configuration, M1 [shown in
Fig. 6(a)], one of the original Cu-N bonds is broken, with the
respective N atom forming a new bond with a surface Cu atom
with a bond length of dc, = 2.08 A (Table I). Although the

other N atom remains bonded to the original Cu atom of the
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TABLE I: Adsorption energies and structural parameters for the several
configurations of monomers and dimers of (1) adsorbed on Cu(110) surfaces
estimated from our DFT calculations. Low (6 = 1/20 monolayers) and high (6
= 1/12 monolayer) coverages were simulated by using (4 x 5) and (3 x 4)
unit cells, respectively. The “very low” coverage for D3 was calculated using
a different, larger cell (see text).

Eads/

Conﬁguration Coverage eV dCu(moIecuIe)fN/A dCu(surface)fN/A
M1 Low —3.83 1.98, 3.00 2.13, 2.08
D1 Low —4.03 2.00, 2.03, 2.02, 200 2.19,2.22,2.25, 2.24

High —4.06 2.02, 201,202 201 222,228, 225,228
D2 Low —3.77 1.99,1.93,35,3.06 202, 1.98

High —3.77 1.94,2.04,3.14, 214 2.08, 2.05

Very low —4.18 1.91, 1.96 2.03, 1.95
D3 Low —4.25 192,196 2.02, 1.96

High —4.45 1.93, 1.96 2,01, 1.96

monomer, with de, = 1.98 A, it also interacts with a Cu surface
atom, forming a bond of length dc, = 2.13 A.

Adsorption energies were calculated by using the energy of
the relaxed Cu(110) surface plus the energy of the dimer in gas
phase as reference. Accordingly, the adsorption energy for

a monomer can be written as follows:
Eads = 2Emonomer@surface - 2Esurface - Edimer )

where Eonomer@surface 31d Egurface are the total energies of the
slab with and without the monomer, respectively, and Egimer is
the total energy of the dimer in the gas phase. The calculated
adsorption energy for the monomer using this equation was
estimated at E,gsn ~ —3.83 €V (—370 kJ/mol).

In the molecularly adsorbed dimer on Cu(110), the two Cu
atoms of the dimer were found to occupy bridge sites, with the
four N atoms on top sites above surface Cu atoms [configu-
ration D1, Fig. 6(b)]. Because bridge sites are not stable for
the adsorption of a Cu dimer (the energy is 0.48 eV higher than
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the energy of the most stable configuration at hollow sites), the
stability of D1 is due to the bonds that the nitrogen atoms
make with the surface Cu atoms. Also, as shown in Fig. 6(b),
the dimer is considerably distorted from its planar structure in
the gas phase to favor adsorption. Four Cug,fc—N bonds are
formed between the surface Cu atoms and N atoms of the
dimer, with bond lengths of between dc, = 2.19 and 2.25 A.
The increase in Cumolecule=N bond length upon adsorption,
from dcy_n = 1.87 and 1.90 A in the gas-phase dimer to dc, N
= 2.00-2.03 A on the surface, indicates their weakening upon
adsorption. Using a similar convention as for the monomer, the

adsorption energy for a dimer can be written as follows:
Eus = Edimer@surface — Egurface — Edimer ’

where Egimer@surface ad Egurface are the total energies of the slab
with and without the dimer and Egj,, is the total energy of the
dimer in the gas phase. The calculated adsorption energy of this
—4.03 eV (—390 kJ/mol, Table I),
indicating that adsorption as a dimer is more stable than

configuration is E,gsp; =

adsorption as two monomers.
We have also considered the possible dissociation of the

dimer on the surface. In configuration D2, shown in Fig. 6(c),
the dimer is shifted in the [110] direction in such a way that
the Cu atoms of (1) now occupy stable hollow positions. One
of the ligands of the precursor is still bonded to what is now
a Cu ad-dimer but not to any Cu surface atom, whereas the
other is separated from the Cu ad-dimer, with both N atoms
forming bonds with surface Cu atoms. This ligand shifts one
lattice constant with respect to configuration D1. The bond
lengths of the N atoms of the first ligand to the Cu ad-atoms
are now deyn = 1.99 and 1.93 A, and the shifted ligand are 3.5

and 3.06 A away from the Cu ad-atoms but form new bonds to
Cu surface atoms with bond distances of dc,_ny = 2.02 and 1.98
A; the new bonding is slightly asymmetric. The adsorption
—3.77 eV (=365 kJ/mol, Table I),
showing that this configuration is less stable than D1: In D2, the

energy of D2 is E,4op> =

organic groups are too close and repel each other.

