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The initial surface chemistry and growth mechanisms of the atomic layer deposition (ALD) of metallic copper on SiO,
surfaces are investigated using an amidinate precursor (copper(I) di-sec-butylacetamidinate, [Cu(*Bu-amd)],) and
molecular hydrogen. Using in situ Fourier transform infrared spectroscopy together with calculations based on density
functional theory, we show that the initial surface reaction of [Cu(*Bu-amd)], with hydroxylated SiO- takes place by
displacement of one of the sec-butylacetamidinate ligands at a surface —OH site, thus forming a Si—O—Cu—(*Bu-amd)
surface species, evident by the stretching vibrations of Si—O—Cu and the chelating —NCN— bonds. Molecular
hydrogen exposure during a subsequent pulse dissociates most of the sec-butylacetamidinate ligands bound to surface
Cu, which releases free amidine vapor, leaving Cu atoms free to agglomerate on the surface and thus opening more
reactive sites for the next [Cu(*Bu-amd)], pulse. Copper agglomeration is evident in the IR absorbance spectra through
the partial recovery of the intensity of SiO, optical phonon modes upon H, reduction, which was lost after the reaction of
[Cu(*Bu-amd)], with the initial SiO, surface. The thermally activated ligand rearrangement from a bridging to a
monodentate structure occurs above 220 °C through hydrogenation of the ligand by surface hydroxyl groups after
exposure to a [Cu(*Bu-amd)], pulse. As Cu particles grow with further ALD cycles, the activation temperature is lowered
to 185 °C, and hydrogenation of the ligand takes place after H, pulses, catalyzed by Cu particles on the surface. The
surface ligand rearranged into a monodentate structure can be removed during subsequent Cu precursor or H, pulses.
Finally, we postulate that the attachment of dissociated ligands to the SiO, surface during the [Cu(*Bu-amd)], pulse can
be responsible for carbon contamination at the surface during the initial cycles of growth, where the SiO, surface is not

yet completely covered by copper metal.

Introduction

Atomic layer deposition (ALD) is one of the most attractive
methods to grow uniform, conformal thin films with a high
degree of control over film thickness and composition due to its
self-limiting surface reactions. ALD has been successfully
developed to grow many metal oxides." Interest in Cu metalli-
zation is increasing as a result of a variety of industrial
applications, including the needs of microelectronics for 22
nm transistors. Copper is replacing aluminum as an intercon-
nect material in integrated circuits because of its lower resistivity
(1.72% 107°Q-cm vs 2.82 x 10-°Q-cm) and higher stability against
electromigration. For these applications, a highly conformal and
continuous copper seed layer is required before subsequent
electrochemical deposition of a copper film with a high growth
rate. The growth of transition metal films by ALD, however,
has shown limited success.>* One of the reasons for these diffi-
culties is a lack of suitable precursors that satisfy the stringent
requirements of ALD, such as thermal stability, high volatility,
and efficient self-limited reactivity with surfaces.* Another reason
is the poor understanding of the growth mechanisms for metal ALD,
particularly when compared to that for ALD-grown metal oxides.
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Several aspects of the growth of Cu films using ALD have been
addressed. A few copper(I) and copper(Il) precursors have been
used in the past, such as CuCl,>? Cu(Il)-2,2,6,6 -tetramethyl-3,
5-heptandionate [Cu(thd),],*” Cu(I)-1,1,1,5,5,5-hexafluoro-2,4-
pentanedionate [Cu(hfac),].>’ and Cu(II) acetylacetonate [Cu-
(.':1(:21(:)2],10’11 but all suffer from undesirable properties as ALD
precursors.'? For example, CuCl has very low vapor pressure, and
Cu films deposited by Cu(hfac), contain fluorine, which hinders
Cu adhesion on the substrate. They all have very low reactivity
and low growth rate. Therefore, higher deposition temperatures
are required (> 200 °C), which fosters unwanted Cu agglomera-
tion and diffusion.">”'* In other cases, the lack of self-limiting
surface chemistry for ALD of Cu resulted in coarse polycrystal-
line grains of as-deposited films.'>'® In general, a systematic study
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of Cu agglomeration and diffusion as a function of substrate
temperature has not been carried out. Also, the surface chemistry
controlling the film purity has not been fully explored, making it
difficult to assess existing and new precursors. Therefore, the lack
of detailed mechanistic studies of metal ALD hinders the deve-
lopment of suitable precursors and its full application in industry.
Furthermore, the chemistry involved in the deposition of mono-
elemental metallic films by ALD is a fascinating area of research
in its own right because it is intrinsically complex.

