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ABSTRACT: We present a high-resolution distance dependence
study of surface-enhanced Raman scattering (SERS) enabled by
atomic layer deposition (ALD) at S5 and 100 °C. ALD is used to
deposit monolayers of Al,O; on bare silver film over nanospheres
(AgFONs) and AgFONSs functionalized with self-assembled mono-
layers. Operando SERS is used to measure the intensities of the Al—
CH; and C—H stretches from trimethylaluminum (TMA) as a
function of distance from the AgFON surface. This study clearly
demonstrates that SERS on AgFON substrates displays both a short-
and long-range nanometer scale distance dependence. Excellent
agreement is obtained between these experiments and theory that
incorporates both short-range and long-range terms. This is a high-
resolution operando SERS distance dependence study performed in
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one integrated experiment using ALD Al,O; as the spacer layer and Raman label simultaneously. The long-range SERS distance
dependence should make it possible to detect chemisorbed surface species located as far as ~3 nm from the AgFON substrate
and will provide new insight into the surface chemistry of ALD and catalytic reactions.
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S urface-enhanced Raman spectroscopy (SERS) is a highly
sensitive vibrational spectroscopy technique in which the
Raman scattering intensity of molecules close to the surface of a
noble metal nanoparticle is amplified by 6—8 orders of
magnitude.' ™ Signal enhancement in SERS is attributed
mainly to the electromagnetic (EM) enhancement mecha-
nism.” The chemical (CHEM) enhancement mechanism is a
short-range effect that requires the adsorbate to be chemisorbed
directly on the metallic surface and contributes a factor of ~10
to the total signal enhancement.”” However, the EM
enhancement mechanism is a longer-range effect, with a
maximum contribution of ~10°—107. The latter is made
possible by excitation of the localized surface plasmon
resonance (LSPR) of a noble metal nanoparticle or a
nanostructured surface such as Au, Ag, or Cu.®” This results
in amplification of the local electromagnetic field around the
metal nanostructure, thus leading to more intense scattering of
light by molecules in the vicinity of the noble metal
nanostructures.

The EM mechanism does not require the analyte of interest
to be in direct contact with the metallic surface, but does
require it to be within a few nanometers.”'® For practical
applications such as molecular detection, sensing, and operando
monitoring of catalytic reactions, it is crucial to determine
precisely how the SERS intensity varies with distance from the
enhancing surface. Several research groups have investigated
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the distance dependence of SERS. For example, Kovacs et al.
used Langmuir—Blodgett (LB) films of arachidic acid as spacer
layers for phthalocyanine molecules on Ag island films to
conclude that SERS was due to the EM enhancement
mechanism and not from the short-range CHEM enhancement
mechanism.'' Ye et al. investigated the distance dependence of
SERS on Ag island films using azobenzene molecules that were
covalently linked to an alkanethiol self-assembled monolayer
(SAM) whose chain length could be varied from 1 to 15
methylene units. They concluded that the CHEM enhance-
ment mechanism was not the dominant mechanism even at the
shortest estimated spacer distances used in their work (~0.8
nm)."” Compagnini et al. investigated SERS distance depend-
ence of alkanethiol SAMs by measuring SERS signals coming
from just the terminal methyl functional groups and concluded
that the SERS distance dependence was due to the EM
enhancement mechanism.'® Limitations of the SERS distance
dependence studies published so far include the difficulty
associated with controlling the SAM thickness down to a few
Angstroms above the surface. This makes it difficult to
investigate short-range contributions to the SERS distance
dependence. The orientation of SAMs on rough metallic
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Figure 1. SERS substrate characterization: SEM images of the AgFON substrate from side (A) and top-down (B) observations; the structural
features observed experimentally are used in the FDTD-modeled geometry (C) to model the electromagnetic fields at the surface of a realistic
AgFON surface. The widths of the nanopillars, i.e., the length of the short axis in the side view (panel A) and the diameter of the spheroidal features
in the top-down view (panel B), are reported prior and after ALD coating (D). The error bars in panel D were obtained by estimating to +3 nm
based on the resolution of the SEM images and the precision of the SEM measurements.

nanostructures is also not very well specified, and this can lead
to inaccurate values of reported SAM thicknesses. In addition,
there is the possibility that defects might be present for poorly
formed SAMs, and this makes it challenging to obtain accurate,
consistent, and reproducible SERS distance dependence data."*
Additionally, most previous studies use only a few data points
to investigate the SERS distance dependence. For example, Ye
et al. used six distance values in their work.'” More data points
are needed in order to capture the full profile of the SERS
distance dependence.