Next, we considered the shifting of the ligand in the —[100]
direction to reduce steric effects. In this configuration [D3,
Fig. 6(c)], both ligands are oriented with their planes perpen-
dicular to the surface, and are separated by 1 and 1/2 lattice
constants in the [100] direction, respectively. The Cu-N bond
lengths are dc, = 1.92 and 1.96 A for the ligands on top of the
ad-dimers, and dc, x = 2.02 and 1.96 A for the ligand on top of
the surface. This is the most stable configuration calculated here
for the adsorption of the dimer, with an adsorption energy of
E.qsps = —4.25 eV (—410 kJ/mol, Table I).

The overall conclusions from these calculations is that (1)
prefers to adsorb on Cu(110) as a dimer, and that it is energetically
driven to decompose via the loss of one of its ligands, intact, to the
surface. This latter step may be activated, however, which may be
why molecular desorption is detected in TPD experiments. Of
course, our search of decomposition mechanisms has not been
exhaustive, and other pathways are in principle possible. However,
a previous, more comprehensive, study with a smaller amidinate
ligand [22] led us to identify single ligand loss as a promising
possibility to explore here; the calculations reported above have
then corroborated the feasibility of such path.

Finally, we have studied the evolution of the charges
around the individual atoms upon adsorption and dissociation
of the (1) dimer on the Cu(110) surface using Bader’s charge
population analysis. Figure 7 shows that the initial adsorption

Figure 7: Evolution of the charges of the dimer of (1) after adsorption and dissociation on Cu(110), as it goes from its gas phase structure (a) through the
D1 (b), D2 (c), and D3 (d) intermediates. Also provided is the charge distribution of the Cu ad dimer (e). The black and red numbers correspond to the charges

of the Cu atoms and the ligands, respectively.
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of the dimer (without dissociation) results in a very small
reduction of the Cu atoms of the dimer, from charges of +0.55
and +0.55 in the gas phase to +0.47 and +0.52 once it is
attached to the surface (the two values correspond to the two
Cu atoms of the dimer). The ligands are also reduced, from
—0.54 and —0.55 to —0.62 and —0.60. To compensate, the
surface Cu atoms directly bonded to the dimer acquire a partial
positive charge, changing from neutral to +0.10, +0.08, +0.07,
and +0.09. Once the dimer is broken into two pieces, the Cu
atoms of the molecule are reduced further, to +0.31 and +0.23,
and the surface Cu atoms that bond to the N atoms are
oxidized, with charges of +0.23 and +0.25. The ligands on top
of the Cu ad-atoms and Cu surface atoms are slightly oxidized,
reaching new charges of —0.54, and —0.53, respectively. When
the free ligand moves away from the reminder of the dimer (to
configuration D3), the additional changes in the charges of the
Cu atoms and the ligands are small, as seen in Fig. 7(d). The
charges in the Cu atoms that form bonds with the ligands
remain small, in the +0.18 to +0.28 range. Finally, when the
ligands are taken away from the surface, the Cu atoms become
metallic. These results show that both the ligands and the Cu
substrate are responsible of the reduction of the Cu centers of

the precursor, (1), as it adsorbs and decomposes on the surface.

Adsorption of the ligand

In order to complement the information from the TPD
experiments and DFT calculations on the desorption of (1)

