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Second harmonic generation from aluminum
plasmonic nanocavities: from scanning
to imaging†
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Metamaterials and plasmonic structures made from aluminum (Al) have attracted significant interest due

to their low cost, long-term stability, and the relative abundance of aluminum compared to the rare

metals. Also, aluminum displays distinct dielectric properties allowing for the excitation of surface

plasmons in the ultraviolet region with minimal non-radiative losses. Despite these clear advantages,

most of the research has been focused on either gold or silver, probably due to difficulties in forming

smooth thin films of aluminum. In the present work, we detect and characterize second harmonic

generation (SHG) in the optical regime, emanating from triangular hole arrays milled into thin aluminum

films in reflection mode, at normal incidence. We report intense nonlinear responses, year-long stability,

and overall superior performances with respect to gold. The robustness of the Al structures and high

reproducibility of the measured SHG responses allowed us to investigate changes in the directional

emission upon tiny modifications in the structure’s symmetry. We also demonstrate large-field

instantaneous SHG imaging over areas containing several hole arrays using a recent, non-linear single-

spinning disk microscope. Such high spatio-temporal resolution imaging has important applications,

e.g., when studying chemical transformations occurring at electrode surfaces during charging and

discharging cycles, as well as ageing.

Introduction

Non-linear optical processes, including second harmonic gene-
ration (SHG), are highly sensitive to surface modifications, such
as asymmetry, defects, dipole orientation, changes in the local
chemical environment, or the refractive index,1–7 and they are
used for the readout of surface properties and modification in
many fields.8–15

SHG is a process in which two photons at the fundamental
frequency (o) combine to form one photon at the double
frequency (2o). As a second order process, SHG responses
from materials with inversion symmetry such as metals are
negligible.16 Although, SHG signals are inherently weak, the
enhancement of the electromagnetic (EM) field at 2o or/and at
o can improve significantly the signal intensity in proportion to
(|E(o)2|�|E(2o)|)2.1,3,17–19 One way to enhance SHG responses is

coupling to plasmonic modes.20,21 Surface plasmons (SPs) are
coherent oscillations of the metal’s free electrons19,22–24 and
due to their deep confinement, they provide the required field
flux densities. Enhanced nonlinear optical responses have been
demonstrated on various thin-layer metals, and for both nano-
particles and nano-cavities milled in thin films.1,2,17,18,25–27

Despite their optical losses due to interband transitions
(for Au at B520 nm),28–34 Ag or Au surfaces are often used for
plasmonic devices. Aluminum (Al), on the other hand, has no
transition at the UV-visible and almost perfectly fits to the
Drude free electron model, with a narrow interband transition
in the near-infrared.17,28,33,35 Its high bulk-plasmon energy of
about 15 eV36 is an advantage for plasmonic devices, which
potentially can operate in the UV.32,36–43 In addition, the value
of the low work function of Al is suitable for electron injection
and thus for opto-electronic devices and for complementary
metal-oxide-semiconductor (CMOS) applications.44 Indeed, Al
has been recognized as a metal of choice for expanding the
functioning photonic devices into the visible-UV range.28,45–50

Yet, unfortunately, preparing smooth aluminum surfaces is
quite challenging, due to high surface mobility of its atoms,
leading to relatively large grain size, and producing defects at
the nano scale.39
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Nevertheless, SHG responses from aluminum well-defined
plasmonic nano-structures have been successfully demon-
strated,1,17,51–53 with conversion efficiency of about ZSHG B
10�12 have been reported,16 comparable to other well-defined
plasmonic nano-structures from gold or silver.18,54 Of note,
relatively high conversion efficiency of ZSHG B 10�11 was
observed from silver 3D metallic networks.55 On the other
hand, relatively few imaging studies reading out SHG from
plasmonic structures in general have been reported,56 probably
due to low conversion efficiency.