The ideal SERS distance dependence experiment would be
designed in such a way that the thickness of the spacer could be
easily varied in the range from a few Angstroms to a hundred
nanometers. Furthermore, the spacers would be conformal to
handle rough nanostructured surfaces, pinhole-free, and
chemically uniform. Atomic layer deposition (ALD) is a spacer
fabrication method that addresses these challenges and
concerns by producing highly uniform films whose thickness
can be controlled with Angstrom-level precision."”'® The
growth rate of ALD Al Oy is typically ~1.1 A per cycle.'” Van
Duyne and co-workers previously used ALD ALO; layers
deposited over silver film over nanosphere (AgFON) substrates
and investigated the distance dependence of SERS using
pyridine as the Raman label.'® This study concluded that SERS
was a long-range effect and good agreement was obtained
between experiment and theoretical predictions. Although good
agreement was obtained, too few data points were used in that
study to rigorously define the distance dependence of SERS.
Moreover, the SERS distance dependence experiment was
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performed ex situ, and more than one AgFON substrate had to
be used, which increases the uncertainty of the data by
averaging results over different substrates.

In the study presented here, the distance dependence of
SERS is investigated in one integrated operando experiment by
using ALD Al,O; as both the spacer layer and Raman label. In
addition, our study provides a complete set of data points at ~1
A resolution both below and above ~1-3 nm for each
experimental run. This high spatial resolution is achieved with
ALD, which provides thickness control of the deposited Al,O5
layer down to the subnanometer level. For applications such as
heterogeneous catalysis, ALD Al,O; layers protect SERS
substrates against sintering when exposed to high temperatures
thus allowing for operando monitoring of reactions.'® The
combination of ALD and operando SERS allows for
investigation of both the short- and long-range distance
dependence of SERS using the same substrate. ALD Al,O;
spacer layers were also deposited on AgFONs functionalized
with benzenethiol and toluenethiol SAMs allowing for SAM
peaks to be used as internal standards for spot-to-spot variation
in the SERS signal measured across the AgFON surface.
Additionally, theoretical methods including electrodynamic
calculations using the finite-difference time-domain (FDTD)
method and density functional theory (DFT) modeling of
surface-bound Raman scattering have been performed to
support the experimental findings.

AgFON Structural Characterization and Stability. The
AgFON is a robust and optically tunable surface that provides
consistent and high electromagnetic enhancement (~10) over

DOI: 10.1021/acs.nanolett.6b01276
Nano Lett. 2016, 16, 4251—-4259


http://dx.doi.org/10.1021/acs.nanolett.6b01276

Nano Letters

- N
Al 2 X
Io = o Q
n E
2
s\
< Nmsne— )
=y (o]
G bare AgFON N b
c
2 \\ c
1c Hzo’-/ (]
2¢ TMA/\\-—————E
2¢ H,0

Intensity

3100 3000 2900 2800 2700

Raman shift (cm”)

3100 3000 2900 2800 2700
Raman shift (cm™)

Figure 2. (A) SER spectra of a 25 s Ar plasma-cleaned AgFON before ALD (a) and after 30 s of trimethylaluminum (TMA) (1st cycle; b), 60 s of
H,O (1st cycle; c), 30 s of TMA (2nd cycle; d), and 60 s of H,O (2nd cycle; e) at S5 °C. (B) Difference SER spectra for the first five ALD ALO,
cycles. SER spectra were acquired with A,. = 532 nm, P, = 5 mW, £,; = 10 s, and 10 accumulations each. Data are shifted on the vertical axis for

clarity.

E < - E [ < T

é‘ ~oLEo s i E' g ~EL Ry 8%

> NE B 'z o o 9 o «~ E

N 2Ly [RE ® QA ® 3

3 $ IS N N <
F_ RN 2 b-a~ \/\"1c TMA

n
> o >

.‘5 el before TMA| = c-b v 1c H.0
3 la—" —— 2ljc o TMA
€ £le-d ~——2c H,0
= [o— 1¢ H,0 = b e3¢ TMA
————3c H,0
[y 2c TMA -~ 4c TMA
4c H,0
d— P\ 2cHO 5c TMA
€ S P 5¢ H,0

3100 3000 2900 2800 2700

Raman shift (cm”)

3100 3000 2900 2800 2700
Raman shift (cm )

Figure 3. (A) SER spectra of a toluenethiol-functionalized AgFON before ALD (a) and after 10 min of TMA (1st cycle; b), 60 s of H,O (1st cycle;
c), 10 min of TMA (2nd cycle; d), and 60 s of H,O (2nd cycle, e) at 55 °C. The labels TT and TMA stand for toluenethiol and TMA, respectively.
(B) Difference SER spectra for the first two and five ALD cycles. SER spectra were acquired with A, = 532 nm, P,, = 1 mW, t,y = 10's, and 10

accumulations.