from metal surfaces, additional studies were carried out with

1:4
40L 2-(t-Butylimino)-
5,5-Dimethylpyrrolidine/Ni(110) TPD
___J\,._ 168 amu l.\ 5 168 amu
._9:1 A x5 127 amu , TR 168 amu
=l 1%6 amu w 167 amu
4 T 125 amu X5 166
E x5 124 amu ; : : gg 165 am:
: ' 5 ‘25 amu x5 4 amu
g [ N - 153 amy
[=2] i@ Ha amu __J\__L 152 amu
7 _.J\L s amy Mﬁm
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Figure 8: TPD traces from selected masses in the 98-169 amu range after
dosing 2-(tert-butylimino)-5,5-dimethyl-pyrrolidine, compound (2), on Ni(110)
at 100 K. Emphasis here is on the detection of molecular desorption.
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the free, protonated ligand, 2-(tert-butylimino)-5,5-dimethyl-
pyrrolidine, compound (2) [Scheme 1, MW = 167 amul].
Selected TPD traces in the 98-169 amu range after low-
temperature adsorption on Ni(110) are reported in Fig. 8,
and the cracking pattern obtained from those data for
molecular desorption, which peaks at 210 K, is reported in
Fig. 9. It is seen in Fig. 9 that the cracking pattern of molecular
(2) is quite similar to that obtained for (1), as reported in Fig. 3,
corroborating that the latter contains information about the
whole, non-decomposed, ligand. A few subtle differences can
be seen nevertheless. First, in the case of (2), no significant
signal was detected for masses above 168 amu, the molecular
weight of the protonated monomer of the ligand. There is no
reason to expect the free protonated ligand to dimerize, and no
evidence of that was obtained here. Second, a clear peak is seen
in Fig. 8 for 140 amu, associated with the loss of a C,H,
fragment in the ionization process (from the pyrrolidine ring).
Curiously, this fragment was not seen in the experiments with
(1). Finally, the relative intensities of the 167 and 168 amu
peaks are different for (1) versus (2). This is not surprising, as
(2) is the protonated version of the ligand in (1), and therefore
contains an extra hydrogen atom.

Another important observation in Fig. 8 is the fact that
most of the adsorbed (2) desorbs molecularly and at quite
low temperatures, around 210 K as indicated above. It is
worth recalling that the protonated ligand is a stable mole-
cule by itself, and perhaps not prone to easy deprotonation/
dehydrogenation (at the amine group), the step that pre-
sumably could trigger further surface decomposition. Some
decomposition does take place on the Ni(110) surface, as reported
before [21], mainly to produce not only H,, HCN, N,, and iso-
butene but also 5,5-dimethyl-pyrrolidine. Here, we can highlight

2-(t-Butylimino)-
5,5-Dimethylpyrrolidine/Ni(110)
TPD Cracking Patterns, 100-170 amu Range

TPeak =210 K

MS Signal / arb. units

1] Al ]I i
A e

100 110 120 130 140 150 160 170
amu

Figure 9: Mass-spectrum cracking pattern of (2), obtained from TPD experi-
ments such as those reported in Fig. 8. Molecular desorption in this case was
seen to peak at about 210 K.
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the weak peaks seen in the TPD data in Fig. 8 for 108, 109, 139,
151, and 166 amu. Those features reach maximum intensity at
a slightly higher temperature than the rest, at about 225 K,
indicating that they originate from a different species. Given that
the mass values of those peaks are one or two units below the key
peaks of the molecular species, we speculate that the new desorbing
species could be a dehydrogenated version of (2), a molecule that
retains the full skeletal arrangement of the original ligand but loses
a couple of hydrogens, perhaps 2-(tert-butylimino)-5,5-dimethyl-
pyrroline.

DFT calculations of the adsorption of (2) on Cu(110)
showed that the compound prefers to attach to the surface with
its molecular axis perpendicular to the Cu surface normal
[Fig. 10(a), configuration L1]. Each of its two nitrogen atoms
bond with a Cu surface atom, with dcyesurface)-n = 2.03 and
1.95 A.

Starting with the calculated energy of this configuration, we
can then estimate the adsorption energy of the dimer of (1)
after its two ligands have broken away from the Cu center

atoms using the formula:
Fags = 2 % Eligand@surface —-2x Esurface — Edimer )

where Eligand@surface a1 Egurace are the total energies of the slab
with and without the ligand, respectively, and Egier is the total
energy of the dimer in the gas phase. The adsorption energy
calculated this way is E,qs, dissociated = —3-59 €V (—345 kJ/mol),
indicating that this configuration is less stable than configura-
tion D1. In this case, the organic groups of the ligands are too

close to the Cu surface.

