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Nanophotonic Ion Production from Silicon Microcolumn Arrays**
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Highly confined electromagnetic fields play an important role
in the interaction of laser radiation with nanostructures.!
Near-field optics show great potential in manipulating light on
a sub-micrometer scale or even on the molecular scale.”
Nanophotonics takes advantage of structures that exhibit
features commensurate with the wavelength of the radiation.
Among other applications, it has been utilized for nano-
particle detection,”! for the patterning of biomolecules,* and
for creating materials with unique optical properties.”) The
latter include laser-induced silicon microcolumn arrays
(LISMAs), which are produced by ultrafast laser processing
of silicon surfaces!® and are known to have uniformly high
absorptance in the 0.2-2.4 um wavelength rangel’! as well as
superhydrophobic properties.® At sufficiently high laser
intensities, the molecules adsorbed on these nanostructures
undergo desorption and ionization and eventually exhibit
unimolecular decomposition. The resulting ion fragmentation
patterns can be used for structure elucidation in mass
spectrometry.”) Manipulation of ion production from biomol-
ecules with photonic structures (i.e., photonic ion sources)
based on the interaction of laser light and nanostructures,
however, has not previously been demonstrated.

Herein we report a dramatic disparity in the efficiency of
ion production from LISMAs depending on the polarization
of the incident laser beam. When the electric field of the
radiation has a component that is parallel to the column axes
(p-polarized beam), the desorption and ionization processes
are efficient, whereas if they are perpendicular (s-polarized
waves), minimal ion production is observed. These results are
also corroborated by studying the ion yield as a function of the
incidence angle of an unpolarized laser beam. This strong
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directionality in ion production is a unique feature of these
nanostructures.

LISMAs were created by exposing low-resistivity p-type
silicon wafers to 600 pulses from a mode-locked frequency-
tripled Nd:YAG laser (0.13 Jcm?) in an aqueous environ-
ment. The resulting processed areas (ca. 1 mm?) were covered
with quasi-periodic columnar structures that were, on the
average, aligned perpendicular to the silicon wafer. Fig-
ure la,b shows a top view using atomic force microscopy

Figure 1. a) Top view by AFM reveals the quasi-periodic arrangement
of the microcolumns in LISMA. b) Cross-sectional view by SEM shows
an average column height and diameter of approximately 600 and

300 nm, respectively, with 200 nm troughs between the columns.

c) Two-dimensional FFT of a top-view image by SEM reveals the
approximately 500 nm mean periodicity of LISMA structures. d) Sche-
matic depiction of the incident laser beam microcolumn interaction.

(AFM) and a cross-sectional view using scanning electron
microscopy (SEM). The average periodicities of the resulting
arrays were determined by taking the 2D fast Fourier
transform (FFT) of the SEM image (Figure 1c). A weak
ring indicates some nondirectional local periodicity, with a
typical spacing of about 500 nm. The schematic depiction in
Figure 1d shows the relationship between the laser beam and
the microcolumn with the electric field vector for a p-
polarized ray E;, its components parallel (£, = E;cos ;) and
perpendicular (£, = E;sin ;) to the substrate, and the angle of
incidence ¥,.

After cleaning and drying, these structures were used as
substrates for laser desorption ionization experiments.
Experiments were conducted to investigate the ion yields
for various organic and biomolecules as a function of
substrate orientation with respect to the beam direction for
unpolarized laser beams and their dependence on the angle
between the plane of incidence and the electric field vector
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for polarized laser beams. Typically, 1 pL. of sample solution
(ca. 0.001mm in 40 % methanol) was directly deposited on the
LISMA and inserted into a time-of-flight (TOF) mass
spectrometer (MS). Similar to matrix-assisted laser desorp-
tion ionization (MALDI), pulses from a nitrogen laser were
used to produce the ions.

For MALDI, the incidence angle of the desorption laser
beam with respect to the sample had no effect on the analyte
ion yield' and only moderate influence on the total
desorption yields. For the polycrystalline samples produced
by the common dried droplet sample preparation technique
in MALDI, this observation was rationalized in terms of the
random orientation of the matrix crystals. On LISMA
substrates, however, the average column orientation is
perpendicular to the wafer. Moreover, the mean periodicity
of the LISMA structure is commensurate with the wavelength
of the laser light. Thus, directionality of the interaction
between the laser beam and the LISMA structure was
explored by altering the sample orientation in the mass
spectrometer. The LISMA substrates were mounted on three
different facets of a cylindrical sample probe machined to
produce 45, 15, and 0° incidence angles. Ion yields for
verapamil (see Figure 2a) and the neuropeptide substance P
(see Figure Sla in the Supporting Information) revealed a
dramatic decrease in ion yield between 45 and 15° and close to
zero signal at 0°. From the perspective of a simple illumina-
tion geometry argument, these results are counterintuitive,
because at 0° incidence angle the troughs between the
columns are more exposed to the laser irradiation than in
the 45° case.

