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Fig. S1 (A) TEM micrographs of Al layers deposited on silver nanocubes (edge-to-edge length (120 £ 10 nm)). The TEM
micrograph displays depositing morphology of the Al layers on nanostructures with similar width as the silver nanocubes,
facilitating model design for FDTD simulations on the Al-deposited IP-L 780 polymeric nanostructures. (B) SEM cross-sectional
view of Al layer coated on a silicon wafer. Average thickness of the Al layer is (115 + 8) nm. (C) Model of Al-coated IP-L 780
nanostructure used for FDTD simulations.
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A) 1 day, no molecules

B) 1 day, 4 hr immersion

C) 1 month, 4 hr immersion
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Fig. S2 We investigate the stability of Al,O; layer on Al-coated substrates (A) 1 day after Al deposition, (B) 1 day after Al
deposition and 4 hour after immersion in TEPS ethanolic solution, and (C) 1 month after Al deposition and 4 hour after
immersion in TEPS ethanolic solution. (i) Dependence of XPS spectra on tilt angle for 100-nm thin Al film which was
evaporated under the same conditions as in fabrication of Al nanostructures. (Inset) Schematic depiction on tilt angle,
defined as the angle between the plane of the sample surface and the entrance to the analyzer. The low energy (~ 72.9 eV)
and high energy (~ 74.4 eV) shoulders correspond to the Al 2p line from Al and Al,Os3, respectively. (ii) Calculated elemental
distribution of Al and Al,O; as a function of tilt angle based on angle dependence of ratio between the area under the curves
of the Al metal peak and Al 2p oxide peak. (iii) Calculated thickness of Al,O3 layer against tilt angles.

Using angle-resolved X-ray photoelectron spectroscopy (XPS), we quantify the thickness of aluminum oxide
(ALO3) on our Al nanostructures by varying the angle between the detector and the Al samples from 90 °to 30 °
(Fig. 1C, Fig. S2). It is observed that Al,O; content increases as more near-surface compositions are measured at
lower tilt angles (Fig. 1C(1)), verifying formation of very thin Al,O; layer at the surface of Al samples. The
thickness of the homogenous native oxide layer after 24 h of exposure to ambient conditions (25 °C, 65% relative
humidity) is approximately 3 nm (Fig. S2, Equation S1). The 3-nm thick oxide layer is fairly dense and stable in
preventing oxygen diffusion which dramatically slows down the oxidation process.'-? After keeping in nitrogen box
for a month, the Al nanodots remain stable and provide consistent SERS performance after molecular adsorption
(Fig. 2D, Fig. S2). Moreover, Raman peak recorded at 1330 cm! for NAP adsorbed Al nanodots after 1-month
storage only experiences less than 30 % drop in SERS intensity (Fig. 2D). Consequently, the stable SERS signals
imply that the oxide layer is sufficiently dense to prevent oxygen diffusion towards the Al core, in turn dramatically
slowing down the corrosion of the Al nanodots to preserve the SERS-activity of our platform.!: 2
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Characterization of the aluminum oxide layer using XPS

Thickness of aluminum oxide layer is calculated using Equation S1:3

. PatraiAoxide | 0 Equation S1
doside = Aoriaesinbin (Po,tfde?to;adeflm )
Pl = Volume density of aluminum = 0.1 mol/cm3
Poxide = Volume density of aluminum oxide = 0.0777 mol/cm-3
Aur = Inelastic mean free path of electrons in aluminum = 2.8 nm
Aoxide = Inelastic mean free path of electrons in aluminum oxide = 2.6 nm
A4 and Ap,iq. = Area under the curve of fit curves to the experimental results
o = Tilt angle of the substrate with respect to the XPS detector. This angle corresponds to the take-off

angle of photoelectrons from the substrate’s surface.
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(A) Al-coated glass (B) TEPS (C) NAP