In this work, we study the initial surface chemistry and growth
mechanisms of the ALD of copper on the SiO, surface using an
amidinate precursor (copper(I) di-sec-butylacetamidinate, [Cu(*Bu-
amd)],) and molecular hydrogen (H,). The choice of precursor is
motivated by the recent report that metallic copper could be
grown with high conformality and high conductivity using this
precursor.'” Combining in situ Fourier transform infrared spec-
troscopy (FTIR) and ex situ X-ray photoelectron spectroscopy
(XPS), we investigate the initial reaction pathways of ALD
involving the interaction of OH-terminated SiO, with [Cu(*Bu-
amd)], and the subsequent ligand reduction, rearrangement, and
removal upon H, exposure. Evidence for Cu agglomeration and
diffusion and impurity incorporation under the growing film is
presented. Density functional theory (DFT) is used to determine
the vibrational signatures of the relevant chemical species in-
volved during the deposition process in order to corroborate
critical experimental band assignments.

Experiments and Results

Double-side polished, float-zone grown, and lightly doped
(~10 Q-cm) Si(100) with thin thermal oxide (6—10 nm thick
SiO,) is used as the substrate. The sample is first rinsed by acetone,
methanol, and deionized water (18.2 MQ-cm), and standard
RCA'® cleaning is performed followed by thorough rinsing with
deionized water and blow-drying with N». Then the sample is imme-
diately loaded in the ultra pure N, (oxygen impurity <10~ ppm)
purged ALD chamber.

All experiments are done in a homemade ALD system inte-
grated with a Thermo Nicolet 670 interferometer for in situ FTIR
measurements.'” A single-pass transmission geometry is used with
an incidence angle close to the Brewster angle to maximize
transmission, minimize interference, and increase sensitivity to
absorptions below ~1500 cm™~'. Normal incidence measurements
are also performed to help distinguish perpendicular from
parallel components (to the surface) in the infrared (IR) spectra.
A 400—4000 cm " spectral range is investigated with a resolution
of 4cm™".

The precursor [Cu(*Bu-amd)]s is kept at 95—100 °C, and puri-
fied N, is used as the carrier gas to deliver the copper precur-
sor. Copper films are deposited by introducing [Cu(*Bu-amd)],
(exposure ~ 10" L) and H, (exposure ~ 10'" L) (ultra high purity,
99.999%, purified by Aeronex Gate Keeper gas purifiers) alter-
natively into the ALD chamber. During deposition, the substrate
temperature is kept at 185 °C for optimum Cu deposition.'* After
each precursor dose, the ALD chamber is purged with N, and
pumped thoroughly to reduce background contamination. The
substrate temperature during infrared absorbance measurements
is maintained at 60 °C (i.e., slightly above room temperature) in
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Figure 1. Differential absorbance spectra of the first three cycles
of Cu ALD on SiO, at 185 °C. Each spectrum is referenced to that
of the previous half cycle and the bottom (“1* CuL”) is referenced
to the initial oxide surface. The incident angle of infrared beam is
74° (~Brewster angle).

order to have temperature control within 0.5 °C to suppress any
thermal artifacts due to bulk Si phonon vibrations.

