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Experimental Section

Materials and Methods

Sample Fabrication and Surface Functionalization of a Gold Nanoclock Array.
Arrays of gold nanoclocks were fabricated on silica glass using electron beam lithography.
First, the fused silica substrate was spin-coated with a 140 nm thick positive-tone polymethyl
methacrylate (PMMA) resist (950K A4) layer and baked at 180°C for 5 min. Then, the
nanostructures were defined with an electron beam exposure, followed by the PMMA de-
velopment in a standard 1:3 methyl isobutyl ketone/isopropanol (MIBK/IPA) solution (for
40 s). A 50 mn thick gold layer was deposited at SA/S by thermal evaporation, and the
lift-off process was performed in acetone as a final step. Although the adhesion layer can
significantly improve the adhesion of the gold film to the glass, it is detrimental to plasmonic
enhancements. In our fabrication, we did not use any adhesion layer. Instead, careful treat-
ment was required to avoid the shedding of gold nanostructures. The cross-sectional images
of the nanostructures were collected using a high-resolution scanning electron microscope
(Magellan 400L, Thermofisher). The observation parameters were 1kV for 0.6pA, and the
snapshot shooting mode was used. Functionalization was done by dipping the sample for 2 h

in a 107* M concentrated Methylene Blue (MB) solution prepared in distilled water.

Optical Measurements

SERS measurements were performed using an XploRa plus Raman spectrometer (Horiba
Jobin Yvon) with a 100x objective with a numerical aperture of 0.9, using the 1200 lines/mm
grating for 638 nm and 600 lines/mm grating for 785 nm (see Figure S9). In both cases, a
300 pm pinhole was used. The slits at the entrance of the spectrometer were set to 100 pm.
The laser power was reduced by using a neutral density filter. The excitation polarization
could be turned 90° using a half-wave plate. It should be noted that many instrument

components, such as the grating, can affect the interpretation of the polarization response
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in a Raman measurement.>" We eliminate these potential issues by checking the incident
polarization and calibrating the polarization response of the spectrometer in our measure-
ments (details can be found below), guaranteeing the correct interpretation of the polar-
ization response. When measuring nanoparticle arrays with a period of 500 nm, the laser
spot covered multiple particles, whereas, for the 1500 nm period, the laser was focused on an
individual nanoparticle. Extinction measurements were performed using the same spectrom-
eter equipped with the 600 lines/mm grating (without the edge filter) in the transmission
configuration, illuminating the sample from below with polarised light at normal incidence
through the glass substrate and collecting the extinction signal using a 5x objective with
0.1 NA. For each configuration, five spectra at different positions were measured. The de-
polarization ratio of MB on gold film is 0.5 at an excitation wavelength of 638 nm and 0.33

at an excitation wavelength of 785 nm. 5

Numerical Simulations

Numerical simulations are carried out using three-dimensional finite-difference-time-domain
(FDTD, Lumerical) simulations. The simulated structure is an Au nanoclock consisting
of a disc and two arms. The silica substrate has a refractive index of 1.45, and the gold
permittivity data are obtained from Johnson and Christy model.%® In the extinction cross-
section simulation for a single Au nanoclock particle, perfectly matched layers (PMLs) are
applied in all directions of the simulation space. An analysis group located inside the total-
field scattered-field source calculates the extinction cross-section. For the simulation of the
extinction spectra for Au nanoclock particle arrays, one unit cell is simulated using periodic
boundary conditions on the left, right, front, and back of the simulation region, while the
PMLs were applied at the top and bottom of the simulation region. To simulate the near-
fields, two monitors were used. One monitor is used to obtain the z-component of the electric
field (which corresponds to the charge distribution) in a plane 1 nm above the structures and

perpendicular to the incident wave vector. The other monitor is used to monitor the electric
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intensity through the center of the Au structure and perpendicular to the incident wave
vector. The incidence wavelength is in the range of 400 nm and 1200 nm. For calculating
the far-field polarization ellipse, the polarization ellipse analysis group in Lumerical FDTD

is used.