Fig. S3 Water contact angle measurements for (A) Al-coated glass substrate, (B) TEPS- and (C) NAP-adsorbed Al-coated
substrate.
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Fig. S4 (A)(i) top view of DFT-simulated structural configuration of NAP molecules, and (ii) geometry calculation on theoretical
molecular occupying area of NAP molecules on Al. (B)(i) Side view and (ii) top view of simulated structural configuration of
TEPS molecules, respectively. Geometry calculation on theoretical molecular occupying area of TEPS molecules on Al based
on (iii) distance between O atoms and (iv) size of phenyl ring on TEPS, respectively. (C) SERS spectrum of NAP molecules
adsorbed on Al-coated IP-L 780 nanodots (orange), normal Raman spectrum of 1 M NAP in ethyl acetate (blue), DFT
simulated graph for NAP (pink) and normal Raman spectrum of ethyl acetate (violet). (D) SERS spectrum of TEPS molecules
adsorbed on Al-coated IP-L 780 nanodots (orange), normal Raman spectrum of 1 M TEPS in ethyl acetate (blue), DFT
simulated graph for TEPS (pink) and normal Raman spectrum of ethanol (violet). Intensity at ~ 1330 cm™ Raman band from

both molecules is used for calculating SERS EF. (E) Optical resolutions of 532 nm laser passing through Nikon TU Plan ELWD
100x objective lens (NA 0.8) for (i) x-, (ii) y- and (iii) z-axis, respectively.
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The simulated distance between H atoms for phenyl rings and O atoms on the probe molecules are listed in Fig.
S4A and S4B. From calculations, the theoretical molecular occupying area of a NAP molecule on Al is 0.348 nm?
(Fig. S4A(ii)). On the other hand, the estimated molecular area of a TEPS molecule based on O atoms on silane is
0.062 nm? (Fig. S4B(iii)) and the area becomes 0.181 nm? when phenyl group (Fig. S4B(iv)) is considered. Our
calculated molecular areas of NAP and TEPS molecule are much smaller than the reported molecular areas of NAP
and benzene, which are 0.65 nm?, and 0.30 to 0.43 nm?, respectively.*¢ Therefore, our calculated molecular areas
assume the closest packing of probe molecules on the Al surfaces. The estimated SERS EFs are thus
underestimated.

We observe that the experimental Raman peaks of NAP at 1090 cm!, 1330 cm! and 1590 cm™ are respectively
shifted to 1055 cm™!, 1411 cm™ and 1624 cm™ in the simulated results (Fig. S4C). On the other hand, Raman peaks
of TEPS at 1090 cm!, 1330 cm! and 1700 cm™' are shifted to 1050 cm™!, 1310 cm™! and 1642 cm! respectively in
the simulated results (Fig. S4D). The main reason for the blue/red shift in the Raman peaks is the difference in
structure between the compact passivating Al,O; layer and the simulated Al,Os;-molecules model. Moreover, the
DFT simulation with single molecule neglects the neighbouring effects of close-packed molecules grafted on
surface which deviate the experimental SERS bands.”> # Nevertheless, the presence of aforementioned Raman
characteristic peaks provides strong evidence on the adsorption of NAP and TEPS molecules onto Al surfaces.
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Calculation of SERS enhancement factor

To calculate SERS enhancement factor (EF) of the fabricated Al-coated IP-L 780 nanostructures, Equation S2
is used. To simplify SERS EF calculation, Al-coated IP-L 780 nanodots with diameter of (196 + 20) nm and
thickness of (115 + 8) nm are used for SERS measurements. Both SERS and normal Raman measurements are
conducted using point mode with laser power of 40 mW and exposure time of 20 s. By using Equation S2 and the
theoretical molecular occupying area of a NAP or a TEPS molecule, it is assumed that a monolayer of NAP or
TEPS molecules with the closest molecular packing is adsorbed on surfaces of the Al-coated IP-L 780
nanostructures.

EF — JI:':]UE}i?S / lr1";}'0;"}:!@!' ______ Equation S2

Nsers' NNormal

(A) NAP
Isgps = Intensity of the 1330 cm! Raman band from NAP adsorbed on Al-coated IP-L 780
microstructures
= 7656 counts
Niers = Number of NAP molecules contributing to /szzs

= Surface area of the deposited Al film / molecular occupying area of a NAP molecule

The deposited Al film on IP-L 780 micro-dot is assumed as a hemisphere, so

Surface area = 2mr?
= 60344 nm?
Therefore,
Nsers = 60344 /0.348
= 173402 molecules
Iyormar = Intensity of the 1330 cm™! Raman band from 1 M NAP — ethyl acetate solution (same laser power

and acquisition time as for Iggrg measurements)
= 1134 counts
Nyorma = Number of NAP molecules that yield Jy,mar-

= Volume of laser spot x Concentration of NAP X Avogadro’s number

To determine volume of laser spot, the lateral spot size of the focus beam is measured from the displayed laser
spot that gives the highest sample signal. The axial size of the laser is determined by adjusting the stage position
along the z-axis (optical path) to get the z-distance from maximum signal intensity to zero intensity. The lateral and
axial spot sizes are used to get optical resolutions of the 532 nm laser, which are: x = (914 £ 110) nm; y = (850 £
55) nm; and z = (4880 £ 247) nm. And,