large areas (>1 cm?)." Such high enhancement factors (EFs)
are comparable to the ~10°-107 average EFs reported by
Wang et al. and Gopinath et al. for extended two-dimensional
assemblies.”””" It has been shown in a previous study'® that the
functionality of this SERS substrate is strongly correlated to the
presence of nanopillars on the surface. Therefore, it is
important to infer structure—function relationships in this
study. To begin with, we ensured the structural integrity of the
AgFON substrate by scanning electron microscopy (SEM,
Figure 1). Figure 1A provides a side view observation of the
substrate before any ALD. The presence and size of the
nanopillars is consistent with previous observations.'” Figure
1B provides a top-down view of the substrate, showing that the
protrusions from the pillars are not solely located on the
periphery of the underlying microspheres, but on the whole
surface of the film. As we aim to provide a unified view of the
electromagnetic properties of the nanostructured metal film, we
have used these experimentally measured structural motifs as
input parameters for constructing a realistic model geometry
for FDTD calculations, as shown in Figure 1C. As the ALD
occurs at 55 °C and the thickness of the deposited Al,O; film
increases, we might reasonably expect restructuring of the
AgFON to occur caused by sintering between adjacent
nanopillars. To probe the thermal and structural stability of
the AgFONs, we conducted a serial SEM examination of
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AgFON:Ss, both in side- and top-down views, after 2, 8, and 31
ALD cycles (Figure S3, Supporting Information). From these
observations, we demonstrated that sintering of the film does
not occur and confirmed the presence of nanopillars
throughout the ALD process. We measured and compared
the width of 35—90 nanopillars before and after ALD, as
plotted in Figure 1D. From this graph, it appears that,
statistically, the diameters of the spheroidal caps of the
nanopillars (red points and trace) are constant throughout
the ALD process. The widths of the nanopillars (blue points
and trace) also stay constant with increasing number of ALD
cycles. This observation is consistent with a homogeneous
growth of the AlL,O; film on the entirety of the Ag
nanostructured surface, i.e., on both the top and sides of the
nanopillars.

C—H Stretches of TMA on Bare AgFON. Figure 2A,B
shows SER spectra of a 25 s Ar plasma-cleaned AgFON before
and after sequential exposures of TMA and H,O at 55 °C. Two
peaks located at 2892 and 2822 cm™ are observed after TMA
exposure and are assigned to two different symmetric C—H
stretches of TMA.”>"*° After TMA exposure, the peaks are
positive in the SERS difference spectra displayed in Figure 2B
and become negative after H,O exposure. This is because H,O
reacts with the —(CHj), groups on the surface and replaces
them with —(OH), groups as expected in an ALO; ALD
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Figure 4. (A) SER spectra of a toluenethiol-functionalized AgFON before ALD (a) and after 10 min of TMA (1st cycle; b), 60 s of H,O (1st cycle;
c), 10 min of TMA (2nd cycle; d), and 60 s of H,O (2nd cycle; e) at 5S °C. (B) Difference SER spectra for the first two and six ALD Al,O5 cycles.
SER spectra were acquired with 4., = 532 nm, P, = 1 mW, £, = 2 s, and 10 accumulations.

process. The peaks reappear after TMA exposure because TMA
reacts with the —(OH), groups and replaces them with
—(CH,), groups. The SERS signal decreases as more ALD
ALO; layers are deposited as expected with the distance
dependence of the electromagnetic enhancement in SERS
(Figure 2B). SER spectra for more than 20 ALD cycles are
reported in Figure S4 in the Supporting Information. SERS
signals of TMA C—H stretches can be seen even after 25 ALD
cycles although they are much weaker (~10% of the initial
intensity).

C—H Stretches of TMA on SAM-Functionalized
AgFONs. Figure 3A,B shows SER spectra of a AgFON
functionalized with a toluenethiol (TT) SAM before and after
ALD Al,O; growth at 55 °C. Two peaks positioned at 2822 and
2892 cm™" are observed after 10 min of TMA exposure. These
peaks correspond to two symmetric C—H stretches from
TMA.>*** The toluenethiol peaks at 2865, 2917, and 3051
cm™' are assigned to the symmetric C—H stretch (—CH,
group), asymmetric C—H stretch (—CH; group), and the C—
H stretch of the phenyl ring, respectively.”” Since toluenethiol
has no reactive sites for TMA, TMA grows directly on the
AgFON surface. The decrease in toluenethiol SERS signal after
TMA exposure could be due to the displacement of
toluenethiol molecules by TMA and orientation changes of
toluenethiol molecules on the AgFON.”® The TMA peaks
decay after H,O exposure and reappear after TMA exposure in
the second cycle because of the replacement of —(CHj,), and
—(OH), groups with —(OH), and —(CH;), groups,
respectively.

As can be seen from the SER difference spectra (Figure 3B),
the SERS intensity of the TMA C—H stretches decreases to
~20% of the initial intensity after the first five ALD AlLO,
cycles. Similarly, on a benzenethiol (BT)-functionalized
AgFON, C—H stretches appear and decay after TMA and
H,O exposures, respectively, as shown in Figure SSA,B in the
Supporting Information. For both toluenethiol- and benzene-
thiol-functionalized AgFONSs, the SERS signals of the TMA C—
H stretches can be seen up to at least 10 cycles (~1 nm away
from the surface) and are much weaker in intensity (~17% of
the initial intensity) as displayed in Figure S6AB in the
Supporting Information.