Details of Experimental Setup and Raman Measure-
ment

SERS polarization measurements are carried out using the polarization options of our XPLORA
spectrometer, whose schematic of the optical paths and components is illustrated in Figure
S9. The linear polarization of the lasers (638 nm and 785 nm) can be rotated by a halfwave
plate. In the sample plane, we can therefore switch between two orthogonal polarization
states (called pol V and pol H, see Figure S9). We have verified by means of a polarization
analyzer and a photodiode that at both wavelengths, the light coming out of the microscope
objectives is linearly polarized with a ratio > 100 : 1 for both polarization states H and V.
The back-scattered SERS light is collected with the same objective used for light focusing
and sent to the detection section consisting of an interchangeable set of diffraction gratings
and a CCD camera. Polarization analysis is carried out by means of polarization analyzers
with mutually orthogonal axes oriented parallel to the excitation polarization directions H
and V. We can therefore excite our sample with two orthogonal linear polarization states
(H or V) and, for each of them, detect the intensity of the parallel- (HH or VV) and the
cross-polarized (HV or VH) component of the Raman/SERS field. Indeed, both the mirrors
driving the light to the detector (generally oriented at 45° with respect to the beam direc-
tion) and the diffraction gratings used for spectral analysis have a polarization-dependent
optical response. The polarization response of the Raman filter is less relevant given the
quasi-orthogonal incidence/transmission geometry adopted in our setup. The polarization

response of these elements consists of a dichroic behavior, i.e., they reflect with different
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efficiency for the light polarized in the H and V states. The dichroism of the gratings, in
particular, depends on the number of lines per mm, blazing angle, and central wavelength
at which it is used. If not taken into account, these effects can induce severe artifacts in the
interpretation of the measurements.

In order to get rid of these instrumental effects, a polarization scrambler or a further
halfwave plate can be put along the optical detection path.5! In our case, this operation
is much complicated by the closed architecture of the spectrometer, preventing any free
access to the optical paths. Therefore, we have calibrated the polarization response of our
spectrometer by using an unpolarized light source as a sample (Figure S10). The white
light coming from the LED of an iPhone is acquired in the same experimental configuration
used for SERS measurements (including objective, Raman filter, and grating), switching the
polarization analyzer from polarization state H to polarization state V. This allows us to
evidence any instrumental-induced dichroism causing the two H- and V-spectra to differ in
intensity, as a function of the wavelength. Finally, we can define a calibration function to
compensate for these instrumental effects.

Calibration measurements were carried out in both experimental configurations used for
SERS at 785 nm with a 600 lines/mm (1/mm) grating and 638 nm with a 1200 1/mm grating.
These laser/grating combinations were found to give the smallest instrumental artifacts, as

shown in the following.

785nm excitation

Figure S11 (top plot) shows the spectra of the LED source when the analyzer is set in the
two polarization states (H, green line; V, orange line). They show the different polarization
responses of the spectrometer equipped with a 600 1/mm grating in the Raman shift range
between 50 and 1750 cm™! with respect to 785 nm (788 - 910 nm). This is the range used
for SERS measurements. The instrument is more sensitive when the analyzer is set in the V

polarization state with respect to the H polarization state. Differences range from 18% (at
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800 cm™1) to 30% (at 1750 cm '), as evidenced in the plot of the V/H signal ratio (Figure S11
, bottom). Although not dramatic, this sensitivity difference between the two polarization
states produces artifacts that can be well observed, but also compensated, when measuring
the depolarization ratio of a standard reference sample such as CCly. CCly is a reference for
polarized Raman polarization,! featuring a symmetric vibration mode polarized parallel to
the excitation field polarization and two depolarized asymmetric vibration modes exhibiting
strong scattering in both the parallel- and cross-polarized states. For liquid samples in which
molecules are randomly oriented, the depolarization ratio of the symmetric mode is expected
to be psym = 0, while the depolarization ratio of both the asymmetric modes is pasym = 0.75.