Figure 10: Top and side views of two different configurations for the
adsorption of (2) on Cu(110). (a) The ligand is on top of the ideal Cu(110)
surface. (b) The ligand is on top of the two Cu atoms of the dimer. Green, gray,
yellow, and blue spheres represent Cu, N, C, and H atoms of the molecule,
respectively. Surface Cu atoms are shown as brown spheres. Second-layer Cu
atoms in the top views are shown with smaller diameters.
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Effect of surface coverage

The ligands considered here are quite bulky, suggesting that
increasing coverages of the adsorbates could induce new steric
effects and modify the energetics of the adsorption, desorption,
and decomposition processes. To probe that effect, additional
DFT calculations were carried out with a smaller (3 X 4) unit
cell; this is the smallest unit cell in which a dimer can be fitted.
In particular, we considered adsorption of a dimer in config-
urations D1, D2, and D3. The adsorption energies and Cu-N
bond distances resulting from these calculations are summa-
rized in Table L. It can be seen that in configurations D1, and
D3, the Cu-N bond lengths change little when going from low
to high coverage. In D2, on the other hand, the changes in the
Cu-N bond lengths are slightly larger because in this config-
uration the molecule is more spread out on the surface.

A possibility for the surface decomposition of (1) is that
only one ligand is removed and displaced to the surface while
the other stays on top of the Cu ad-dimer. In that case, our
calculations show that the remaining ligand also prefers to
attach with its molecular axis perpendicular to the Cu surface
normal [Fig. 10(b), configuration L2]. Each of its two nitrogen
atoms bond with a Cu atom of the ad-dimer, with dcy(surface) N
= 191 and 1.96 A. Using the energy of this configuration,
together with one of the ligand on top of the surface, the
adsorption energy of the dimer in configuration D3 can be
estimated at very low coverages. This adsorption energy,
reported in Table I as “very low” coverage, comes out to be
Eads “very-low-coverage’Ds = —4.18 €V (—405 kJ/mol), very similar
to the —4.25 eV calculated before, indicating that steric effects
at the coverage calculated before are not very important. This
seems to be the case for the other configurations as well
(Table I).

In this project, we aimed to better understand the thermal
chemistry of the oligomers of ALD precursors on surfaces.
Specifically, we looked at the behavior of compound (1), a metal
(copper) amidinate, on a metal surface (nickel or copper). Our
previous work had indicated that these oligomers, typically
dimers, are quite stable: they are well known to form in the
solid phase [9, 10, 11] and are also thermodynamically favored
in the gas phase (the DFT calculations in those reports did not
include van der Waals interactions, but the new calculations
reported here, which do, corroborate the general trends
identified before) [19, 22]. Moreover, we found that in the
dimer of Cu(I)-(2-sec-butylimino)-pyrrolidinate, the copper
ions appear to be sheltered to a sufficient degree that, on silica
surfaces at least, the first interaction is not via the metal center
but rather through one of the nitrogen atoms [19]. We

speculate that such initial interaction may promote subsequent
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surface chemistry, leading to the decomposition of the ligands
not foreseen when these precursors were designed for film
growth applications.

In the present study, we explore the equivalent surface
chemistry on metal rather than oxide surfaces. We find that the
behavior is quite different. Our DFT calculations on Cu(110)
show that adsorption of the dimer of (1) is more stable than
dissociation into two monomers. The experimental TPD data
also indicate that molecular desorption upon thermal activation
of the precursor adsorbed on Ni(110) leads to the evolution of
the dimer; no evidence for monomer formation was found. In
addition, the quantum mechanical calculations point to the fact
that, on metals, adsorption via the formation of metal-metal
bonding is possible; no initial bonding through the nitrogen
atoms of the ligands was seen in this case. Several configurations
involving Cugce-N bonds were tested, but none yielded
adsorption energies comparable to that for adsorption through
the Cu ions (data not shown). What was found was that the
dimer of (1) bends, losing it planarity, in order to facilitate the
access of the copper ions to the surface. Those appear to prefer
surface positions in registry with the metal lattice.