Al-CH; Stretches of TMA on SAM-Functionalized
AgFONs. Figure 4AB reports SER spectra of the low
frequency region for AgFONs functionalized with a toluene-
thiol SAM before and after ALD Al,O; growth at 55 °C. Two
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peaks, assigned to Al—CHj stretches of surface-bound TMA
species (after TMA exposure), are observed at 585 and 671
cm™'***” DFT calculations were performed to elucidate the
nature of the surface-bound species. The observed Al-CHj;
stretch at 585 cm™' matches closely with the calculated Al—
CHj; asymmetric stretch of dimeric TMA surface species and
the Al—CHj stretch of monomeric bidentate species as shown
in Figure S7B and Table S1 in the Supporting Information. The
DFT-modeled dimeric and monomeric molecular structures are
shown in Figure S7A in the Supporting Information. The Al—
CH stretch at 671 cm ™" matches with the calculated symmetric
and asymmetric stretch of dimeric and monomeric mono-
dentate surface species, respectively. This mode also matches
with the calculated Al-CH; stretch of monomeric bidentate
species. Based on these results, a variety of dimeric,
monodentate, and bidentate TMA species could be present
on the AgFON surface. After H,O exposure, the peaks at 585
and 671 cm™" decay because H,O reacts with —(CHj), groups
of Al-(CH,), surface species and replaces them with —(OHj),
groups. The peak at S85 cm™' reappears after TMA exposure
because TMA reacts with Al—-(OH), species and replaces them
with Al—(CHj,), species. The 671 cm™' peak becomes much
weaker after the first ALD cycle. The toluenethiol peak at 622
cm™ is assigned to the combination band of the CCC in-plane
bending vibration and C—S stretch.>*" Once again, one can
see from Figure 4B that the SERS intensity of the Al-CH;
stretch decreases to ~12% of the initial intensity after six ALD
cycles. The appearance and decay of the Al-CHj stretch at 583
cm™' after TMA and H,O exposures, respectively, on a
benzenethiol-functionalized AgFON is shown in Figure S8A,B
in the Supporting Information. Similarly, the SERS intensity of
the Al—CHj stretch decreases to ~10% of the initial intensity
after nine cycles of ALD Al,O; for toluenethiol- and
benzenethiol-functionalized AgFONs (Figure S9A,B in the
Supporting Information).

High-Resolution SERS Distance Dependence at 55
and 100 °C. Figure SA shows the high-resolution distance
dependence of SERS investigated on AgFONs coated with
various thicknesses of ALD Al,O; at 55 °C. The symmetric C—
H stretch at 2892 cm™ and symmetric Al-CHj stretch at 585
cm™ from TMA were used for analysis. For ALD AlLO,
deposited on bare AgFONs, the SERS intensity decreases to
~20% of the initial intensity when the TMA—(CH,), groups
are located at ~0.7 nm from the surface. Beyond 1 nm the
SERS signal decreases less quickly. At a distance of ~3 nm from
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Figure 5. (A) Normalized SERS intensity of the symmetric C—H
stretch (from TMA) at 2892 cm™ and symmetric Al-CHj stretch at
585 cm™" as a function of distance from a bare AGFON and AgFONs
functionalized with thiol SAMs. The black solid line is the fit to the
data using eq 2. The values of the coefficients C, and C, extracted from
the fit are 0.9 and 0.1, respectively. The radii of curvature a, and a, are
1 and 20 nm, respectively. The growth rate of Al,O; was assumed to
be 1.1 A/cycle. Although TMA slightly decreases the intensity of the
SAM peaks used for internal calibration (Figure S15), the overall SERS
distance dependence trend was similar for bare and functionalized
AgFONs. (B,C) FDTD calculations of the near-field distance
dependence of a AgFON. Panel B shows the spatial distribution of
the fourth power of the local electric field enhancement (IE/Eyl*),
where E; is the incident field. The profiles of the SiO, spheres and
substrate are highlighted with the white dotted lines. Panel C shows
the near-field distance dependence at the gap from the metal surface
(red dashed line in the cross-section view, panel B). The black solid
line is the fit to the FDTD data using eq 2. The normalized values of
C, and C, from the fit are 0.8 and 0.2, respectively. The values of a,
and a, are 8 and 28 nm, respectively.

the surface, the SERS intensity drops to ~7% of the initial
SERS signal. A similar trend is observed for ALD Al,O;
deposited on SAM-functionalized AgFONs for both TMA
C—H and AI-CHj; stretches. In contrast, Dieringer et al.
demonstrated that the SERS intensity decreased to ~60% and
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~10% at distances of ~0.7 and ~3 nm for AgFONs,
respectively.'’ To account for intensity variations when moving
the laser beam from one spot to another on the AgFON
surface, the SERS intensity of the TMA Al—CHj; stretch was
normalized to the 1080 and 1000 cm™" modes of toluenethiol
and benzenethiol SAMs, respectively (Figure S14, Supporting
Information). The SERS intensity of the TMA C—H stretch
was normalized to the 2917 and 3055 cm™' modes of
toluenethiol and benzenethiol SAMs, respectively. Using a
simplified sphere model and the E* approximation, the distance
dependence of SERS is usually represented as

