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ABSTRACT: Operando surface-enhanced Raman spectroscopy
(SERS) was used to successfully identify hitherto unknown
dimeric methylalumina surface species during atomic layer
deposition (ALD) on a silver surface. Vibrational modes
associated with the bridging moieties of both trimethylaluminum
(TMA) and dimethylaluminum chloride (DMACl) surface
species were found during ALD. The appropriate monomer
vibrational modes were found to be absent as a result of the
selective nature of SERS. Density functional theory (DFT)
calculations were also performed to locate and identify the
expected vibrational modes. An operando localized surface
plasmon resonance (LSPR) spectrometer was utilized to
account for changes in SER signal as a function of the number
of ALD cycles. DMACl surface species were unable to be
measured after multiple ALD cycles as a result of a loss in SERS enhancement and shift in LSPR. This work highlights how
operando optical spectroscopy by SERS and LSPR scattering are useful for probing the identity and structure of the surface
species involved in ALD and, ultimately, catalytic reactions on these support materials.

■ INTRODUCTION

Atomic layer deposition (ALD) is a technique that employs
sequential, self-limiting reactions between gaseous precursor
molecules and a substrate to deposit thin films and nano-
particles in a controlled manner.1−4 Films grown via ALD are
highly uniform, conformal, and pinhole-free, and can be
deposited on most substrates of any morphology, provided
there is some type of nucleation site at which the surface
chemistry can take place. Nanoparticles grown via ALD can also
be grown on a variety of supports, with certain control over size
and dispersity. As a result of the simplicity and ease in control, a
variety of ALD methods and procedures have been developed
over the years to allow for the deposition of numerous
materials, ranging from thin films such as metal oxides,5,6 metal
nitrides,7 metal sulfides,8 and pure metal films,9 to metal
nanoparticles such as Pd,10−13 Pt,14−16 and Ag,17 among
others.18−21 These ALD-grown materials have experienced
increasing attention and have found applications in catalysis,22

microelectronics,23 and most recently MOF metalation24 and
biomimetic materials.25,26

The nucleation and growth rate of any ALD material is
dependent on the surface chemistry involved, and such an
understanding of how the ALD reaction takes place is required
for precisely controlling the specific growth rate on a substrate

at any given ALD temperature.27,28 The surface chemistry
involved in each ALD half-cycle is also important when
evaluating which substrates are suitable for a given ALD
process. Our previous work has shown operando surface-
enhanced Raman spectroscopy (SERS) to be a valuable method
that is capable of measuring vibrational spectra over several
cycles in an ALD process, leading to unique structural
information about how the thin film grows on different
substrates.29,30 For example, our previous study has shown
alumina ALD on silver from 55 to 100 °C to proceed via ligand
exchange29 as opposed to complete thermal ligand dissocia-
tion.31 The evidence for this mechanism comes from the Al−C
and Al-CH3 vibrations seen in the operando SER spectra. These
vibrations would not show up in the case of complete thermal
ligand dissociation. Questions still remain, however, as to the
identity of the surface species during the alumina ALD process,
and what species are responsible for the observed SERS
response. Methods such as infrared reflection−absorption
spectroscopy (IRRAS)32,33 have failed to provide sufficient
information about the structure of the surface species during
deposition, due to a lack in surface specificity and difficulty in
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probing the lower wavenumber region (<1000 cm−1) where
vibrational modes pertinent to the structure are located. SERS,
on the other hand, is capable of obtaining such structurally
relevant information. We propose that the structure of the
methylalumina surface species in question is likely of a dimeric
form (containing methyl groups bridging the Al atoms). It is
unlikely that the monomer species would yield a measurable
SER response in our current setup due to their low Raman
scattering cross-section, coupled with the fact that each ALD
cycle yields submonolayer coverage of the surface species.
SERS is a highly sensitive vibrational spectroscopic

technique34−36 capable of probing molecules close to a
plasmonically active material by exciting the localized surface
plasmon resonance (LSPR) of a noble metal nanostructured
surface such as Au, Cu, or Ag.37,38 The electromagnetic
excitation results in an amplification of the local electro-
magnetic field around the metallic nanostructure, leading to
greater scattering by nearby molecules. This enhancement
process is typically referred to as the electromagnetic (EM)
enhancement mechanism39,40 and is responsible for enhance-
ment factors of up to ∼106−108. The other contribution in
overall signal enhancement comes from the chemical enhance-
ment mechanism (CHEM), whereby a molecule directly
adsorbed to the metallic surface results in sufficient charge-
transfer (in ground or excited states) to change the polar-
izability derivative. Typically, the CHEM results in ∼10−100×
signal enhancements.41,42