In Figure S12, we plot the parallel- (pol V, blue line) and cross-polarized (pol H, green
line) Raman spectra of CCly acquired at 785 nm with excitation polarization along the
V direction. In both spectra, we observe strong scattering from the two Fy asymmetric
vibrations at 216 and 312 cm™!, whereas the symmetric A; vibration signal at 452 cm™!
is strongly suppressed in the cross-polarized spectrum (pol H, green line). We calculate
the depolarization ratios of the different modes by subtracting the background, fitting the
peaks with Lorentzian profiles, and taking the ratio between the maximum peak intensities
derived from the fitting parameters. Using the spectra obtained, notably, the depolarization
ratio of the asymmetric modes turns out to be pagym ~ 0.57, ie., 24% lower than what
was expected. This is indeed the consequence of the higher sensitivity of the instrument
towards the parallel-polarized (pol V) signal with respect to the cross-polarized one (pol
H), highlighted above, that depletes the depolarization ratio. We can compensate for this
effect by rescaling (i.e., dividing) the parallel-polarized (pol V) spectrum with respect to
the V/H polarization response curve of the instrument (Figure S11, bottom plot). We,
therefore, obtain a “corrected spectrum” (Figure S12, orange line) that is used to recalculate

the depolarization ratios, which now are:

Pasym = 0.76 =+ 0.02 (1)
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for both the asymmetric modes at 216 and 312 cm™!, and

Peym = 0.0077 % 0.0001 (2)

for the symmetric mode at 452 cm™!. Here the depolarization ratio is notably of the order of
10~3. Both values are now in agreement with the predictions. In order to take into account
these effects, the SERS spectra of MB have been all rescaled using the same calibration

curve.

638nm excitation

The same measurements were carried out for the experimental configuration used for laser
excitation at 638 nm, combined with a 1200 1/mm grating. The spectra of the unpolarized
LED source in the polarization states V (orange line) and H (green line) are shown in Figure
S13 (top). The H/V intensity ratio curve is plotted in Figure S13 (bottom). It is seen that
the dichroic response of the instrument is less marked at 638 nm than at 785 nm and quasi-
negligible. The H/V ratio oscillates around 1 by £10% in the full spectral range. In the
range of the Raman modes of MB, restricted to 420 - 1640 cm ™!, we expect an even smaller
instrumental influence on the depolarization factors, of the order of 5%.

Again, to ensure minimal polarization-related artifacts occur with excitation at 638 nm
and to compensate for them, we acquired Raman spectra of CCly. The laser is polarized in
the V-direction. Figure S14 shows the parallel- (VV, blue line) and the cross-polarized (VH,
orange line) Raman spectra. Subsequently, we rescaled the cross-polarized (VH) spectrum
with respect to the instrumental H/V polarization response curve. Figure S15 shows the
minimal differences between the as-acquired VH spectrum (blue line) and the corrected one
(orange line).

Based on the rescaled spectrum, we calculate the depolarization ratios at 638 nm as
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follows:

0.74+0.01 @216cm~!
Pasym =

0.754+0.01 @312cm™!

for the two asymmetric modes, and

peym = 0.0050 = 0.0003 (3)

for the symmetric mode at 452 cm~!. Again here the depolarization ratio is notably of the
order of 1072, Both values are in agreement with the predictions.
In order to take into account these effects, even if minimal, the SERS spectra of MB have