L\10
Isgrs = (1 + _)
a

(1)

where Igppg is the SERS intensity of the Raman mode, a is the
average dimension of the field enhancing features on the
metallic surface (radius of curvature) and r is the distance from
the metallic surface to the adsorbate.””™** We can clearly see
that eq 1 fails to provide a reasonable fit to the experimental
data and to capture the full profile of the SERS distance
dependence (Figure S10, Supporting Information). To obtain a
better fit, it is necessary to account for the short- and long-
range SERS effects, by using a two-term phenomenological
expression.

-10 -10
Lggps = c1(1 + i) + Cz[l + i)
a a, (2)

The parameters a,, a, are the short-range and long-range radii
of curvature of AgFON features, respectively, and C,, C, are
constants that account for the relative contributions of the two
terms. This two-term phenomenological expression is justified
by the presence of morphological features of small and large
radii of curvature on the AgFON nanostructure as seen in
Figure 1A. More generally, most SERS-active substrates can be
considered as a heterogeneous collection of roughness features
of different sizes and shapes onto which molecules adsorb in a
variety of orientations.”> >’ Substrates with varying hetero-
geneity will have different distance dependence complexities.
Molecules adsorbed on the junctions of nanospheres, where the
radius of curvature is smaller, experience a different electro-
magnetic field than molecules adsorbed on surfaces with a large
radius of curvature.

Fitting the experimental data to eq 2 leads to 4, = 1 nm, a, =
20 nm, C, = 0.9, and C, = 0.1. Figure 5B,C shows the near-field
distance dependence of a AGFON calculated using FDTD. The
cross-section of the near-field distribution (Figure SB) shows,
as expected, a maximum value of [E/El* in the gap between
two nanospheres. In some cases, one can also expect strong
localized field hotspots at the top of the AgFON, in between
pillars and irregularities (Figure S11A, Supporting Informa-
tion). Figure SC shows how this local electric field varies when
moving away from the metallic surface (red dashed line in panel
B). The FDTD calculations clearly show that the field decreases
to ~36% and ~10% of the initial intensity at a distance of ~1
and ~3 nm from the surface, respectively. A fit of the FDTD
data using eq 2 leads to a; = 8 nm, a, = 28 nm, C; = 0.8, and C,
0.2, in qualitative agreement with the experimental
observations in Figure SA. The observed discrepancy between
the experimental and FDTD data at shorter distances (~1 nm)
is partially attributed to contributions of the CHEM enhance-
ment mechanism, which are difficult to distinguish from the
EM mechanism in the experiment and are not accounted for in
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the electrodynamic calculations. The CHEM mechanism is
expected to play a role beyond just the first ALD cycle until a
continuous Al,O; film is formed because it is highly likely that
the AL, O; ALD process generates small islands instead of a
continuous film during the first few cycles.”® Additional FDTD
calculations of the near-field distance dependence at the gap
and top of 570 nm (diameter) AgFONS are provided in Figure
S11 in the Supporting Information. In this particular case,
where strong plasmonic hotspots are also found at the top of
the AgFON, we can see that the near-field decays much quicker
(at very short distances of ~1 nm) in the gap region (Figure
S11C, Supporting Information) than on the top surface (Figure
S11B, Supporting Information) of the AgFONS.

In the present set of experiments, the largest measured
distance from the SERS substrate is ~3.2 nm. This distance
could be extended by using molecules with larger Raman
scattering cross sections than the Al—(CH,), surface species
used herein; however, this distance is similar to the longest
distances from the SERS substrate typically reported in
previous SERS distance dependence studies. For example, Ye
et al. reported a long-range SERS distance dependence study
using an azobenzene Raman label covalently linked to an
alkanethiol SAM for distances of up to ~2.8 nm from the
substrate (Ag island film)."> Similarly, Compagnini et al.
measured the SERS distance dependence of the terminal
methyl groups of alkanethiol SAMs for distances of up to ~2.5
nm from the substrate (rough Ag foil)."> Dieringer et al.
reported a long-range SERS distance dependence study using
pyridine on ALD Al,Oj; spacer layers for distances up to ~5 nm
from the surface of AgFONs.10 In contrast, Kovacs et al
showed that SERS intensities could be measured at estimated
distances of up to ~14 nm from the SERS-active surface.''
Such large distances are only estimates due to the difficulty in
the precise determination of the thickness of the LB films above
the Ag island films used. In addition, there is a high probability
that defects are present on the surface leaving voids and
allowing pthalocyanine molecules to adsorb directly on the Ag
island films. This effect could lead to highly enhancing spots
with few molecules accounting for the majority of the SERS
signal as observed by Dlott et al. leading to erroneous trends at
low coverage.”’