First-principles calculations based on DFT are carried out to
aid in the interpretation of key infrared bands. Calculations are
performed using the gradient-corrected PBE functional® as
implemented in the DMol3 package.’' A numerical atomic basis
set of double- quality, augmented with additional polarization
functions (DNP) is employed in this work. For Cu, the core
electrons are represented with an effective relativistic semicore
pseudopotential (PSPP) along with the DNP basis for valence
electrons.”? The convergence criteria for structural optimizations
are 1.0 x 1077 au and 1.0 x 10~ au/A for energy and gradient,
respectively. The calculations are carried out using a truncated
cluster representation of the SiO, surface. The cluster model for
the SiO, surface (using H-termination of the truncated cluster)
with a stoichiometry of SigO¢H;¢, is generated by extracting a
local cluster from an extended four-layer slab of the (100)-c
quartz surface. To mimic the mechanical constraints of the
extended surface, the Cartesian coordinates of the lowest-layer
Si atoms are fixed to the bulk SiO, positions during the geometry
optimization and subsequent frequency calculations of the sur-
face species described in this work. The calculated [Cu(*Bu-
amd)],/SiO, surface structures and their corresponding simulated
infrared spectra, used to support the experimental infrared band
assignments reported here, are provided in the Supporting Infor-
mation (Figure S1).

Figure 1 shows differential absorbance spectra of the first three
cycles of Cu ALD on SiO, at 185 °C, where each spectrum is
obtained by taking the surface of the previous half ALD cycle asa
reference. Upon the first [Cu(*Bu-amd)], exposure, labeled “1*
CuL”in Figure 1, there is a distinct intensity loss of the transverse
and longitudinal optical modes (TO/LO) of SiO, at 1075/1247
cm™ ' and the stretching/bending modes of isolated —OH moieties
at 3737/1660 cm "> These losses are accompanied by the
appearance of a new band centered at 1010 cm™'. These intensity
variations are important markers for the interaction of the
[Cu(*Bu-amd)], precursor with the hydroxylated SiO, surface.
In particular, the decrease of the SiO, phonon modes has been
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previously correlated with chemical reactions at the SiO, sur-
face,'”?* leading to a decrease of the overall SiO, phonon oscil-
lator strength.

The absorption band at 1010 cm™' is in the range of the
stretching vibration of Si—O bonded to a metal.'*** Calculations
of the vibrational modes for surface Cu,(*Bu-amd) bonded to
Si—O (originally hydroxyl sites) through the two Cu atoms
confirm that the 1010 cm ™' mode is associated with the formation
of a Si—O—Cu-(*Bu-amd) linkage. Indeed, the computed Si—O
stretching vibration for the Si—O—Cu—(*Bu-amd) species is
1018 cm ™', in good agreement with the characteristic IR band
at 1010 cm™~". Together with the intensity loss at 3737 cm ™", the
increase of the Si—O—Cu stretching mode indicates that the
Cu precursor reacts with the surface hydroxyl to form Si—O—Cu
bonds.

The mode at 1510 cm ™' is assigned to the stretching vibration
of =N—C—N- of sec-butylacetamidinate attached to Cu atoms
on the surface as shown in Scheme 1, panels b and c. This
assignment is based on the calculated value for the —N—C—N-—
stretching vibration at 1502 cm ™', which is very close to the
experimental observation. The behavior of the intensity of the
mode at 1510 cm ™! is correlated with that of CH, stretching
modes at 2800—3000 cm ™', increasing after each copper precur-
sor pulse and decreasing after each H, pulse. These observations
are consistent with an ALD process involving ligand exchange, as
schematically represented in Scheme 1, panels b—d.

After each H, exposure, labeled “1%, 2" and 3" H,” in
Figure 1, there is a partial recovery of SiO, phonon modes
(1075/1247 cm™"). The recovered intensity of the SiO, phonon
modes indicates that the underlying SiO, matrix, initially covered
by Si—O—Cu(*Bu-amd), is partly uncovered after an H, pulse.
The —OH stretching vibration at 3737 cm™' exhibits a slight
frequency shift (derivative line shape in differential spectra),
making OH concentration changes difficult to quantify solely
on the basis of OH stretching mode behavior. Examination of
the —OH bending mode at 1660 cm ™ ! on the other hand, shows a
slight gain and loss in intensity after exposure to H, and Cu
precursor, respectively. Although this band exhibits cyclic gain
and loss of OH bonds, the weakness of this cyclic change suggests
that the Cu precursor might also react with the oxide surface even
without surface OH groups.