been all rescaled using the calibration curve, prior to calculating the depolarization ratios.
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Figure S1: Theoretical results of the extinction cross-section (CS) of a single Au nanoclock
particle with four configurations. The local intensity enhancement (|E|?/|Eq|?) (in logarith-
mic scale) corresponding to resonances is also provided. The monitors used for the plots are
in a plane passing through the center of the Au structure and perpendicular to the incident
wave vector. The wavelength used in each plot is as follows: (a) 559 nm, 784 nm, and 1200
nm, (b) 564 nm, 640 nm, and 1188 nm, (c¢) 534 nm and 689 nm, and (d) 603 nm and 847
nm. The near-field plots show that the shape of the Au nanoclock particles is the same
(0 = 180°) for (a) and (c), while the shape (f = 90°) in (b) and (d) is the same. The arrows
represent the polarization of the incidence. Horizontal polarization is used in (a) and (b),
while vertical polarization is used in (c¢) and (d).
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Figure S2: Local intensity enhancement of the z-component of the near-field (| E,|*/| Eo|?) (in
logarithmic scale) at two different excitation wavelengths: Ay = 638 nm ((a)-(d)) and Ay =
785nm ((e)-(h)). The monitors used to obtain the data are located in a plane through the
center of the Au structure and perpendicular to the incident wave vector. The polarization
of the incidence is represented by the arrows. Horizontal polarization is used in (a), (b), (e),
and (f), while vertical polarization is used in (c), (d), (g), and (h). The period Ay = 500 nm
is considered for all configurations.
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Figure S3: Local intensity enhancement of the y-component of the near-field (| E,|*/| Eo|?) (in
logarithmic scale) at two different excitation wavelengths: Ay = 638 nm ((a)-(d)) and A\g =
785nm ((e)-(h)). The monitors used to obtain the data are located in a plane through the
center of the Au structure and perpendicular to the incident wave vector. The polarization
of the incidence is represented by the arrows. Horizontal polarization is used in (a), (b), (e),
and (f), while vertical polarization is used in (c), (d), (g), and (h). The period Ay = 500 nm
is considered for all configurations.
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Table S1: Raw SERS enhancement factors for all configurations with an unpolarized col-
lection. The incident polarization is defined as horizontal (vertical) polarization when the
incident polarization is parallel (perpendicular) to the long arm.

Struct Excitation Excitation Enhancement

rueture wavelength (nm) | polarization | factor (error ~50%)
| 1s0°  Grating | A500 | 785 | \Y | 1.5x10? |
| | A500 | 785 | H | 0.75%10? |
e Grating | B500 | 785 | \Y | 3.5x10? |
| | B500 | 785 | H | 1x10? |
| 1s0° Single | A1500 | 785 | \Y | 1.5x 10 |
| | A1500 | 785 | H | 1.5x10" |
| g0  Single | B1500 | 785 | \Y | 4x 10! |
| | B1500 | 785 | H | 1x10* |
| | | | | |
\180 Gratmg\ A500 | 638 | \% | 5% 10" |
| | A500 | 638 | H | 4x10* |
| 00°, Grating | B500 | 638 | \% | 4x 10" |
| | B500 | 638 | H | 3x10* |
| 1500 single | A1500 | 638 | \Y | 5.5%10° |
| | A1500 | 638 | H | 2x10° |
| g0  Single | B1500 | 638 | \Y | 3.5x10° |
| | B1500 | 638 | H | 3.5x10° |
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Figure S4: Theoretical results of extinction spectra (1 —17") for Au nanoclock particle arrays.
The period A = 500nm is the same for all four configurations, also depicted in the insets.
The shape of the Au nanoclock particles is the same for (a) and (c), while the shape in (b) and
(d) is the same. The arrows represent the incidence polarization. Horizontal polarization
is used in (a) and (b), while vertical polarization is used in (c¢) and (d).
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the corresponding pair of (i,j). Details can be found in the main text.
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Figure S5: (a-d) SERS depolarization ratio for nanoclock particle arrays with a period of
A = 500nm for four configurations. Orange stars denote the experimental depolarization
ratio, while red squares and green dots represent the sample and simulation predictions. The
excitation wavelengths are 638 nm (for the left data in the plot) and 785 nm (for the right
data in the plot). The inset illustrates the structure and the incident polarization for each