The AgFON surface exhibits nanopillar features,'” which
have small and large radii of curvature (Figure 1). Due to
intrinsic measurement limitations, SEM was only able to
resolve nanopillar features with large radii of curvature. The
value of the a, term in eq 2 (20 nm, Figure SA) is in good
agreement with the size of the AgFON nanopillars measured by
SEM (~22—40 nm, Figure 1D). During the first few ALD
cycles, the SERS signal comes mostly from species adsorbed on
the AgFON morphological features with small radii of
curvature. FDTD calculations show that the EM field is much
higher at the junctions of AgFONs where the radius of
curvature is small (Figure SB). In the modeled geometry
(Figure 1C), the gaps narrow down to ~8 nm, in perfect
agreement with the 8 nm of the small radius of curvature (a;)
extracted from the fit. This supports the presence of nanometer
scale gaps in the actual AgFONSs, explaining the very small
experimental values of a,. Subnanometer crevices have also
been experimentally evidenced by Wustholz et al. to be
correlated with high EM enhancements in a correlated high-
resolution transmission electron microscopy-SERS study on
single nanoaggregates.’”” As the number of ALD cycles
increases, the contribution from the morphological features
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with large radii of curvature becomes dominant due to the fact
that the smaller features are being covered by the Al,O;. It can
be clearly noticed from Figure SA that SERS has a short- and
long-range distance dependence on AgFON substrates
regardless of the vibrational mode investigated. Although, the
exact values for C), C,, a;, and a, in eq 2 are expected to change
slightly from sample to sample and for the vibrational mode
investigated, the overall trend observed in Figure SA remains
highly reproducible. Finally, it can also be inferred from this
quantitative description of the EM enhancement profile on
AgFON substrates that the density of EM hotspots on this
continuous nanostructured metal film is very high. Based on
our results, it is clear that the density of EM hotspots is directly
correlated to (i) the density of microspheres, via the
intersphere crevices, in the short radii of curvature and (ii)
the density of nanopillars atop each microsphere in the long
radii of curvature dependence. The description of AgFON
substrates as “immobilized nanorod assemblies”’” perfectly
encompasses the findings presented herein.

In addition, the distance dependence of SERS was also
performed on a 25 s Ar plasma-cleaned AgFON at 100 °C to
demonstrate that these substrates could be used to monitor
ALD reactions at elevated temperatures. Figure S12A in the
Supporting Information depicts the appearance and decay of
the symmetric C—H stretches of TMA at 2892 and 2822 cm™
after dosing TMA and H,O, respectively, at 100 °C. The SERS
signals of the TMA C—H stretches were monitored up to 28
ALD cycles and are displayed in Figure S12B in the Supporting
Information. Similarly to the experiments performed at 55 °C,
the SERS intensity decreases very quickly to ~20% of the initial
intensity at a distance of ~1 nm from the surface. The SERS
intensity decreases to ~6% at a distance of ~3 nm. Figure S13
in the Supporting Information shows the reduction of the SERS
intensity with increasing distance from the surface. Fitting the
experimental data using eq 2 resulted in excellent agreement
with the two-term phenomenological expression, further
supporting the existence of the SERS short- and long-range
distance dependence for AgFONs. The scatter in the
experimental data for points above and below the fit (solid
black line) in Figure S13, Supporting Information, could be
explained by SERS intensity variations when changing the laser
beam from one spot to another on the AgFON surface. No
significant damage to the AgFON was observed during laser
irradiation for the laser powers employed in this study as
demonstrated in a previous publication.”® At 55 °C, one might
expect to observe ALD growth via condensed TMA. If the
Al Oj; film were inhomogeneous in thickness due to differences
in the amount of condensed TMA across the AgGFON, then that
could give rise to multiple distance dependences. The fact that
the fitting parameters are the same for S5 and 100 °C is
significant and points to the lack of condensation contributing
to the deposition.

Finally, it is important to notice that, in Figure SA, the Al,O;
film thickness per ALD cycle was consistently assumed to be
1.1 A for all cycles. However, this estimate is more accurate in
later cycles, as the TMA will only interact with hydroxylated
AL O; sites. It remains unknown how far along in our
experiment a constant growth rate of 1.1 A per cycle is
reached, if it is not initially at that growth rate. Lu et al
reported that four cycles of Al,O; deposited on both Pd and Pt
leads to the formation of Al,O; clusters of 0.4—0.6 nm in
height, although their experiment was performed at 200 °C.* It
is extremely challenging to extract an accurate distance
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dependence trend at very short distances (<0.5 nm) because
the initial growth rate of Al,O; on a bare AGFON is unknown.
Therefore, as a result of the TMA nucleation mechanism and
the actual Al,O; initial growth rate, the direct comparison of
the experimental and FDTD data at very short distances may
be biased by the actual value of the Al,O; thickness after the
first few cycles. These two physical effects, which play an
important role in the actual experiment, are likely to directly
impact the short distance SERS intensity behavior extracted
and fitted, thus leading to a deviation from theoretical studies.