Molecular hydrogen is expected to form Cu—H bonds as an
temporary intermediate species after removing surface ligands
(Scheme 1d) because the ligand is itself hydrogenated.' This
situation is different from molecular H, dissociation on clean
single crystal copper surfaces, which is unfavorable.”> To see
whether hydrogen atoms remain attached to the Cu atoms in step
d of Scheme 1, a search for Cu—H or Cu—D was performed by
using H, and D, gases. For reasonable concentrations of Cu—H,
absorption bands within the 1700—2300 cm ™' region (Cu—H
stretching mode) should be detectable, although weak. It is
known that hydrogen atoms in copper hydrides can be bonded
to several Cu atoms, forming hydrogen bridges, thus weakening
the intensity of the mode.”® No Cu—H (or Cu—D) absorption
bands could be identified in the relevant spectral range when
spectra resulting from H, and D, treatments were compared. This
is a consequence of either a low cross-section (broadening, low
coverage) or a short lifetime of Cu—H bonds on the time scale of
the measurements. In the latter case, any hydrogen atom tem-
porarily attached to Cu as in Scheme 1, step d, recombines and
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Scheme 1. Schematic of Reactions of [Cu(*Bu-amd)], (a,b) and H,
(c,d) on the SiO, surface”
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“A free amidine in panel d represents a gas-phase byproduct after
ligand removal by H,. Panel d shows a possible intermediate Cu—H
bond, which is not observed experimentally (possibly due to its very
short lifetime at 185 °C). Panel e shows agglomeration of Cu atomsin a
schematic way.

desorbs by the time the spectra are collected, and the free copper
atoms agglomerate as in step e.

The temperature dependence of the surface reaction during the
first ALD cycle is presented as differential spectra in Figure 2. At
100 °C, the Cu precursor reaction with the surface is moderate.
But the featureless differential spectrum after H, indicates that
H, does not reduce the surface-bound Cu precursor at 100 °C.
At 140 °C, H, does reduce the Cu precursor as evidenced by the
loss of =N—C—N— mode at 1510 cm™ ! and CH, stretch-
ing modes around 2957 cm ™!, but the recovery of the intensity
of SiO, TO/LO modes after the H, dosing is very weak. Above
140 °C, the gain of SiO, phonon modes is now clearly observed
after H, pulses. Figure 2 also shows the evolution of another
mode at 1605 cm ™' together with the 1510 cm™' mode at low
(100 °C) and higher temperature (=220 °C), which will be
discussed later.

The absorbance spectra of subsequent cycles up to 20 cycles (all
referenced to the initial SiO, surface) are presented in Figure 3.
Two different incidence angles, one close to the Brewster angle
(~74°) (Figure 3a) and the other close to normal incidence
(Figure 3b), are used to distinguish the modes that are parallel
and perpendicular to the surface. The strong peaks at 1010 cm ™!
and 1112 cm ™" with a shoulder at 1180 cm™" are unpolarized (i.e.,
not specifically related to LO modes). The intensity of the mode
associated with Si—O—Cu bonds at 1010 cm ™' saturates around
20 ALD cycles, as shown in the inset of Figure 3a. The intensities
of the modes at 1112 cm™ ! and 1180 cm ™!, on the other hand,
continue to increase linearly even after 20 ALD cycles, as shown
in the inset of Figure 3b.
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Figure 2. Differential absorbance spectra of the first cycle of Cu
ALD on oxide as a function of temperatures from 100 °C up to
300 °C. The spectra of the initial half cycle after Cu precursor pulse
(black) are referenced to oxide spectra and those of the one full
cycle after H, pulse (red) to those of half cycles. The incidence angle
of infrared beam is 74° (~Brewster angle).
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Figure 3. Absorbance spectra during Cu ALD on SiO,/Si up to
20 cycles referenced to the initial oxide surface at 74° (a) and 0°
(b) incidence angle. The inset of panel a is integrated area under the
mode at 1010 cm ™', and that of panel b is under 1112 (blue) and
1180 cm™! (red). An example of deconvolution into three peaks at
1010, 1112, and 1180 cm ™" is shown for the 20-cycle spectrum in
gray color in panel b.