In this paper we study SHG response emanating from
triangular hexagonal hole arrays milled in thin aluminum film
(B200 nm), excited at normal incidence at reflection mode.
We report high nonlinear responses from samples that remained
stable over years, thus showing an overall superior performance
with respect to other plasmonic surfaces. The robustness of our
structures and the high reproducibility of the measured signal
allowed us to investigate changes in directional emissions upon
small modification of the array periodicity. Finally, the high non-
linear efficiency lends itself in a natural way to demonstrate SHG
imaging over large surface areas, containing several hole arrays
structures, by using a new non-linear single spinning disk
microscope.57 Our high spatio-temporal resolution SHG imaging
scanned an area of 200 mm by 200 mm within less than 480 ms, at
146 nm per pixel. We believe the high efficiency together with our
SHG imaging technique can pave the way for studying dynamic
chemical transformations occurring at metallic electrode surfaces.

Results and discussion

In order to match the plasmonic modes to resonate with both
the fundamental beam and the SH wavelengths, we used a
triangular hexagonal hole array with different periodicities,
P, that we varied from 305 nm to 505 nm. All arrays have an
identical sub-unit of a triangular cavity with a side length of
B225 nm and a base of B215 nm. All samples were fabricated
using focus ion beam (FIB) milling in a flat 200 nm Al film, and
all were coated by a B150 nm thick PVA film. In order to obtain
smooth aluminum film on a fused silica substrate, the sub-
strates have been carefully cleaned and special care was taken
upon film deposition as is described in the experimental part.
Film deposition resulted in a smooth film with average grain
sizes of about 30 nm, allowing for accurate FIB milling of the
triangular holes (see Fig. 1a). An example of the linear response
of a hexagonal array with P = 405 nm is shown in Fig. 1b.
Two main peaks are observed, one in the near–IR and the other
in the visible regime.53 These plasmonic modes overlap with
both the fundamental (o) and the SH wavelength (2o) at
940 nm and at 470 nm, respectively. The observed minimum
at B830 nm is due to the intra-band transition of Al.58,59 The
linear optical responses of all studied triangular arrays are
summarized in Fig. 1c, which displays the dispersion relation
of the measured plasmonic peaks with respect to the momen-
tum (B1/P), the full width at half maximum (FWHM) are indi-
cated on the graph. The graph shows also a good agreement

with the extraordinary transmission observed light micro-
graphs shown in Fig. S1 (ESI†).60

In order to measure SHG, we excited the plasmonic structures
at 940 nm and normal incidence and collected the response in
reflection mode through a NA-0.5 air objective after appropriate
filtering, Fig. 2a. To make sure that we collected SH photons,
we also measured the SH spectrum (see below). A typical result of a
SHG scan of triangular array with P = 380 nm is shown on Fig. 2b.
We note that the non-linear response was quite uniform over the
array and decayed at the array boundaries. The response of the
array was about 6 times higher compared to the surrounding
smooth Al surface (see Fig. S2, ESI†). As expected, SH intensities
showed a quadratic power dependence (Fig. 2c). Of note, our
aluminum plasmonic structures can sustain an average laser
power of 10 mW.

Next, we compared the resulting SHG intensities emanating
from arrays with different periodicities P at two orthogonal
polarizations of the excitation incident beam. For each array,
we acquired SHG responses for two orthogonal polarizations, as
shows in Fig. 3a. Although higher responses were observed for
arrays with periodicities P between 380 and 480 nm which
resonate better with both the fundamental (o) and the SH (2o)
wavelengths (see Fig. 1c), the response modulations were not
high enough to draw firm conclusions.