In conclusion, we have demonstrated the existence of both
short-range and long-range contributions to the distance
dependence of SERS. This has been accomplished by using
ALD AlL,Oj; as both the spacer layer and Raman label. This
work reports the first Angstrom-resolution operando SERS
distance dependence study performed in one integrated
experiment. On AgFON surfaces, the SERS intensity rapidly
drops to ~20% of its initial value at a distance of ~0.7 nm in
contrast to what was previously reported. The SERS intensity
shows a slower decrease beyond 1 nm from the surface and
decreases to ~7% of the initial signal at a distance of ~3 nm. A
two-term phenomenological expression that incorporates both
short-range and long-range effects, via small and large radii of
curvature associated with the morphological features of
AgFONSs (interspace and diameter of nanopillars), provides
an excellent description of the experimentally observed
behavior. FDTD calculations of the near-field distance
dependence show a quickly and slowly decaying field at a
distance of ~1 and ~3 nm from the surface, respectively,
strongly supporting the experimental observations. Our results
clearly show that SERS has a short- and long-range distance
dependence on AgFON substrates. Furthermore, we used the
complex effects of TMA nucleation, alumina growth, and
chemical enhancement mechanisms, which may also play an
important role at very short distances, to rationalize quantitative
discrepancies between experiments and calculations. Based on
our results, we anticipate that the long-range distance
dependence of SERS should enable detection of chemisorbed
species located as far as ~3 nm from the AgFON surface during
ALD and catalytic reactions. When combined with Fourier
transform infrared spectroscopy, the rich molecular structural
information provided by operando SERS, especially the
detection of low frequency metal—oxygen vibrations, will lead
to an improved mechanistic understanding of ALD reactions.
Further, it is anticipated that operando SERS studies of ALD
synthesized heterogeneous catalysts will be a very fruitful
research area.

Methods. Fabrication of AgFON SERS Substrates.
AgFONs are ideal SERS substrates as they are relatively simple
to fabricate and functionalize while providing relatively
homogeneous (+8.6%) high EM enhancement (~107) across
the substrate.'”*" AgFONs were fabricated on polished 25 mm
silicon wafers according to a standard procedure described in
previous published works.'” Silicon wafers were cleaned by
immersion in piranha solution (3:1 by volume H,SO,/30%
H,0,) 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 H,0/NH,OH/30% H,O, followed by
rinsing with DI water. Silica nanospheres (390 nm, Bangs
Laboratories) were diluted to 5% silica by volume. The solvent
was replaced twice with Millipore H,O (Milli-Q, 18.2 MQ-
cm™') by a conventional centrifugation/supernatant removal
procedure, followed by sonication for 1 h. The solvent-replaced
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nanosphere solution (10—12 uL) was drop-coated and
distributed homogeneously across the silicon wafer surface.
The solvent was then allowed to evaporate in ambient
conditions and spheres assembled in a hexagonal close-packed
array as verified by SEM measurements. Ag films (200 nm)
were deposited at a rate of 2 A/s under vacuum (6 X 107°
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, Fort Collins,
CO). To remove background carbonaceous contamination,
AgFONs were quickly cleaned with reactive ion etching. Plasma
cleaning of AgFONs was performed with 392 sccm of Ar in a
reactive ion etcher (South Bay Technology, RIE-2000) at 4 X
1076 Torr and 55 W for 25 s. AgFONS, which were not plasma-
cleaned, were incubated in 1 mM ethanolic solutions of
benzenethiol and toluenethiol (Sigma-Aldrich) for a minimum
of 4 h.

The extinction spectra of AgFONs were measured using a
fiber-optic coupled halogen light source (World Precision
Instruments) and UV/vis spectrometer (SD 2000, Ocean
Optics) in specular reflectance mode with a silver mirror used
as a spectral reference. The minimum in reflectance,
corresponding to the localized surface plasmon resonance, of
a 25 s Ar plasma-cleaned AgFON was optimized for 532 nm
laser excitation (cf. reflectance spectrum in Figure S2,
Supporting Information).

Scanning electron microscopy (SEM) imaging was per-
formed at the EPIC facility of the NUANCE Center at
Northwestern University on a LEO Gemini 1525 microscope
(InLens detector) operating at 2—4 kV, with a working distance
of 2—4 mm for the side view examination and a working
distance of 5—6 mm for the top-down examination.