The details of the ALD process (i.e., evolution of the vibra-
tional modes) are presented in Figure 4 as differential spectra
measured after the 20th Cu-precursor/H, pulse. The ligand
exchange behavior, characteristic of an ALD process, is evident.
The intensities of the CH, stretching vibration around 3000 cm ™',
—N—C—N-— stretching at 1510 cm ™', CH,, deformation at 1367/
1335¢cm™ " and at 983 cm ™ increase after Cu precursor exposure
and decrease after H, exposure. There is also an cyclic behavior of
the SiO, phonon mode intensity, characterized by a loss of
intensity upon Cu precursor exposure and a partial recovery of
this intensity during the H, pulse, particularly evident for SiO, LO
mode at 1247 cm ™' in “20 cycle_Cu” spectrum measured at the
Brewster angle (red) in Figure 4.

The absorption band in the 1100 to 1200 cm ™' spectral range
contains more than one component, as observed during the initial
growth. The mode at 1107 cm ™" has a shoulder at the higher
frequency at ~1180 cm ™" after Cu precursor exposure, as shown

3914 DOI: 10.1021/1a903212¢
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Figure 4. Differential absorbance spectra of the 20th cycle after
Cu-precursor and H, pulses referenced to each previous treatment
at 74° (red and black) and 0° (yellow and green) incidence angles.

in the spectrum labeled “20 cycle_Cu” taken at normal incidence
(vellow) in Figure 4. Only a portion of the 1107 cm™" component
of this band, assigned to C—C skeletal mode of sec-butylacet-
amidinate bound to Cu (DFT calc: 1105 cm ™), is removed after H,
exposure. It is easy to see in the normal-incidence spectra (yellow
and green) that a significant portion of the 1107 cm™' mode and
all the intensity of the shoulder at 1180 cm™' remain after the H,
exposure. A new broadband appears in the range 1150 to 1250 cm ™!
after H, exposure (black spectrum), with LO characteristics (i.e.,
observed only with 74° incidence). This LO-like mode centered
around 1200 cm ™' can be assigned to a perturbation of the SiO,
LO mode by Cu atoms. Indeed, it is observed that, when metallic
atoms are incorporated in the SiO, matrix, the LO mode is shifted
to a lower wavenumber, probably due to disorder caused by
metallic atoms in Si—O—Si bondings. Calculation of the I'-point
phonons for bulk SiO,-quartz shows that Cu incorporation gives
rise to lattice modes at ca. 1200 cm ™', (Calculated I'-point spectra
are provided in Figure S2 of the Supporting Information.)

In the normal incidence spectrum, the mode at 1107 cm™ " with
the shoulder at 1180 cm ™' remaining after H, reduction (i.e., no
variation is seen in the green spectrum) can be assigned to
Si—O—C—R bonds,””?® as discussed below. If this is the case,
then this mechanism would explain an initial bonding configura-
tion of ligands or partial ligands on the oxide and account for
possible C (or N-) contamination on the SiO, (i.e., at the
interface). These observations are consistent with the presence
of vibrational modes of hydrocarbon and NC-related species in
the range of 2800—3000 cm ™' and 1300—1700 cm™" in Figure 3.

In Figure 4, there is a mode at 1605 cm™' with intensity
variations opposite to the rest of the ligand-related modes; i.e.,
loss of intensity after [Cu(*Bu-amd)], pulse and gain after H,
pulse. This mode at 1605 cm™" can be unambiguously attributed
to a monodentate configuration of the hydrogenated ligand,
suggesting that a rearrangement of the ligand from a bridging
to a monodentate structure takes place upon H, exposure. This
observation provides an indirect evidence of a Cu(II) surface
intermediate. Calculations are carried out for the hydrogenated
amidinate ligand bound to a surface Cu—O—Si species in a
monodentate configuration. They show that there is a mode
involving the coupling of N—C—N-— stretching and N—H bend-
ing vibrations with a mode at 1601 em” ! in excellent agreement

1
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Figure 5. Differential absorbance spectra after the first Cu pre-
cursor pulse at 250 °C referenced to the initial SiO, (red). The
surface is then exposed to the Cu precursor again at 185 °C (black)
and referenced to that of the previous spectrum of 250 °C.