SHG spectra of those arrays are shown in Fig. 3b. The sharp
decrease near 500 nm is due to the BP filter (see Fig. 2a for set-
up description). A particular case is the spectrum of the array
with P = 305 nm (blue, see inset image), showing signal that was
not only due to SH process, but also due to photoluminescence,
which explains the relatively ‘high’ response observed on
Fig. 3a at 305 nm for 01 polarization (o 2). We think that,
especially at this polarization, the localized EM field, leads to
other multiphoton processes as well, among them photo-
luminescence.13

In order to obtain information regarding the second order
susceptibility, w(2), which reflects the material symmetry, we
measured SHG upon full excitation polarization scans.61

In these experiments, the excitation polarization is modified
by rotating the motorized HWP, and SHG is simultaneity
detected by two APDs, on orthogonal arms of the PBS (see
Fig. 2a and 4a). Since only the excitation polarization is
modified but the analyzers are fixed, we expect quadrupole
polar plots for our structures having a three-fold symmetry.61,62

Indeed, SHG emanating from a triangular hole-array having
P = 380 nm and collected by two orthogonal APDs showed a
clear quadruple symmetry. As a corollary, this result also
indicates the stability of the plasmonic system as the response
was stable over the min required for scanning the entire hole
array (note that the SHG responses at the starting/end points
are virtually identical, and the ‘‘cloverleaf’ figures are perfectly
closed).3 In addition, we show on Fig. S3 (ESI†) the overlay of
two measurements taken from the same array more than three
years apart that clearly gave a similar result, attesting the long-
term stability.

Next we measured similar SHG-intensity polar plots from
structures having different periodicities, Fig. 5. Although, in
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principle, all arrays have the same lattice symmetry and are
composed of the same triangular cavities, their SHG emission
patterns differed, showing a smooth variation with P. Fig. 5a
displays the intensity ratio (901/01) of the combined SHG (Ix + Iy,
brown) response as a function of P. The dominant SHG dipole
emission is reversed, as is seen by the calculated ratio, which
increase from B0.5 to B2 for larger periodicities. The shift of
the dipole is clearly appreciated as well on the polar plots
measured for all the arrays (Fig. 5a, top row). Fig. 5b draws a
cartesian representation for three selected arrays with different
P: where the SHG dipole was dominantly in x direction (P =
305 nm), in y direction (P = 455 nm), and an intermediate mode
(P = 380 nm). The same data are identified on Fig. 5a by blue
circles having the same line style (for further information see
Fig. S4, ESI†).

What is the reason for this unexpected behavior? We excluded
the role of the fundamental wavelength, by repeating our mea-
surements at different wavelengths (Fig. S5, ESI†). We next
considered the spatial arrangement of the triangle nano-cavities
vs. bulk Al surface, which impacts on the spatial distribution of

the plasmonic modes. As a matter of fact, previous research has
shown that the plasmonic modes of triangle nanocavities con-
centrated on the triangle’s sides, and they can propagate onto the
metal conductive surface, allowing for a hybridization between
close by nanocavities to form a new eigenmode onto the flat
surface, whose frequency is dependent on the distance between
them.16,18,63 Thus, depending on the proximity between nearby
units (cavities), we expect the spatial localization of the enhanced
EM field to be changed.

This is illustrated in Fig. 6, which shows the observed
dipolar and quadropolar SHG responses as polar plots, along
with the expected location of surface plasmon hotspots. At low
periodicity (P = 305 nm), the proximity between the nano-
cavities makes it difficult for the plasmon to propagate on the
metal surface, so the plasmon modes will be located on the
triangle sides (Fig. 6 left). That can also explain the anomaly we
saw at the spectra in Fig. 3b, of more parasitic photons from
P = 305 nm compared to the other spectra.

When the periodicity increases, the distance between two
cavities is such that plasmonic modes propagate onto the

Fig. 1 Linear optical measurements. (a) Scanning electron microscope (SEM) image of a typical Al triangular hole-array. (b) Linear transmission spectrum
of an array with periodicity P = 405 nm, shows plasmonic modes at o = 940 nm and at 2o = 470 nm (marked by red and blue dashed bands).
(c) Dispersion relation of a set of arrays with Ps of 305 nm to 505 nm with their FWHM (momentum of 2p/P). The dash line indicates the interband
transition in aluminum and the solid lines are guides lines for the position of both fundamental wavelength and SH frequencies. See also Fig. S1 (ESI†) for
transmission spectra and images.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
Ju

ne
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
3:

51
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp01678a


18918 |  Phys. Chem. Chem. Phys., 2023, 25, 18915–18925 This journal is © the Owner Societies 2023

surface between the cavities and form hot spots located in between
the nanocavities (Fig. 6, middle and right).64,65 Geometrical factors
also shape the precise location: for P = 380 nm, the plasmon
mode is located in the middle of the circle (blue) inscribed in
the isosceles triangle (dashed yellow), meaning at the center
between three adjacent nanocavities. On the other hand, for
P = 455 nm, the symmetry is broken and the circle is no longer
in the middle but slightly shifted to the triangle base as the
yellow triangle grows. This leads us to believe that the plasmo-
nic modes of the triangular nanocavities at the base of the
yellow triangle become more dominant as do the plasmonic
modes located nearer to them (black arrow).65 That can give a
plausible explanation, based on theoretical calculations from
ref. 65, to the shape change in the polar plots, from dominantly
x direction (triangle sides) to y direction (triangle base).

As mentioned earlier, the origin of the relatively high SHG
responses in these plasmonic structures lies in breaking the
symmetry by the sub-wavelength triangular cavities. The
enhancement is attributed to lack of inversion symmetry in
the triangular cavities and their relatively sharp corners.
In addition, the plasmonic eigenmodes of those hexagonal
arrays overlap both with fundamental beam and the second
harmonic wavelengths, ensuring that incident light and the

generated second harmonic light efficiently confined within the
plasmonic structure. The PVA on top of the metallic film, help to
achieve the resonance matching as well. Yet, the polarization-
dependent SHG measurements (see Fig. 5 and 6) indicate the
possibility for involvement of another mechanism related to the
formation of hotspots on the flat surface, between the cavities.
Consequently, the plasmonic modes excited at the triangular
cavities side lengths at the fundamental frequency propagate
onto the surface and combine to create hotspots at the SHG
frequency.18 The choice of aluminum hence, contribute to
formation of hot-spots between the cavities, as aluminum
posses less ohmic losses compared to other common used
metals in plasmonic (silver and gold).

The efficiency of those triangular plasmonic cavities milled
in aluminum has been measured and calculated to be approxi-
mately B2 � 10�11 (see Tables S1–S3, ESI†). Fig. 7 presents a
comparison between plasmonic structures milled in aluminum
and those milled in gold, having the same geometrical para-
meters. Despite using a higher laser power of 8 mW for gold
compared to 5 mW for aluminum, the SHG intensities are
found to be higher for the aluminum plasmonic structures.
Both aluminum and gold exhibit plasmonic properties that can
enhance the local electromagnetic field. Yet, as is mentioned

Fig. 2 SHG detection and typical results. (a) Schematic illustration of the SHG setup. The 940 nm beam from a Ti:sapphire laser is expanded to fill the
back aperture of a x50/NA0.5 air objective. The sample is piezo-scanned though the resulting focal spot. The excitation polarization is controlled by a
motorized rotatable half-wave plate (HWP). The dichroic mirror (DM) separate the reflected fundamental excitation beam from the SHG signal. Short-
pass (SP) and band-pass (BP) filters with cut-off at 500 nm are placed to reject parasite photons. The reflected SH response is directed via a polarized
beam splitter (PBS) onto two orthogonal avalanched photodiodes (APDs) operating in photon counting mode. Alternatively, the generated signal can be
detected on a spectrograph coupled to charge-coupled device (CCD) (for more details see Experimental section at ESI†). (b) Typical SHG response from
a triangular hole-array (P = 380 nm) over a scanned area of 5 � 5 mm2, l = 940 nm and laser power of 5 mW. (c) SHG intensity vs. laser power (dots) and
square power law (red), respectively. See also Fig. S2 (ESI†).
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above, due to interband transition in gold it has less plasmonic
response at this optical wavelengths region, making it less
efficient for SHG applications within this wavelength range.
Aluminum, on the other hand, support plasmonic excitation in

the ultraviolet and visible regions, making it superior for SHG
at this specific wavelength ranges. Furthermore, aluminum has
relatively low absorption, i.e., less optical losses compared to
gold at this wavelength range, leading to longer propagation