The work described herein is the most comprehensive
operando SERS study of surface species during a reaction to
date. We used two different alumina precursors, trimethylalu-
minum (TMA) and dimethylaluminum chloride (DMACl) for
the alumina deposition. These two precursors are differentiated
by their bridging moieties in the dimer form and symmetry
groups in the monomer form, which led to different
spectroscopic signatures of the surface species. Comparisons
were made between common and unique vibrations between
the two precursor depositions to determine the surface species
being probed by SERS. Quartz crystal microbalance (QCM)
measurements, X-ray photoelectron spectroscopy (XPS),
quadrupole mass spectrometry (QMS), operando LSPR
measurements, and scanning electron microscopy (SEM)
were used to quantify the alumina deposition and growth
properties for both precursors. Density functional theory
(DFT) was used to corroborate potential surface species
hypothesized by the experiments.

■ EXPERIMENTAL SECTION
Fabrication of AgFON SERS Substrates. AgFONs (silver film-

over-nanospheres) were fabricated on polished 25 mm silicon wafers
according to a standard procedure described in previous publica-
tions.43 Briefly, silicon wafers were cleaned by immersion in piranha
solution (3:1 by volume H2SO4/30% H2O2) for 1 h. Clean silicon
wafers were thoroughly rinsed with deionized (DI) water. The wafers
were then sonicated for 1 h in 5:1:1 by volume H2O/NH4OH/30%
H2O2 followed by rinsing with DI water. 390 nm silica (Bangs
Laboratories) nanospheres were diluted to 5% silica by volume. The
solvent was replaced twice with Millipore H2O (Milli-Q, 18.2 MΩ
cm−1) by a conventional centrifugation/supernatant removal proce-
dure, followed by sonication for 1 h. The solvent-replaced nanosphere
solution (10−12 μL) was drop-coated and distributed homogeneously
across the silicon wafer surface. The solvent was then allowed to
evaporate in ambient conditions where the drop-coated spheres
assembled in a hexagonal close-packed array as verified by SEM
measurements. 200 nm Ag films were deposited at a rate of 2 Å/s

under vacuum (6 × 10−6 Torr) over the nanospheres using a home-
built thermal vapor deposition system. The substrates were spun
during deposition while the metal thickness and deposition rate were
measured by a 6 MHz gold-plated QCM (Sigma Instruments).

Surface-Enhanced Raman Spectroscopy and Localized
Surface Plasmon Resonance Measurements. A 532 nm
continuous wave (CW) laser (Innovative Photonic Solutions) was
used for all SERS experiments, and a quartz tungsten-halogen light
source (Thorlabs QTH10) was used for all operando LSPR
measurements. Laser light and lamp light were directed, using
protected silver mirrors, to a 3 mm right-angle prism and then
focused using a visible achromatic doublet lens (2.54 cm diameter,
10.16 cm focal length), through a quartz window to a plasmonic
substrate placed inside the ALD reactor. The laser spot size radius
measured at the sample was ∼124 μm using a scanning knife-edge
technique. Raman scattered light (for SERS) and reflected light (for
LSPR) was collected in a 180° backscattering geometry and focused
onto a 0.3 m imaging spectrograph (Acton SpectraPro 2300i) using a
visible achromatic doublet lens (2.54 cm diameter, 10.16 cm focal
length). Scattered and reflected light was dispersed (1200 grooves/
mm, 500 nm blaze grating for SERS, 150 grooves/mm, 500 nm blaze
grating for LSPR) onto a liquid N2-cooled CCD detector (Princeton
Instruments, model 7509−0001, 1340 × 400 pixels). SER spectra were
collected with 1 mW of laser power (Paq), 10 s of acquisition time
(taq), and 10 accumulations each. Extinction spectra were collected via
specular reflectance with a silver mirror used as a spectral reference,
with 0.01 s of acquisition time and 1000 accumulations in each
spectrum. No background contribution or SERS signal attenuation was
observed from the quartz window, as previously established.29