Table 1. Calculated PBE/DNP Wavenumbers and Mode
Assignments Corresponding to the Main Observed Infrared

Absorption Modes
observed IR calculated
(em™) (em™) assignment
983 973 —CH,, deformation of *Bu-amd ligand
1010 1018 Si—O stretching of Si—O—Cu—(*Bu-
amd)
1107 1105 C—C skeletal mode of Cu—(*Bu-amd)
1180 1184 C—N skeletal mode + CH, deform of
*Bu-amd ligand
1200 1193 Cu incorporated SiO, phonons
1335/1367 1338/1383 —CH, deformation of *Bu-amd ligand
1510 1502 N—C—Nstretching of Cu—(*Bu-amd)
1605 1601 N—C—N stretching + N—H bending

(monodentate)

with the observed infrared mode at 1605 cm™'. The H,-induced
monodentate ligand is then removed upon exposure to the Cu
precursor as shown in Figure 4.

The temperature-activated ligand rearrangement is suggested
by the spectra shown in Figure 2. In order to determine the effect
of the intact Cu precursor molecules on the ligands rearranged
after the very first ALD cycle, the surface was subsequently
exposed to two consecutive [Cu(*Bu-amd)], pulses (Figure 5).
Figure 5 shows that the first [Cu(*Bu-amd)], pulse generates the
mode at 1605 cm ™' together with 1510 cm™ ' at 250 °C (red). The
initial temperature was intentionally set higher to enhance the
mode related to the ligand rearrangement, which takes place
above 220 °C. When the surface is again exposed to the second
[Cu(*Bu-amd)], pulse at 185 °C (black), the mode at 1605 cm ™ is
removed, and the intensity of the mode at 1510 cm ™' increases. At
the same time, the intensity of SiO, phonon modes further
decreases, indicating that more reactive sites have been made
available as a result of the removal of rearranged ligands by the
second [Cu(*Bu-amd)], pulse.

Table 1 summarizes the key observed infrared modes and
calculated vibrational frequencies.

Ex-situ XPS measurements of the sample after 10 ALD cycles
(Figure 6) show the chemical states of Cu, C, and N. All spectra
are calibrated by the Cls at 284.5 eV. The low intensity of the
satellite shakeup of the Cu2p at 945 and 965 eV suggests that there
is little CuO after 10 ALD cycles. Instead, the deposited Cu film is
most likely metallic (Cu®) or possibly Cu'* from Cu,O due to air
exposure. The two other peaks fitted to Cls at 285.1 and 288.1 eV
can be assigned to C—N and C—O bonds of residual ligands,
respectively.”’ The presence of (Si—)O—C— is consistent with the

(29) Moulder, J. F.; Stickle, W. F.; Sobol, P. E.; Bomben, K. Handbook of X-ray
Photoelectron Spectroscopy; Chastain, J., Ed.; Perkin-Elmer Corporation (Physical
Electronics Division): Eden Prairie, MN, 1992.
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vibrational mode observed at 1107 — 1180 cm ™" in Figure 4. The
N1s XPS spectrum in Figure 6¢ confirms the presence of residual
ligands with C—N bonds in the thin Cu film. A contribution of
oxygenated hydrocarbons due to exposure to air cannot be
excluded for ex situ XPS Cls spectra. In the case of thicker
(30 nm) Cu films, the C and N content is negligible according to
XPS Cls and Nls spectra, as shown in the insets of Figure 6b,c.

Discussion

The results presented in the previous section provide informa-
tion of the growth mechanisms of Cu ALD. The initial surface
chemistry between OH-terminated SiO, and [Cu(*Bu-amd)],
takes place by displacement of one of the bridging sec-butylacet-
amidinate of [Cu(*Bu-amd)],, forming surface Si—O—Cu—(*Bu-
amd) bonds as evidenced by the mode at 1010 cm ™" in Figure 1.
As schematically represented in Scheme 1c—e, the subsequent H,
pulse breaks the Cu—N bonds of the surface precursor, reducing it
to Cu atoms, which then migrate and self-agglomerate to form
copper particles.!>3%3!