Once bonded to the surface, as a dimer as stated above, (1)
is capable of undergoing some ligand rearrangement steps. The
initial molecular (dimer) structure, configuration D1 (Fig. 6),
may be stable but is thermodynamically more energetic than
having one ligand leave the adsorbed complex and migrate to
adjacent sites on the surface, configuration D3 (again, Fig. 6).
However, configurations D1 and D3 do have similar energies,
and although D3 is slightly more stable, it is quite likely that
the conversion of D1 to D3 is activated, and therefore limited
at low temperatures. It is therefore reasonable to expect the
dimer not to dissociate but rather to prefer to (partially) desorb
at lower temperatures, as seen experimentally here on Ni(110).
The adsorbed dimer can still undergo some structural rear-
rangements, via, for instance, the scission of one of the Cu-N
bonds, as in configuration D2; this would justify the two
molecular peaks seen in the TPDs in Fig. 2 at 320 and 350 K for
the dimer (recall that those show only slight differences in
cracking patterns at masses above the molecular weight of the
monomer, the reason why we suggested both to correspond to
different structures of the molecular Cu precursor). However,
once configuration D3 is reached, it is difficult to go back to the
original dimer configuration. Instead, the ligands, now bonded
to the substrate, may protonate or dissociate into a variety of
products. The dimerization of the ligands seen in the TPD at
550 K (Fig. 2) could come from either configuration D2 or
configuration D3. However, the more extensive decomposition,
to H,, HCN, and isobutene, must start via the dissociation of
the ligands seen in D3.

One additional piece of information useful to interpret the

ALD chemistry associated with (1) and similar precursors

© Materials Research Society 2019

comes from the calculated evolution of the charges on copper
atoms shown in Fig. 7. There, it is clear that, upon adsorption
and dissociation of (1), the copper atoms in the ALD precursor
are reduced to a metallic state. This is in good agreement with
experimental XPS results [14, 15, 17, 18, 20, 21, 33]. We have in
the past argued that the initial dissociation or decomposition of
the adsorbed ligands is rate limiting, and that that first step is
accompanied by the reduction of the metal ions of the ALD
precursor. This idea is supported mainly by the coincidence
between the threshold temperatures at which hydrogen is
detected in TPD experiments and the reduction of Cu(I) ions
to Cu(0) atoms on the surface seen by XPS. Figure 7 shows that
the latter occurs when both ligands are displaced and migrate
to the surface; it is interesting to note that in configuration D3,
the Cu atoms of the adsorbed complex still retain a partial
positive charge. Given that this intermediate state is not seen in
the XPS data, it would seem that the first decomposition step,
to configuration D3, is rate limiting and that the removal of the
second ligand, and even further decomposition of the organic
moieties on the surface, takes place right after that first step. In
a previous calculation, with a simpler amidinate, we deter-
mined that, indeed, the removal of the first ligand from the
adsorbed Cu complex is activated, with a barrier of approxi-
mately 40 kJ/mol [22]; it is likely that the decomposition steps
that follow require less energy to proceed. Ligand decomposi-
tion, it appears, takes place on the substrate, not while the

ligands are bound to the original Cu ions.

The early stages of the thermal chemistry of Cu(I)-2-(tert-
butylimino)-5,5-dimethyl-pyrrolidinate, compound (1), on
metal surfaces were characterized by a combination of exper-
imental (TPD) and theoretical (DFT) methods. The decompo-
sition of this precursor on Ni(110), already reported in
a previous publication [21], was here corroborated via the
detection of H, desorption, and a calibration of the exposure
required to saturate the first monolayer on the surface was
achieved by performing dose-dependent studies (Fig. 1). More
detailed TPD data collection was performed in the high-mass
range, by detecting fragments with masses as high as ~350
amu, in order to determine the character of the species that
desorb molecularly in the low-temperature region of the TPD
traces, that is, below ~400 K (Fig. 2). A careful analysis of the
cracking patterns of the desorbing species in the mass spec-
trometer afforded the identification of two closely related dimer
forms of (1) at 320 and 350 K (Figs. 3 and 4). An additional
peak seen at 550 K was identified with the formation of dimers
of the free ligands, once detached from the Cu ions, but no
evidence of monomer formation was ever seen in these
experiments. Additional TPD runs with 2-(tert-butylimino)-
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5,5-dimethyl-pyrrolidine, compound (2) (the protonated li-
gand), corroborated some of the assignments and helped with
the interpretation of the data obtained with the full ALD
precursor (Figs. 8 and 9).