case.
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Figure S6: (a-d) SERS depolarization ratio for single structures. The inset shows the struc-
ture and the incident polarization for each case. Orange stars indicate the experimental
depolarization ratio, while red squares and green dots represent the sample and simulation
predictions, respectively. The excitation wavelengths are 638 nm (for the left data in the
plot) and 785 nm (for the right data in the plot). The experimental SERS depolarization
ratio at the SERS bands agrees reasonably well with the predictions at shorter wavelengths
(638 nm excitation), while the agreement worsens at longer wavelengths (785 nm excitation)
for both particle arrays and single particles. There could be different possible reasons for
this disagreement. First, the extinction signal is much smaller for the longer wavelength,
introducing a worse signal-to-noise ratio, which could result in a worse prediction. Second,
the figures above are done using the theoretical /experimental extinction, which is the sum
of absorption and scattering; the extinction of the gold nanostructure is usually predomi-
nated by the absorption at the short wavelengths and the scattering at longer wavelengths.
The absorption usually reflects the near-field enhancement, which is more important for the
SERS signal. Third, SERS is due to the near-field enhancement of the plasmonic structures,
while the extinction spectra are a far-field measurement. It is well-known that there is a
shift between the near and far field resonances.5*° Therefore, using the extinction spectra
would introduce uncertainty in predicting the SERS depolarization ratio in some cases.
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Figure S7: Comparison between theoretical extinction spectra (1—7") and absorption spectra
(1 =T — R) for Au nanoclock particle arrays. The period A = 500nm is considered for all
four configurations. The schematic is shown in the insets. The shape of the Au nanoclock
particles is the same for (a) and (c), while the shape in (b) and (d) is the same. The
arrows represent the incidence polarization. Horizontal polarization is used in (a) and (b),
while vertical polarization is used in (c¢) and (d). The resonance positions are shown via the
equation of diffraction conditions, with the corresponding (i,j) pairs labeled in Figure S4.
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Figure S8: Far-field polarization ellipse calculation for nanoclock particle arrays with A =
500nm and # = 0°. The transverse and longitudinal polarization denoted by the arrows
is represented in (a) and (b), respectively. In both panels, o and E¢/E, denote the ellipse
major axis angle and the major/minor axis ratio, respectively. The noise observed is due to
numerical errors. The major/minor axis ratio is above 600 for all wavelengths, indicating
that the polarization of the output light remains linear, as expected.
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Figure S11: (Top) Spectra of the unpolarized LED light source acquired with the 600 1/mm
grating in the range of -100 cm™! to 1750 cm™! relative to the central wavelength of 785
nm, for the H (green line) and V (orange line) polarization states. The flat response at
wavenumbers < 50 cm™! is due to the cutting effect of the Raman edge filter. (Bottom)
V/H intensity ratio plotted in the same spectral range.
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Figure S12: Raman spectra of CCly acquired under two different polarization states, parallel
(V, blue line) and cross-polarized (H, green line), using 785 nm excitation. The orange
line represents the spectrum after compensation for the instrumental response, referred to
as "pol V corrected” spectrum. This compensation step is necessary to obtain the correct
depolarization ratio.
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Figure S13: (Top) Spectra of the unpolarized LED light source acquired with the 1200 1/mm
grating in the range of -100 cm™! to 1750 cm ™! relative to the central wavelength of 638
nm, for the H (green line) and V (orange line) polarization states. The flat response at
wavenumbers < 50 cm™! is due to the cutting effect of the Raman edge filter. (Bottom)
H/V intensity ratio plotted in the same spectral range.
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Figure S14: Raman spectra of CCly acquired at 638 nm excitation in parallel- (VV, blue
line) and cross-polarized states (VH, orange line). Spectra are offset for clarity.
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Figure S15: As acquired (blue line) and corrected (orange line) Raman spectrum of CCly
acquired at 638 nm excitation in the cross-polarized state.

(b)

Figure S16: Scanning electron microscopy images of Au nanoclock arrays, when A = 500 nm.
(a) # =90° and (b) # = 180°. The scale bars represent 500 nm
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