Atomic Layer Deposition. ALD was performed in a home-built
viscous flow reactor that has been described previously29,30 and shown
in Figure S1. SERS substrates were mounted on a movable sample
holder, placed inside the ALD chamber under vacuum (∼0.05 Torr),
and heated to ∼70 °C for alumina ALD. The ALD chamber was set to
200 °C during Ag ALD (described in detail elsewhere)17 for QCM and
QMS. SER and extinction spectra were acquired before and after
dosing 60 sccm of either TMA (Sigma-Aldrich, 97%) or DMACl
(Sigma-Aldrich, 97%), and 60 sccm deionized water using ultrahigh
purity (UHP) N2 as the carrier gas. The timing sequence for alumina
ALD was 60s-60s-60s-60s, with SERS measurements collected in-
between half-cycles. For Ag ALD, 50 sccm of trimethylphosphine-
(hexafluoroacetylacetonato) silver(I) ((hfac)Ag(PMe3), Strem Chem-
icals, 99%) and 60 sccm formalin was used, both using UHP N2 as the
carrier gas. The (hfac)Ag(PMe3) bubbler was heated to 65 °C, and the
precursor inlet line was heated to 100 °C.

In Situ QCM and QMS Measurements. In situ QCM (Inficon
Q-POD + 6 MHz Colorado Crystal Corp.) and QMS (RGA300
Stanford Research Systems) was used to measure Al2O3 ALD growth
rate and reaction products evolved on a silver surface, respectively. To
simulate the silver surface of the AgFON substrates used in SERS
measurements, 200 ALD cycles of Ag were performed on to the QCM
sensor and ALD chamber prior to alumina ALD (done previously for
other metal surfaces31), with a timing sequence of 60s-60s-60s-60s.
Alumina ALD was then performed during QCM and QMS
measurements in the same manner as the SERS experiments (with a
timing sequence of 60s-60s-60s-60s for QCM and 30s-60s-30s-60s for
QMS). The QCM was fitted with a nitrogen purge on the backside to
prevent backside deposition. The inlet line to the QMS was heated to
100 °C to prevent condensation. The first introduction of the alumina
precursors into the chamber during QMS measurements was ignored
for methane measurements, as leftover precursor would decompose in
the precursor lines into extra methane from previous experiments and
thus not represent methane from ALD. Background signal resulting
from the fragmentation of alumina precursor was also subtracted from
each dose for the methane (m/z = 16) signal. To acquire the
background signal, three half-cycles of either TMA or DMACl was
done in succession after an initial surface saturation dose to acquire the
background signal. The signal from each half-cycle was then averaged
and subtracted from each appropriate precursor dose in the data (see
Figure S2). No background signal from water fragmentation was
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observed during water doses. Acquisition times for all QMS
measurements was 1 s unless otherwise specified.
Scanning Electron Microscopy. Scanning electron microscopy

(SEM) imaging was performed at the EPIC facility of the NUANCE
Center at Northwestern University on a LEO Gemini 1525
microscope (InLens detector) operating at 2 kV, with a working
distance of 2−4 mm for the side view examination, and a working
distance of 6 mm for the top-down examination.
X-ray Photoelectron Spectroscopy. X-ray photoelectron spec-

troscopy (XPS) was performed at the Keck-II Center at Northwestern
University on a Thermo Scientific ESCALAB 250Xi. A mono-
chromatic Al Kα (1486.74 eV) X-ray source was used with a 400 μm
spot size.
DFT Calculations. Electronic structure calculations presented in

this work have been performed with the Amsterdam density functional
(ADF) computational chemistry package.44 Full geometry optimiza-
tion, frequency, and polarizability calculations for surface bound
monomer (both mono- and bidentate) and dimer TMA and DMACl
complexes were completed using the Becke-Perdew (BP86)
generalized gradient approximation (GGA) exchange correlation
functional and a triple-ζ polarized (TZP) Slater orbital basis set.
Static Raman polarizabilities (ω = 0) were calculated in the