Fig. 3 Dependence of SHG on array periodicity and excitation polarization. (a) SHG intensities responses from a set of triangular hole-arrays with
different periodicities under two orthogonal polarizations of the incoming fundamental beam, 01 (o 2, light gray), 901 (o z, dark gray) and their average
(brown). (b) Reflection spectra 01 excitation polarization. All spectra show a clear peak at 470 nm, with some shoulder at B500 nm for some array. The
fundamental wavelength at 940 nm is seen as well at the far end of the spectrum. Inset: Spectra for P = 305 and P = 355 nm displayed higher and broader
spectrum for P of 305 nm, probably due to fluorescence.

Fig. 4 Rotational SHG for triangular hole array with P = 380 nm. (a) Illustration of SHG detection in two orthogonal channels (Ix and Iy). The diameter of
the fundamental beam impinging on the array was about 2 mm. (b) Polar plots of the excitation-polarization dependent SHG response for the two
orthogonal channels (Ix blue, Iy red), and their sum (Ix + Iy, brown) shows the w(2) tensor. (c) Cartesian representation of the same data as shown in (b), with
scale of conversion efficiency (ZSHG), see Table S1 at ESI.†
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length66 of the plasmonic modes and thus contributing to
more efficient light-matter interaction and SHG enhancement.

The comparison between gold and aluminum is summarized in
Fig. 7b, illustrating that indeed aluminum exhibits a higher

Fig. 5 Excitation polarization dependence of SHG. (a) Measured SHG-intensity ratio for two orthogonal excitation polarizations as shown on the polar
plot angles, 901 and 01 for a set of hexagonal arrays. Top: The correspondence polar plots SH emissions (Ix + Iy) for all the studied arrays. Inset: Indication
of 901 and 01 angles. (b) A cartesian presentation of emission polar plots collected at x direction for P = 380 nm (left), and P = 305 nm, 455 nm (right) and
their respective polar representation, right. Although all structures are made from the same sub-unit (triangular cavity), there is a clear and gradual change
in the SHG emission pattern.

Fig. 6 Heuristic explanation of the observed shift in the dipole axis. Top: Measured polar plots collected at x direction (blue). Down: Spatial distributions
of the plasmonic modes (red lobs/circles) in between three adjacent cavities (yellow polygons), for three arrays with periodicities of 305, 380 and 455 nm.
The blue circles are blocked in the yellow triangles. The little black arrow indicates changes in the spatial distribution of the EM field.
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efficiency by a factor of up to 3.5. Yet, since the SHG emanating
in those plasmonic structures only from the interface, their
susceptibility is still low compared to commercial nonlinear
materials, which are noncentrosymmetric by nature, as is
summarized in the table Fig. 7c.

The observed dependencies of the SHG response on both the
polarization angle and on tiny changes in the surface geometry
make our technique potentially attractive for monitoring
dynamic alterations occurring on metallic surfaces. These can
be as a consequence of surface chemical reactions, e.g., elec-
trode surface modifications in response to charge/discharge
cycles of batteries and other examples.3,53 However, in such
applications, the commonly used scanning-stage geometry
(that we also employed in our previous experiments) is too
slow, because macroscopic surface areas must be monitored. In
as much as SHG relies on high instantaneous photon intensi-
ties in the focus of a single fs-pulsed near-IR beam, the only
way to speed up acquisitions in such a single-spot geometry is

to shorten the pixel dwell time while compensating the signal
loss by cranking up the laser power, at the risk of damaging the
sample.