The formation of Cu—H is expected for the direct ALD growth
on the Cu clusters, providing an alternative reaction channel to
the ALD growth on the bare SiO, regions. Unfortunately,
experimental confirmation was not possible due to the low IR
cross section of Cu—H and the short lifetime of Cu—H bonds.

As the Cu atoms agglomerate, the chemical bonds between Cu
and the underlying SiO, matrix are broken, thus causing the loss
of the intensity of the mode at 1010 cm ™' of Si—O—Cu and
partially restoring the SiO, TO/LO modes at 1075/1247 cm™".
The recovery of the SiO, TO/LO with H, pulse is not observed
unless the surface was previously exposed to the Cu precursor,
confirming that the gain of the SiO, phonon mode intensity is not
due to additional SiO, growth but due to exposure of the under-
lying SiO, surface caused by Cu agglomeration. Cu agglomera-
tion observed in the repetitive formation and breakage of
Si—O—Cu bonds and gain and loss of SiO, phonon intensity
continues even at the 20th ALD cycle, although the magnitude of
the intensity variations becomes weaker. It is not likely that the
surface is completely saturated after 20 ALD cycles because the
percolation thickness of Cu on glass is very high.'?

Copper agglomeration and diffusion are activated processes.
At 140 °C, H, removes the surface Cu sec-butylacetamidinate as
evidenced by the loss of —N—C—N-— mode at 1510 cm ™! and
CH, stretching modes around 2957 cm ™' as shown in Figure 2.
But the recovery of the intensity of SiO, TO/LO modes after the
H, dosing is very weak. Starting with the second cycle at 140 °C
and the 10th cycle at 125 °C, however, Cu agglomeration is
observed again, as evidenced by the partial recovery of SiO, TO/
LO modes (not shown), which indicates that the agglomeration
takes place only when Cu reaches a critical thickness on the oxide
surface. ™

As illustrated by Scheme 2, the Cu precursor reacts with a
hydroxyl group on the SiO, surface to liberate one free amidine
(a hydrogenated sec-butylacetamidinate ligand) into the gas
phase, leaving one ligand bonded to the Cu in a bridging structure

characterized by the -N—C—N— mode at 1510 cm ™.

14,32
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Figure 6. XPS of Cu2p (a), C Is(b),and N Is (c) of 10-cycle Cu film. The insets of (b) and (c) are C 1s and N 1s of thicker (30 nm) Cu films,

respectively.

Scheme 2. Possible Chemisorption Reaction of [Cu(*Bu-amd)], with
Hydroxyl Groups on the SiO, Surface
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Scheme 3. Possible Chemisorption Reaction of Amidine with
Hydroxyl Groups on a SiO, Surface

Some of the free amidine produced after chemisorption of
[Cu(*Bu-amd)], may be reattached to the SiO, surface, forming
Si—O—C bonds. A possible mechanism for this process is shown
in Scheme 3.

The insertion of a surface silanol group into the amidine double
bond provides a means to attach the hydrogenated ligand to the
surface, thus forming a Si—O—C bond. The IR absorption
corresponding to Si—O—C bonds at 1107 and 1180 cm™" in
Figure 4 shows that, once formed on the SiO, surface, these bonds
are not easily attacked by H,. The integrated area under these
modes in the inset of Figure 3b also shows that the Si—O—C
formation continues after 20 ALD cycles on this partially covered
oxide surface. [tis less likely that an intact sec-butylacetamidinate
is directly bonded to SiO, by forming Si—O—N bonds because the
XPS spectrum of the Nls core level (Figure 6c) indicates that
N atoms are mainly bonded to C, with negligible contribution
from N—O. The presence of N—C can be attributed to the surface
bonded amidine (Scheme 3) and incomplete ligand removal by H,
(Scheme 1). The overall measured N concentration derived from
XPS peak intensity is low (less than ~4%), whereas the mecha-
nism in Scheme 2 results in 20% N atomic ratio relative to that of C.
In other words, the relatively high C concentration detected in
the ex situ XPS measurements is due to environmental contami-
nation during the transfer from the reactor to the XPS chamber.