RESPONSE package by two-point numerical differentiation using the
RAMANRANGE keyword. Raman scattering intensities were
determined by the scattering factor (Sj): 45α̅

2
j′+7γj̅′, where α̅j′ and γj̅′

are the isotropic and anisotropic polarizability tensors with respect to
the jth vibrational mode as shown in eq 1.
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The lineshapes were simulated using eq 1 at 532 nm excitation and
298 K with a Lorentzian broadening full-width at half-maximum
(fwhm) of 20 cm−1 for comparison to experimental data.

■ RESULTS AND DISCUSSION
If the monomer species is present on the surface after dosing
TMA, then there will likely be either two (Scheme 1, 1a) or
one (Scheme 1, 1b) methyl group(s) coordinated to the
aluminum center. If the monomer species is present after
dosing DMACl, then only one methyl group is likely associated
with the monodentate (Scheme 1, 2a) species, since at least
one ligand must be displaced during the ligand exchange

reaction, and a previous study has shown the methyl ligand to
be slightly more reactive than the chlorine ligand.45 This would
leave only the chlorine group left in the bidentate (Scheme 1,
2b) case. Furthermore, we would reasonably expect a mixture
of both monodentate and bidentate species, if monomers are
present in either deposition. As a result, one would expect
certain methyl group spectroscopic signatures in the TMA case,
and some similar methyl group signatures in the DMACl
monodentate case, as well as Al−Cl vibration(s) in both
DMACl monomer cases. If the dimer species is present on the
surface, then there should be unique vibrations associated with
the bridging groups for each respective precursor (Scheme 1,
3a, 3b for TMA and Scheme 1, 4a, 4b for DMACl), regardless
of whether the bridging groups are parallel or perpendicular to
the silver surface. The vibrational modes associated with the
bridging groups should be distinctly different than terminal
groups. Furthermore, vibrations associated with the terminal
methyl groups would likely be present in both cases.
In the lower wavenumber region (300−1300 cm−1), the SER

spectra show four and three clearly distinguishable peaks for
TMA and DMACl, respectively (Figure 1). Three of the peaks

are common between the two precursors: one at 1197 cm−1

(symm. ν(Al−C), δ (CH3)), one at 682/669 cm−1 ((ν(C−
H)rocking), and another at 376/356 cm−1 (symm. ν(Al-bridge)/
δ(Al-bridge)).46 The peaks seen at 1197 and 682/669 cm−1 are
present in every simulated spectrum (Figures 2 and 3) of the
possible alumina surface species with a coordinated methyl
group (Scheme 1, 1a, 1b, 2a, 3a, 3b, 4a, and 4b) within error of
the peaks seen experimentally. The only unique peak is seen in
TMA at 584 cm−1 (ν(bridged C−H rocking)), which at first
appears to line up with a terminal asymmetric Al−C stretching
vibration in the simulated parallel dimer species at 591 cm−1.
This vibrational mode, however, is more likely the bridged
methyl rocking seen in theory at 551 and 576 cm−1 in the
parallel and perpendicular dimer models, respectively. One
reason to suggest this unique peak is associated with the
bridging methyl group (rather than the terminal methyl group)

Scheme 1. Representative Surface Reactions of TMA (1 and
3) and DMACl (2 and 4) on a Silver Oxide Surface,
Resulting in Different Monomer (1 and 2) and Dimer (3 and
4) Surface Speciesa

aThe monomer species are either monodentate (1a and 2a) or
bidentate (1b and 2b) according to the aluminum atom surface
coordination, whereas the dimer species are either parallel (3a and 4a)
or perpendicular (3b and 4b) according to the orientation of the Al-
bridge-Al-bridge plane with respect to the surface.