Surface-Enhanced Raman Spectroscopy. A 532 nm
continuous wave (CW) laser (Innovative Photonic Solutions)
was used for all the experiments. Laser light was directed, using
protected silver mirrors, to a 3 mm right-angle prism and then
focused using a visible achromatic doublet lens (1” diameter, 4”
focal length), through a quartz window to a plasmonic substrate
placed inside the ALD reactor. The spot size radius measured at
the sample was ~124 pm using a scanning knife-edge
technique. Raman scattered light 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 (1” diameter, 4” focal length).
Scattered light was dispersed by a grating (1200 grooves/mm
grating, SO0 nm blaze) onto a liquid N,-cooled CCD detector
(Princeton Instruments, Model 7509-0001, 1340 X 400 pixels).
SER spectra were collected with 1, 5, or 7 mW of laser power
(P,g), 2—10 s of acquisition time (t,q), and 10 accumulations
each, depending on the chemical system investigated. No
background contribution or SERS signal attenuation was
observed from the quartz window. The SERS intensities
plotted in Figure SA were determined from SERS difference
spectra by measuring peak heights of the 2892 and 585 cm™
vibrational modes observed after TMA exposure.

Atomic Layer Deposition. ALD was performed in a home-
built viscous flow reactor that has been described ZPreviously
and is shown in Figure S1, Supporting Information.””** SERS
substrates were mounted on a movable sample holder, placed
inside the ALD chamber under vacuum (~0.05 Torr), and
heated to ~55 °C. Another AgFON was cleaned with 25 s of Ar
plasma and ALD AL,O; was deposited at 100 °C. SER spectra
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were acquired before and after dosing 60 sccm of
trimethylaluminum (TMA) and 60 sccm H,O using ultrahigh
purity (UHP) N, as the carrier gas. The pressure in the reactor
was ~1.2 Torr when flowing just 120 sccm of N,. For one-half-
cycle of Al,O;, TMA was dosed on bare AgFONs and SAM-
functionalized AgFONs for 30 s and 10 min, respectively, and
SER spectra were acquired while purging with N,.*° The
pressure increased from ~1.2 to ~1.4 Torr during TMA
exposure. The second half-cycle involved dosing H,O for 60 s
and thereafter acquiring SER spectra during N, purging. The
pressure increased from ~1.2 to ~1.7 Torr during H,O
exposure. Thermocouples were placed above and below the
sample compartment to ensure uniform heating around the
sample. Variacs were used to manually adjust the voltage
supplied to heating tapes to keep the temperature at 55 or 100
+ 2 °C throughout experiments.

Electrodynamic Calculations. AgFONs were modeled using
a random distribution of spherical and spheroidal Ag grains of
sizes ranging from 15 to 20 nm dispersed at the upper surface
of 390 and 570 nm silica spheres. The silica spheres were
placed on a hexagonal lattice where gaps were fixed at 30 nm.
The thickness of the Ag film was 200 + S nm. AgFONs were
placed on top of a silica substrate, taken as semi-infinite. The
FDTD method was used to calculate the near-field properties
of AgFONs.** The optical source was taken as a linearly
polarized broadband plane wave excitation. The FDTD domain
was set with proper periodic boundary conditions to mimic an
infinitely periodic AGFON. Symmetries were used along the x-
and y-directions to minimize the computational cost. Perfectly
matched layers (PML) were taken as boundary conditions
along the z-direction. A 0.25 nm conformal mesh was used to
discretize the rough Ag surface and ensure a good convergence.
The rest of the nanostructure was discretized with a 1 nm
mesh. An auto-shutoff parameter of 10™® was chosen as a
convergence parameter, allowing the fields to propagate for
about 10 ns. The dielectric permittivities tabulated by Palik
were used for Ag and Si.**

DFT Calculations. Electronic structure calculations pre-
sented in this work have been performed with the Amsterdam
Density Functional (ADF) computational chemistry package.*’
Full geometry optimization, frequency, and polarizability
calculations for surface bound monomer (both mono- and
bidentate) and dimer TMA complexes were completed using
the Becke-Perdew (BP86) generalized gradient approximation
(GGA) exchange correlation functional and a triple-{ polarized
(TZP) Slater orbital basis set. For the monomer TMA
complexes, Ag,, and Ag,, clusters were used for the surface
in monodentate and bidentate binding cases through one or
two oxygen atoms, respectively. In the surface bound dimer
TMA complex, a Ag;y complex was used as a surface, then the
dimer TMA was bound to the surface through two oxygen
atoms with a bridging methylene group between the aluminum
atoms. For more details on molecular structure see Figure S7A
in the Supporting Information.

Static Raman polarizabilities (@, = 0) were calculated in the
RESPONSE package by two-point numerical differentiation
using the RAMANRANGE keyword. Raman scattering
intensities were determined by eq 3:”

h (s) 1
45(1 - exp(—%)) 3)

P 2
A (w0 — a)j)4

2
£ 8ﬂca)j

Q-

4258

where @ is the frequency of the incident laser field, w; is the
frequency of the jth vibrational mode, and the scattering factor
(S) is 45(a@)* + 7(7))*; where @, 7, are the isotropic and
anisotropic polarizability tensors with respect to the jth
vibrational mode. The Raman intensity for each vibrational
mode was broadened to a Lorentzian line shape with full width
at half-maximum (fwhm) of 20 cm™ for comparison to

experimental data.
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