3916 DOI: 10.1021/1a903212¢

Scheme 4. Hydrogenation of an Amidinate Ligand on a Cu/SiO,
Surface with Rearrangement from a Bidentate to a Monodentate
Binding of a Saturated Amine
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According to independent experiments, the carbon and nitrogen
content of thicker (30 nm) Cu films measured by XPS is negligible
(insets of Figure 6b,c), which indicates that incorporation of
C and N impurities, if any, mainly takes place by insertion of free
amidine groups to the exposed SiO, substrate during the initial
film growth before the surface is covered by Cu.

In addition to agglomeration, Cu atoms are also incorporated
into the first few layers of the SiO, matrix at a deposition tem-
perature of 185 °C. The presence of metallic Cu atoms in the SiO,
layer causes disorder in the Si—O bonds, which results in the LO
mode shift to a lower frequency as observed by the broad mode
after H, reduction in the region of 1150—1250 cm ™' in Figure 4
(black). Cu incorporation into the SiO, substrate continues even
after 20 ALD cycles. Cu agglomeration is also observed on other
oxides such as ALD grown Al,Os, but is suppressed on thermally
grown SizNy, indicating the stronger bonding between Cu atoms
and nitride surfaces compared to oxide surfaces (data not shown).

During the first few ALD cycles, the presence of hydrogen in
the surface hydroxyl groups can cause hydrogenation of the
surface ligand, inducing a rearrangement from a bridging to a
monodentate structure (Figure 2 and 5). The secondary amine in
the monodentate ligand has the vibrational mode at 1605 cm™"
(cal. 1601 cm™"). The ligand rearrangement is accompanied by
release of a copper atom, as suggested in Scheme 4. These satu-
rated monodentate ligands can be displaced by more basic amidine
groups during the next dose of H, (Figure 2) or [Cu(*Bu-amd)],
(Figure 5). Note that amidine groups are released after both a
Cu(*Bu-amd)], pulse (Scheme 2) and a H, pulse (Scheme 1). This
hydrogenation reaction is temperature activated, occurring above
220 °C as shown in Figure 2. A mode near 1605 cm ™" also appears
at lower temperatures below 140 °C, indicating that a second
pathway to another secondary amine may exist, such as, for
example, the insertion suggested in Scheme 3.

After almost all surface hydroxyl groups are reacted and more
Cuatoms are formed on the surface, the activation temperature of
the ligand rearrangement is lowered to at least 185 °C, and
hydrogenation of the ligand is now aided by H, pulses as shown
in Figure 4. Copper metal has some activity as a hydrogenation
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catalyst, causing the presence of nearby copper clusters to
promote the hydrogenation step. These monodentate ligands
are displaced by free amidine released during the consecutive
Cu precursor pulses.

Conclusions

The initial surface chemistry and growth mechanisms of ALD
of copper on the SiO, surface with copper(I) di-sec-butylacet-
amidinate ([Cu(*Bu-amd)],) and H, have been investigated and
discussed. The initial surface reaction is through displacement of
one of the sec-butylacetamidinate ligands by a surface —OH
group, thus forming Si—O—Cu bonds with one ligand still bound
to the surface. The subsequent H, pulse removes surface ligands,
leaving Cu atoms free to agglomerate on and be incorporated into
the SiO, substrate. The thermally activated ligand rearrangement
from a bridging to a monodentate structure occurs above 220 °C
through hydrogenation of the ligand by surface hydroxyl groups
after exposure to [Cu(*Bu-amd)], pulses. As the Cu particles grow
on the surface with further ALD cycles, the activation tempera-
ture is lowered to 185 °C and hydrogenation of the ligand takes
place after H, pulses. The surface ligand rearranged into a
monodentate structure can be removed by more basic amidine
groups released during subsequent Cu precursor or H, pulses. The
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carbon content at the Cu/SiO, interface arises mostly from
Si—O—C bonds between the SiO, surface and dissociated ligands
that remain attached even after H, pulses.

We have shown that monoelemental Cu growth by ALD
involves complicated surface chemistry. Understanding growth
mechanisms, effects of temperature on Cu agglomeration/diffu-
sion and pathways of possible impurity incorporation is impor-
tant for future applications such as Cu metallization in micro-
electronics, as well as further development of suitable metal
precursors for a variety of applications.
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