Interestingly, a very similar problem is encountered when
imaging large tissue volumes in biological 2-photon micro-
scopy67 at high spatio-temporal resolution. One solution that
has been proposed57 to increase the photon budget while
keeping non-linear damage low is a new rapid multi-spot
scanning scheme, in which a rapidly spinning disk is scanning
some 45–50 excitation spots over a large surface area, Fig. 8.
As a consequence of the optical-path design (Fig. 8a1), indivi-
dual excitation spots are located sufficiently far from one
another to produce cross-talk, and the generated signal is
detected in a mildly confocal geometry and imaged back
through the disk onto a sCMOS detector. Compared to other
multi-focal, multi-photon microscopes, this design has several
advantages: (i), using a modified Yokogawa scheme with
5000 microlenses, the instrument makes efficient use of the

Fig. 7 SHG responses of triangular hexagonal hole arrays (P = 405 nm) milled in Au and Al and covered by PVA. (a) Scanning of SHG responses,
fused with the SEM images for clarity. Scale bars are 2 mm. The laser power was 8 mW for Au and 5 mW for Al. (b) Histogram of the calculated
nonlinear coefficient, showing that for the same plasmonic structure, Al has higher nonlinear response. (c) A table which summaries the
nonlinear properties of the reported measured samples in this study and their comparison with other bulk materials such as Ba4B11O20F (see ref. 12),
and BBO (see ref. 58).
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available excitation power; (ii), the rapidly spinning disk,
together with a complex spatial pattern of the microlenses
results in a homogeneously lit field of view; (iii), unlike in a
classical Yokogawa microscope, the dichroic and emission
filters are in the infinity-corrected part of the beam path,
reducing the chromatic aberrations across the field and allowing
for sharp SHG detection; (iv), the high quantum yield of the used
sCMOS detector makes the arrangement very light-sensitive;
(v), the entire microscope comes in a one-box design and fits on
a small footprint, leaving a lot space for sample handling
(Fig. 8a2), see Experimental section for additional information.

Here we used this unique spinning-disk two-photon micro-
scope for experiments in which we simultaneously imaged a
metal surface with 7 triangular hole arrays featuring different
periodicities. The arrays were distributed on a 200 mm by
200 mm surface and imaged in less than half a second. Pixel
size was 146 nm. SHG was generated upon 780 nm excitation
(due to limitations in the detection wavelength) and detected
without polarization sensitivity. Fig. 8b shows an example of
one of the hole arrays in SEM image, Fig. 8c the overall SHG
response. As expected from the varying phase matching of
the exciting beam to the plasmon resonance, we observed
monotonously different intensities for arrays having different
periodicity, Fig. 8d. Fig. 8e zooms in on the triangular hole
array identified by an arrowhead on Fig. 8c, and reveals a
similar response as that shown on Fig. 8b using the classical

scanning-stage geometry. As before, SHG is consistently
observed from plasmonic arrays as well as surface defects.

Experimental
Sample preparation

The samples were prepared using glass substrate (0.6 mm).
Substrate was cleaned up by solution of ‘‘Hellmanex III’’ cleaning
solvent (1 : 100), in mild bath-sonication at 30 1C for 20 min.
Afterward, the substrates were washed thoroughly with doubly
distilled water (18.2 MO) and ethanol, and dried under nitrogen
flow (N2).

Metallic thin films (B200 nm) were deposited on the clean
glass slide by a direct current (DC) Magnetron sputtering
(‘‘BESTEC’’). During the sputtering, the samples were rotated
to enhance deposition uniformity. For 200 nm thick Al, the
working pressure was 2.9 � 10�3 mbar, the deposition rate was
B1 Å s�1, and the deposition time was 1662 s.

Fabrication of nano structures in thin film metal was made
using FIB technique. The glass/metal samples were milled by a
FIB (Helios NanoLab DualBeam 600, FEI). The currents and
voltages used for milling range from 9.7 to 48 pA, and 30 kV,
respectively.