Figure 1. SER difference spectra of AgFON exposed to 60 s of TMA
(1st cycle; red) and 60 s of DMACl (1st cycle; blue) in the low
wavenumber (1300−300 cm−1) and C−H (3000−2800 cm−1)
stretching regions. Data are shifted vertically for clarity.
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is that the analogous terminal methyl stretch for DMACl is not
observed in the experimental results. Figure 2 shows that this
peak is weaker in the perpendicular configuration compared to
parallel, but appears to be overestimated by DFT, as will be
discussed further below. If the methyl stretch in question was a
result of the monomer surface species, then one would expect
to see two methyl stretches from the two possible monomer
species, since the two symmetric Al−C stretches seen in the
monodentate and bidentate TMA species are separated by a
Raman shift of 34 cm−1 according to theory. Furthermore, the
predicted monomer Al−C stretches deviate significantly from
experiment. For example, the monodentate species is predicted
to be lower than the Al−C stretch observed by a margin of 51
cm−1.

The TMA peak at 376 cm−1 only matches up with a bridging
symmetric Al−C bend seen at 342 and 363 cm−1 according to
the parallel and perpendicular dimer models, respectively.
Oddly enough, the corresponding bridging symmetric Al−C
stretch, predicted to be at 438 and 440 cm−1, is not seen at all.
The predicted symmetric mode may see differences in relative
surface enhancement, however, thus making the symmetric
mode difficult to observe. Neither monomer species contains
Raman modes in the theoretical spectra that can be assigned to
the experimentally observed 376 cm−1 mode. The monodentate
species has no significant Raman active vibrational modes
below 500 cm−1. The bidentate species has only one predicted
Raman active mode at 352 cm−1 that is not assigned to the
experimentally observed 376 cm−1 mode, as the predicted

Figure 2. DFT-calculated Raman spectra (at 298 K) in the low wavenumber region (1300−300 cm−1) of TMA surface species (parallel dimer
(black), perpendicular dimer (purple), monodentate (red), and bidentate (blue)), with corresponding molecular structures.

Figure 3. DFT-calculated Raman spectra (at 298 K) in the low wavenumber region (1300−300 cm−1) of DMACl surface species (parallel dimer
(black), perpendicular dimer (purple), monodentate (red), and bidentate (blue)), with corresponding molecular structures. The perpendicular
dimer, monodentate, and bidentate spectra are magnified (×10) for clarity of comparison.
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mode at 352 cm−1 is an Al−O stretch. The 376 cm−1 peak is
not expected to result from an Al−O vibration, as all other Al−
O vibrational modes are not observed. The Al−O vibrational
modes are also not expected to be observable due to the
alumina film being highly amorphous in nature.23,47

The simulated Raman spectra of the possible surface species
of DMACl (Figure 3) show four distinct locations of the Al−Cl
stretch (472 cm−1 for the bidentate, 428 cm−1 for the
monodentate, 305 cm−1 for the perpendicular dimer, and 330
cm−1 for the parallel dimer). If the two monomer species were
present in the DMACl case, then two Al−Cl stretching peaks
should be observed in the SER spectra, likely around the 400
cm−1 region. Only one peak is observed in the region where the
Al−Cl stretch is expected to occur, however, and this peak (at
356 cm−1) matches up well with either the 330 or 305 cm−1

peaks for the simulated dimer species. In comparison, the
difference between the simulated Al−Cl stretch for the
bidentate and experimental Al−Cl stretch is quite large (116
cm−1), suggesting the peak observed is not from the bidentate
species. Likewise, the difference between the monodentate and
experimental Al−Cl stretch (72 cm−1) suggests no mono-
dentate species is observed either.
Thus, we assign the experimental vibrational spectra of both

DMACl and TMA to dimer species by a conclusive analysis in
the 300−1300 cm−1 region. For DMACl:

1. The 1197 cm−1 peak seen in SERS rules out the
bidentate DMACl species leaving the monodentate or
dimer species as a possibility.

2. The absence of an Al−C stretching mode at either 597 or
617 cm−1 (predicted for dimer [asymmetric] and
monodentate [symmetric] species, respectively) exper-
imentally suggests that the stretching mode is not
enhanced, and hence not observed. The observation of
this mode in theory is likely due to an overestimation of
the Raman activity.