Volume of laser spot = [r x (x/2) x(y/2)xz]/10?!
=2.978 x 102 cm?
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Therefore,
Nrormai = 2.978 x 10712x 1 x 6.023 x 102 x 0.001

=1.794 x 10° molecules

SERS EF = (7656 /173402) / (1134 /1.794 x 10°)
=7.0 x 10*
(B) TEPS
Tsegs = Intensity of the 1330 cm! Raman band from TEPS adsorbed on aluminum-coated IP-L 780
microstructures
=7163 counts

The theoretical molecular occupying area of a TEPS molecule on aluminum is 0.062 nm?, so

Nsgrs = Number of TEPS molecules contributing to /szzs
=60344/0.062
= 973290 molecules

Iyormar = Intensity of the 1330 cm™' Raman band from 1 M TEPS — ethyl acetate solution
=779.65 counts

Norma = Number of TEPS molecules that yield Zy,.as

=2.978 x 102x 1 x 6.023 x 10 x 0.001
=1.794 x 10° molecules

SERS EF =(7163.39/973290) / (779.65 / 1.794 x 10°)
=1.7 x 10*
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(A) NAP adsorbed Al nanodots
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(B) NAP adsorbed flat Al-coated substrate
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Fig. S5 Comparison of SERS intensity of (A) NAP adsorbed Al nanodots, (B) NAP adsorbed flat Al-coated glass substrate, (C) Al

nanodots without probe molecules, (D) IP-L 780 polymeric nanodots and (E) blank cover slip only. As observed, there is no
interference from background signals on SERS intensity of NAP adsorbed Al nanodots.
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Fig. S6 Schematic representatives for DFT-simulated vibrational modes of the NAP molecules adsorbed on Al surfaces at Raman
shift (A) 1090 cm?, (B) 1330 cm™and (C) 1590 cm™™.

To understand types of vibration in TEPS molecules adsorbed on Al surfaces upon 532-nm excitation, we capture
the molecular vibration animations obtained from the DFT simulation at Raman shifts of (A) 1090 cm!, (B) 1330 cm’!
and (C) 1590 cm!. These three Raman peak positions are the dominant peaks observed from our measured SERS
spectra (Fig. 2C and Fig. S4C). Fig. S6 illustrates that vibrations of the phenyl rings on the TEPS molecules give raise
to the major SERS signals. The peak at 1090 cm™ represents the phenyl ring CCC symmetric stretching vibration
mode. On the other hand, the peaks at 1330 cm™! and 1590 cm! represent the in-plane phenyl ring asymmetric
stretching mode.® '° The presence of aforementioned vibrational modes provides strong evidence on the physisorption
of NAP molecules onto Al surfaces.

11
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Fig. S7 Schematic representatives for DFT-simulated vibrational modes of the TEPS molecules adsorbed on Al surfaces at Raman
shift (A) 1090 cm™, (B) 1330 cm™and (C) 1700 cm®.

To understand types of vibration in TEPS molecules adsorbed on Al surfaces upon 532-nm excitation, we capture
molecular vibrations animations displayed in DFT simulation at Raman shifts of (A) 1090 cm™!, (B) 1330 cm™ and (C)
1700 cm!. These three Raman peak positions are the dominant peaks observed from our measured SERS spectra (Fig.
2C and Fig. S4D). Fig. S7 illustrates that vibrations of the phenyl rings on the TEPS molecules give raise to the major
SERS signals. From the simulation, the peak at 1090 c¢cm! represents the phenyl ring CCC symmetric stretching
vibration mode. On the other hand, the peak at 1330 cm™! is due to the in-plane phenyl ring asymmetric stretching
mode, while out-of-plane phenyl-ring stretching mode is observed at peak 1700 cm™.% ' The presence of
aforementioned vibrational modes provides strong evidence on the chemisorption of TEPS molecules onto Al surfaces.

12
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Fig. S8 Electric field intensity (| E|/|E,|)? of an Al nanodot simulated at excitation wavelength of 532 nm.
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Fig. S9 SEM micrographs of concentric ring structure consisting of continuous Al nanowires at different magnifications.

The width and periodicity of the Al nanowires are set at (170 £ 20) nm and 2 pm to minimize plasmonic
coupling between neighboring nanowires (Fig. 3A, Fig. S9).!!

14
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