To match the refractive indices on both sides of the samples
and to prevent sample oxidation, the sample’s surface were

Fig. 8 Large-scale high-throughput SHG imaging of plasmonic hole arrays on a custom non-linear spinning-disk microscope. (a1) Schematic optical
layout. Ti:Sapph - laser; DS - ‘DeepSee’ pulse compressor; BE - beam expander; M - mirrors; pi-shaper - changes beam profile from Gaussian to top-hat;
dic - dichroic mirrors; SD - spinning disk; TL - tube lens; OL - objective lens; CDE - corrective distance element; ISD - image splitting device; sCMOS -
camera. (a2) Photograph (side view) of the microscope and stage. (b) SEM image of one of the triangular hole arrays. (c) SHG overview image of the entire
field of view, acquired upon 480 ms exposure. (d) Intensity line-profile across the dashed line on c. Note the monotonous intensity increase with
periodicity. (e) Zoom on the 2nd array, identified on c. Pixel size was 146 nm, see also Fig. S6 (ESI†). Compare with the image on Fig. 2b.
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covered by a B150 nm-thick polyvinyl alcohol (PVA, 89 000–
98 000 mW, Sigma-Aldrich) layer 80 mg/2 mL, using spin-coater
(Laurell, ws-650), acceleration – 2000 rpm s�1, rotation speed –
5000 rpm. The PVA has an average refractive index in the visible
to near-infrared range of the order of 1.5 (as the refractive index
of glass, and therefore was used). See Fig. S7 (ESI†) for sample
description.

Linear optical measurements

Transmission spectra were recorded using an Olympus inverted
microscope (IX83 series), in bright-field (BF) mode, with light
source of halogen lamp (100 W, Olympus). The spectra were
collected with a 40� magnification (NA = 0.6) objective, and were
normalized to the transmission spectrum of a glass substrate
under the same optical conditions (in half of the exposure time).
The microscope was coupled to a spectrophotometer (IsoPlane
SCT-320, Princeton Instruments) and to a charge-coupled device
camera (CCD, PIXS1024b, Princeton Instruments).

Second harmonic generation (SHG) measurements

Second harmonic generation measurements taken by a home built
SHG set-up (see Fig. 2a and Fig. S8, ESI†). Samples were illumi-
nated by a tunable Ti:Sapphire laser (Spectra-Physics Mai-Tai HP,
100 fs, 80 MHz, 690–1080 nm). The samples were scanned with a
piezo stage (Piezosystem Jena) in closed-loop feedback. The line-
arly polarized laser beam was focused on the samples using a
50� objective lens (NA = 0.5), and the SHG signal was collected by
the same objective lens in reflection mode. The reflected light was
filtered by a dichroic mirror (Chroma) and band-pass filters
(Semrock), directed to a polarized beam splitter (PBS), and
detected by two avalanche photodiodes (APD, Count-100B-FC,
Laser Components), or directed to a spectrograph (Shamrock
303i) equipped with an electron multiplier charge-coupled device
(EMCCD) camera (Andor Newton) to collect the emitted spectrum.
The polarization measurements were carried out by varying the
input polarization angle of the fundamental field using a rotating
half-wavelength plate. The filtered-out laser beam is collected by a
beam trap. Before reaching the specimen, the laser beam reaches
another half-wave plate mounted on a motorized rotation stage.
The precise rotation of the l/2 plate turns the incident polarization
angle, allowing one to measure the dependence of the intensity of
the output SHG signal on the polarization of the incident beam.
The xy scan measurements were taken from an angle of 01 or 901,
the reflection spectra measurements were taken from an angle of
01, and the polar-plot measurements were all taken at angles of
01–3601. The two branches of the PBS correspond to two orthogo-
nal polarizations of the SHG signal emitted from the sample
(along the x and y axes). Matlabs was used to set-up the GUI.
The efficiency of the system components for series of wavelengths
is summarized in Fig. S9 and Tables S1–S3 (ESI†).