3. The presence of the 356 cm−1 mode experimentally rules
out the monodentate species as the theory predicts a
bridging chloride mode for the dimers at 330 and 305
cm−1, much closer than the nearest monodentate
vibration at 428 cm−1.

For TMA, the 300−1300 cm−1 region has an even simpler
analysis:

1. The presence of 682 and 1197 cm−1 modes does not rule
out the bidentate, monodentate, or dimer species as all
models show these modes being Raman active.

2. Assuming a lack of enhancement of the asymmetric
methyl stretching mode rules out the 591 cm−1 observed
in the theory spectrum. Thus, the 584 cm−1 mode seen
experimentally can be assigned to either a bridging
methyl rocking mode for the dimers, predicted at 551
and 576 cm−1, or a symmetric methyl stretch in either
the monodentate or bidentate species (predicted at 532
and 566 cm−1, respectively).

3. The presence of the 376 cm−1 mode experimentally rules
out the monodentate and bidentate species as only the
dimers are predicted to have a Raman active vibration
(342 and 363 cm−1) in the spectral region.

Ultimately there are few distinguishing features between the
parallel dimer and perpendicular dimer models to help
conclusively prove which species is being examined exper-
imentally. The perpendicular dimer models do show a weak
vibrational mode for TMA and DMACl at 555 and 546 cm−1,

respectively, that is not seen experimentally. This symmetric
Al−C stretch, however, is not seen in the normal Raman
spectra (see Figure S3) and may not appear in SERS due to an
overestimation of Raman activity from the simple cluster model
used. Vibrational modes that involve large changes in the
perpendicular polarizability (with respect to the surface) are
expected to be the more strongly enhanced on account of the
electromagnetic field being strongest perpendicular to the
surface,37 which would then suggest the perpendicular dimer
structure being more likely observed.
The C−H stretching region for each precursor is remarkably

different; three distinguishable peaks are observed within the
first cycle for TMA, whereas only one is barely noticeable for
the DMACl. The first TMA dose shows peaks at 2831, 2893,
and 2950 cm−1, with 2893 being the only distinguishable
stretch beyond a few ALD cycles. Dosing DMACl only yields
one very weak peak at 2899 cm−1. The normal Raman spectra
of TMA and DMACl in the C−H region both show the same
three peaks as in the SER spectrum of TMA (see Figure S3).
The vibrational modes for DMACl are noticeably weaker, with
the mode at 2827 cm−1 expected to be due to TMA dimer
impurities.
It is unclear why the SER spectrum for DMACl would be

significantly weaker than its TMA counterpart, given that the
peak at 2895 cm−1 in the DMACl liquid Raman spectrum is
roughly 40% of the intensity of the corresponding TMA peak.
All vibrational modes discussed in the SER spectra are
summarized in Table S1. The normal Raman spectra of liquid
TMA and DMACl show common peaks to their SER spectra
equivalents in the lower wavenumber region as well (see Figure
S3). TMA shows two peaks at 1201 and 684 cm−1 similar to the
peaks found for the corresponding surface species at 1197 and
682 cm−1. Two additional peaks at 496 and 452 cm−1 are only
seen in the normal Raman spectrum of TMA, which is likely
due to either ligand dissociation upon chemisorption onto the
AgFON (preventing the vibration from occurring) or relative
intensity changes by surface enhancement (as discussed with
the Al-bridge symmetric stretch predicted at 438 cm−1)
DMACl also shows common peaks to the SERS counterpart
at 1197, 709, and 321 cm−1. An additional peak not found on
the SER spectrum of DMACl is seen at 580 cm−1 (ν(Al−
C)symm.) in the normal Raman spectrum of DMACl. It should
be noted that the normal Raman spectra of these precursors in
the liquid phase are of the dimer forms.
The experimental evidence thus far suggests dimer species