The experimental work was complemented with quantum
mechanics calculations of the energetics, structures, and charge
distributions of the species that form upon adsorption of (1)
and (2) on Cu(110). New, better quality calculations were first
performed for the gas-phase free monomer and dimer of (1),
which included the van der Waals interactions that were
neglected in past reports (Fig. 5). More accurate energy values
were obtained, but the general trends remained the same: the
dimer is significantly more stable than the monomer. Next, the
structures of the adsorbed monomer and dimer on Cu(110)
were estimated. The adsorbed dimer turned out to be more
stable than the monomer, even if it needs to undergo
a molecular distortion, away from its initial planar configura-
tion, to improve accessibility of the Cu ions of the complex to
the atoms of the solid surface (Fig. 6). A possible dissociation
path via stepwise displacement of the individual ligands, whole,
to the surface was identified as well. The final ligand adsorption
is similar to what is obtained by dosing the free protonated
ligand (Fig. 10) [21], even if its molecular desorption is delayed
and occurs at higher temperatures because the displacement
step from the original complex to the surface is rate limiting.
Finally, the evolution of the charge distributions on the
adsorbed species upon dissociation was evaluated. The re-
duction of the Cu ions of the ALD precursor to a metallic state

was seen as the ligands were removed (Fig. 7).

Experimental details

The TPD experiments reported here were performed in an
ultrahigh vacuum (UHV) apparatus described in more detail in
previous publications [21, 34, 35]. A UTI quadrupole mass
spectrometer was used, with the ionizer placed inside a stain-
less-steel box with a small front aperture for selective sampling
of the desorbing gases [17]. The electronics were interfaced to
a personal computer in order to be able to collect data for up to
15 different masses in a single TPD run. Because the trans-
mission function of mass quadrupoles decreases exponentially
with increasing ion mass, different tuning parameters (focus-
ing, resolution, and signal amplification voltages) were required
for the detection of the high-mass end of the spectra reported
here. Accordingly, many TPD experiments were carried out
using several sets of conditions, with some common masses
across the different settings in order to be able to put together
the full cracking patterns of the desorbing products. It should
be indicated that although the UTI instrument is rated for

a maximum mass detection of 300 amu, we managed to detect
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ions beyond that mass limit. A linear heating rate of 5 K/s was
used in the TPD experiments.

A Ni(110) single crystal was used as the substrate, cleaned
in situ before each experiment by a combination of chemical
(O, and H, treatments) and physical (sputtering-annealing
cycles) procedures until the surface was deemed cleaned by CO
or H, TPD. Sputtering was followed by annealing at high
temperatures (~1100 K) to regain the smooth nature of the
single-crystal flat (110) surface, as established by others in the
past [36, 37]. The UHV chamber used in these experiments is
also equipped with an hemispherical electron energy analyzer
and an aluminum-anode (hv = 1486.6 eV) X-ray source, used
to acquire XPS to further check on the cleanliness of the
sample. The Cu(I)-2-(tert-butylimino)-5,5-dimethyl-pyrrolidi-
nate precursor, compound (1), was synthesized by reaction of
the corresponding ligand with an alkyl lithium compound and
copper chloride, as described in detail in previous publications
[21, 32]. It was dosed on the surface using a controlled leak
valve, and followed by measuring the exposure time and
pressure, the latter using a nude ion gauge. In the data reported
below, exposures are expressed in terms of Langmuirs (1 L = 1

x 107° torr s), uncorrected for ion gauge sensitivities.

Computational details

Spin-unrestricted first principle calculations were used based
on periodic DFT, as implemented in the Quantum ESPRESSO
open source package [38]. For the exchange-correlation (XC)
potential, the generalized gradient approximation (GGA), with
the Perdew-Burke-Ernzerhof (PBE) functional, was used. Van
der Waals interactions were included by using the Grimme D2
method. Ultra-soft pseudopotentials were used, and the wave
functions were expanded in plane waves with a kinetic energy
cutoff of 35 Ry. The cutoff for the charge density was set to 280
Ry. To model each of the slabs, four Cu layers and an empty
space of ~18 A were used to avoid self-interactions between
the surface and its image generated by the periodic conditions
imposed to the system. In each simulation, the bottom layer was
fixed to the bulk positions, whereas the remaining three were let
free to move. The geometric structures were optimized by
minimizing the forces on individual atoms with the criterion that
all forces on each atom must be smaller than 1 x 10> Ry/a.u.

We note that the Grimme D2 method used here is known
to overestimate adsorption energies. However, the inclusion of
dispersion-corrected van der Waals interactions is mandatory
for this kind of surface-molecule interactions. In an ongoing
work on the adsorption of an analogous amidinate using PBE,
PBE + Grimme-D2, and PBE + Grimme-D3, we have found
that the adsorption energy trends are not affected by the type of
van der Waals correction used. A similar conclusion has been
reached by others [39].
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