OASIS SHG imaging

We here briefly describe the microscope setup. A full characteri-
zation of the OASIS (for ‘‘On-axis 2-photon virtual light-sheet
generation in vivo imaging system’’) is published elsewhere.57

We generated SHG simultaneously in some 40 focused spots

that are scanned synchronously across the surface. The signal
was confocally filtered similar to a Nipkov-Petráň spinning disk
microscope.68 However, instead of two separate disks housing,
respectively, aligned arrays of microlenses and confocal pinholes,
we used a custom single disk that features some 5000 micro
lenses (each having 666 mm diameter) on the front side, and a
dielectric long-pass coating (715LP) on the rear side. The micro
lenses are arranged in four nested spirals. The dielectric coating is
spared on the rear side of the disk in 5000 spots of 60 mm
diameter co-axially aligned with the microlenses on the front side.
For the used Nikon �25/1.1NA objective, this ‘‘pinhole’’ size
corresponds to 2 Airy units.

For non-linear excitation, we expanded a 780 nm fs-pulsed
Gaussian laser beam of a Ti:Sapph laser (Spectra-Physics Mai
Tais DeepSee) five times, passed it through a pi-shaper to
convert the Gaussian laser beam to a top-hat beam and collimated
it to a beam diameter of about 5 mm that was aligned on the rear
side of the disk. The disk transmits the IR light and the micro
lenses generate a pattern of foci 7.8 mm in front of the disk. This
pattern is imaged into the sample plan via the tube lens (TL;
f = 200 mm) and objective (Nikon �25/1.1NA, water). Rotation of
the disk (5000 rpm) scans the pinhole pattern. Due to the four
nested spirals, a quarter rotation is sufficient for a homogenous
illumination of the sample, so a minimal acquisition time of 3 ms
is obtained. The back scattered SHG signal is collected by the
same objective, filtered and imaged onto a. sCMOS camera chip
(PCO Edge 4.2) with a total magnification of �36. However, to
pass the pinholes on the disk, on the way back, a corrective
distance element (CDE) between the TL and the disk introduces
an offset for the visible light two dichroic short-pass mirrors of
custom design, SP705 Alluxa, Santa Rosa, CA, USA), inset. A LP672
long-pass dichroic separated the SHG from backscattered and
reflected excitation light. An additional multi-photon emission
filter (ET700SP-2P, Chroma) was used to block residual excitation
light. With the current �5 beam expansion, this optical arrange-
ment results in an image of with effective field-of-view of about
200 mm, which is sampled at 182 nm per px. The OASIS micro-
scope (with the exception of the Laser and shutter) was con-
structed as a single metal monoblock with a voice coil-based
objective focus drive (Fig. 7a2). A movable mirror is used to switch
between SHG and bright-field transmitted light (with a f = 140 mm
TL and a separate USB camera, Point Grey, BFLY-U3-23S6M-C).
Having an effective magnification of�17.5, this alternative optical
path was used to get an overview of the plasmonic hole array
sample and identify regions of interest (not shown). The laser,
shutter, focus and image acquisition are all controlled by an
in-house microcontroller and software (TILL Siam). Images were
analyzed and displayed using ImageJ64. For a better visibility we
used a ‘‘rainbow’’ LUT and no further post-processing. Reported
intensities are pixel counts in arbitrary analog-to-digital units.

Conclusion

To conclude, efficient SHG from aluminum plasmonic surfaces
have been measured and analyzed in a systematic way, showing
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years long stability and efficiency of about ZSHG B 10�11 (see
calculations in Table S1, ESI†). High efficiency of those surfaces
enable us to run also SHG imaging over large areas of 200 mm
by 200 mm in less than half a second. We therefore expect that
the combination of polarization-sensitivity we showed together
with the large-area SHG imaging to be very useful for quality-
analysis of nanostructured thin films and high-throughput
surface inspection. For example in semiconductor wafer analy-
sis and in the field of batteries where understanding electrode
ageing is needed.

Small changes in the surface geometry make our technique
potentially attractive for monitoring dynamics alterations of
chemical processes and surface modifications occurring on
metallic surfaces.3
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