are present on the heterogeneous silver surface, although
monomer species are also likely present since they are
thermodynamically more favorable.48 However, we have both
experimental and theoretical evidence that only the dimer
species is observed. The lack of vibrational modes exclusive to
the monomer species is likely a result of either the relative
population of the dimer species, the relatively larger Raman
scattering cross-section, or both. In the case of TMA, a larger
Raman scattering cross-section for the dimer species is likely a
result of a greater polarizability for the 3-center 2-electron bond
in the bridging methyl group.49,50 Also, the experimental SER
spectra also show the surface species vibrations to be relatively
the same in intensity between the two precursors, which is in
contrast to what is seen between the possible monomer species
for TMA and DMACl. Figures 2 and 3 show the difference in
scattering between the monodentate and bidentate species for
TMA and DMACl to be on the order of 10. In efforts to further
substantiate the claim that dimer surface species are present,
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QMS measurements were performed to evaluate changes in
methane evolution from a silver surface as a function of number
of ALD cycles. QCM, XPS, SEM, and LSPR measurements
were also made to ensure no alternative processes were
occurring that would result in different surface species between
the two depositions.
Dimethylaluminum chloride as a precursor for alumina ALD

behaves in a very similar fashion to trimethylaluminum; the
most notable differences are the reactivity of the respective
ligands (chloride vs methyl) and the byproduct (HCl gas and
methane vs solely methane). Otherwise, the surface-gas
chemistry is essentially the same as a means of growing films
on substrates.45 Our QCM (see Figure S4) and QMS (see
Figures S5−S7) data support this notion, as the growth rate for
both alumina precursors stabilizes at 1.1 Å per cycle. The
alumina growth rate on silver using DMACl shows a larger
initial mass gain during the first few cycles, however, and this is
likely a consequence of chlorine adsorption. XPS spectra of
DMACl-grown alumina on the AgFON (see Figures S8−S9)
show visible chlorine peaks. The larger relative mass gain is
unlikely to affect the surface species that this study is
investigating during the alumina growth, as the chloride ligand
is only expected to dissociate from DMACl after the water dose
(this can be seen as HCl evolution in the QMS measurements
in Figure S7). When QCM is performed during alumina ALD
in a chamber that has been pretreated with 200 cycles of Ag
ALD (thus simulating a silver surface analogous to the AgFON
substrate), a change in the relative amount of methane evolved
during the TMA and water doses can be seen when compared
to a chamber pretreated with 30 cycles of alumina ALD (Figure
4a,b).
During the first several ALD cycles, the amount of methane

evolved from the TMA dose is lower than what is seen during
the TMA dose in later cycles, resulting in a methane ratio of
about 1 between the two precursor doses. The methane ratio
changes in later cycles before eventually stabilizing at about 1.6,
the ratio seen in typical alumina ALD. This suggests the surface
species present after the TMA dose has more methyl ligands
associated with it when on a silver surface (such as would occur
with an intact dimer species) than on a typical alumina surface
(typically monomer species).46 A similar phenomenon is seen
when comparing the methane ratio of DMACl-utilized ALD on
alumina and silver. On alumina, a stable ratio of 0.82 is seen
with DMACl throughout multiple cycles. When the ALD is
performed on silver, a methane ratio well below 0.82 is initially
seen, before reaching the expected value after several cycles.
Unlike TMA however, the methane ratio for DMACl continues
to increase after 15 cycles. At present, it is not known why the
methane ratio increases past the expected value for growing on
an alumina surface. SEM micrographs (see Figures S10−S11)
show surface reconstruction occurring as a result of HCl
exposure, however this is unlikely to affect the ratio of methane
evolution, especially in later cycles when surface reconstruction
has already occurred. It seems apparent, however, that chlorine
being present on a silver surface has an impact on which
monomer surface species is most stable. In the case of later
cycles, a higher methane ratio would suggest more bidentate
monomer structures (Scheme 1, 2b). Nonetheless, the QMS
measurements from both precursors support the previous SER
spectra assignments of dimeric methylalumina species (and
thus bridging moieties) being present on the AgFON surface
during the initial ALD cycles.

The XPS spectrum of TMA-grown alumina on a AgFON
shows a shift in the relative contribution from two constituent
peaks in the O 1s signal as the number of ALD cycles increases
(see Figure S9). Two constituent peaks are resolved in the O 1s
signal for all samples; 1 cycle TMA (1cTMA) shows peaks at
531.9(2.4) and 530.2(1.6) eV, 10cTMA shows peaks at
532.0(2.2) and 530.6(1.4) eV, and 100cTMA shows peaks at
532.1(2.6) and 530.9(2.8) eV. The first constituent peak
centered at 532 eV does not change in binding energy (BE) or
fwhm, while decreasing in relative intensity from 1 to 100 ALD
cycles. This peak is attributed to OH−, which has been found
on aluminum oxide (made via various treatments) at 532.4
eV,51 thus indicating there are hydroxyl-like nucleation sites on
the AgFON for the alumina to grow. These nucleation sites are
regenerated during the ALD process only on the surface (as
expected), resulting in a decrease in relative contribution to the
oxygen signal compared to the other constituent peak. The
second constituent peak gradually shifts by +0.7 eV while
increasing in relative intensity and broadening by 1.2 eV fwhm
as the number of ALD cycles increases, and has been associated
with O2− on aluminum oxide at 531.0 eV. The characteristics of
this constituent peak suggests there is very little O2−-type oxide
on the AgFON before alumina ALD, and that the oxide grows
in after several ALD cycles. It should be noted that the XPS

Figure 4. Ratio of methane evolved during precursor doses as a
function of ALD cycle from alumina ALD at 70 °C on (a) alumina and
(b) silver surfaces using both TMA (red) and DMACl (blue).
Methane measurements were made using QMS in triplicate. The
horizontal lines at methane ratios of 1.6 and 0.82 indicate the average
methane ratios from alumina ALD on an alumina surface using TMA
and DMACl, respectively. On a silver surface, the methane ratio for
both alumina precursors clearly increases toward the alumina surface
ratios as the number of ALD cycles increases.
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characterization was done ex-situ and consequently the surface
may have been altered during air transfer.
It is also important to point out that two constituent peaks

show up in the Cl 2p signal for 1 and 10 cycles of DMACl-
grown alumina on AgFON (see Figure S8), before growing into
one discernible peak at 100 ALD cycles. These two
components may be associated with adsorbed and ionic
chlorine constituents on silver52 and alumina, respectively.
This would explain why only 1 peak is seen at 100 cycles, as the
penetration depth of XPS for a metal oxide is less than the 11
nm of alumina deposited, resulting in no adsorbed chlorine on
silver being probed.
The evolution of HCl gas in the DMACl ALD appears to

chemically anneal the rough features of the AgFON substrate,
resulting in a shift in the LSPR and a decrease in Raman
enhancement (see SEM micrographs and operando LSPR
spectra in Figures S10−S13), and while this does not appear to
affect the growth of the alumina film, it does affect SERS. For
the first full cycle, however, we can compare which vibrations
are common and which are uniquely present for DMACl and
for TMA. Since the HCl gas produced during DMACl ALD
does not evolve until the water dose, the enhancement factor of
the AgFON is not affected during the TMA/DMACl half-cycle
that is analyzed within this paper. Unfortunately this does
prevent the use of DMACl to measure SERS signal as a
function of ALD cycle (and thus distance from the surface) like
what was previously done with TMA.30

■ CONCLUSIONS

The work described herein shows how operando SERS is
effective in identifying new surface species that other methods
fail to reveal. The SER spectra presented show vibrational
modes associated with bridging moieties are present for
methylalumina surface species resulting from dosing TMA
and DMACl on a SERS-active substrate. These bridging
moieties are indicative of dimer-type structures, likely in a
perpendicular orientation, that persists throughout the course
of the experiment. Stable dimer surface species have not
previously been identified using other methods. Furthermore,
predicted vibrational modes for monomer species (which are
thermodynamically more favorable and thus also expected
during the ALD process) were not observed. For the first time,
operando LSPR measurements were also performed during
ALD to show that the HCl gas evolved during DMACl-
mediated alumina ALD compromises the structure of the
SERS-active substrate. Ultimately this study shows how
operando SERS can be applied toward acquiring unique
structural information about surface species during a deposition
by comparing precursors. Operando SERS is highly sensitive
and can be applied in other surface-sensitive studies that benefit
from probing the low wavenumber vibrational, such as catalytic
reactions that involve metal−oxygen or metal−carbon bond
formation.
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