Conventional MALDI experiments were also conducted
on the different facets of the probe using 2,5-dihydroxyben-
zoic acid (DHB) as the matrix. Figure 2b,c compares the
MALDI mass spectra for incidence angles 45 and 0°. The
essentially unaltered ion yields indicated that the dramatic
decline in ion yields on LISMAs could not be explained by the
reduced ion collection efficiency in the source at 0°.

Laser surface processing of silicon at elevated fluences
(e.g., ca. 0.8 Jecm?) with plane-polarized beams showed that
p-polarized beams, with the electric field vector in the plane
of incidence, were the most efficient in producing nano-
structures.”” The p-polarized

beam seems to be absorbed a) & .
125 &
more strongly by the perturbed 10.36 uJ
silicon surface than its s-polar- T1°°
ized counterpart, for which the o
electric field is perpendicular to 75 L |
the plane of incidence.! g -
To explore the interaction 9 @8, 3 IR

of electromagnetic waves and
LISMAs in desorption ioniza-
tion experiments, a plane-polar- e
ized laser beam was used at '
typical fluences (ca. 0.1 Jem™?)

bates. By rotating the plane of
polarization from p to s while
maintaining the energy of the
laser pulse at approximately
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Figure 2. a) lon yields for verapamil desorbed from a LISMA decrease
dramatically between incidence angles of 45 and 15° and vanish at 0°.
Insets show the mass spectra for 45 and 0°. MALDI experiments show
no change in the spectra for incidence angles of b) 0 and c) 45°. A
simple model prediction, analogous to Equation (1), is shown by the
dashed curve.

10 J, the ion yield from LISMAs showed a dramatic drop.
Figure 3 compares the laser desorption ionization spectra for
verapamil for unpolarized, p-polarized, and s-polarized
beams. Compared to the unpolarized beam in Figure 3a,
only a slight decrease in the signal was observed when the
LISMA was exposed to the p-polarized ray (Figure 3b),
whereas the s-polarized ray (Figure 3¢) showed no signal at
all. Similar results were obtained for other adsorbates, such as
small organic molecules (reserpine) and peptides (leucine
enkephalin and substance P), for which a marginal signal or
no signal was observed for the s-polarized beam (see
Figure S2 in the Supporting Information).

In commonly used soft ionization methods, such as
MALDI, polarization dependence of ion yields are not
reported. As a control experiment, we studied the MALDI
ion yields of verapamil from DHB matrix with plane-
polarized laser beams. Figure 4 shows that no significant
difference exists between the MALDI spectra using p-
polarized and s-polarized rays (Figure 4b,c). This finding
can be rationalized by considering the random orientation of
the matrix crystals (Figure 4a) in the polycrystalline sample.
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Figure 3. lon yields from LISMA were compared for laser desorption ionization experiments with

a) unpolarized, b) p-polarized, and c) s-polarized rays at approximately 10 uJ per pulse from a nitrogen
laser. The p-polarized ray had similar ionization efficiency to the unpolarized ray, whereas no signal was
detected with the s-polarized ray.
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Figure 4. a) Random orientation of matrix crystals is observed in the
microscope image of the sample. MALDI mass spectra show no
significant change between b) the p-polarized and c) the s-polarized
rays.

To investigate the transition in ion production between
the s- and p-polarized beams, the total ion yield Y for leucine
enkephalin was recorded as a function of polarization angle ¢,
while a pulse energy of approximately 10 pJ was maintained
(Figure 5). As a comparison, the MALDI ion yield from DHB
matrix was also recorded. For the LISMA platform, ion
production gradually diminished as the plane of polarization
was rotated from parallel (p-polarized) to normal (s-polar-
ized) to the plane of incidence, whereas no significant trend
was observed for MALDI. Specifically, the LISMA ion yield
for the p-polarized ray (Y,) was approximately 110 times
greater than that of the s-polarized ray (Y;). When we
performed these experiments going from the s- to the p-
polarized beam, no hysteresis was observed in the ion-yield
curve. Similar results were obtained for small organic
molecules and peptides, including reserpine, verapamil, and
substance P.
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Figure 5. Total ion yields for leucine enkephalin were compared for
LISMA (m, —) and MALDI from DHB matrix (@) as the plane of
polarization was rotated from s-polarized to p-polarized while the
pulse energies were maintained at approximately 10 pJ. Simple model
prediction, analogous to Equation (1), is shown by the dashed curve.
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The formation of LISMAs and other laser-induced
periodic surface structures (LIPSS; e.g., gratings) demon-
strate the resonant interactions of these modulated surfaces
with laser radiation of commensurate wavelengths. At
elevated fluences, for example 0.4-0.8Jcm™? for 248 nm
light impinging on silicon, the formation of these structures is
promoted by the interference between the incident and the
reflected, refracted, or surface electromagnetic waves
(SEW). While below the melting temperature surface
acoustic waves (SAW) are formed, laser-modulated capillary
waves (CW) dominate with the appearance of a transient
molten layer at elevated fluences, and interference evapo-
ration instabilities (IEI) become important with the onset of
rapid evaporation.!'”!

Similar to the evidence found for the formation of LIPSS,
our observations on adsorbate ion yields at low fluences
indicate a strong dependence on the angle of incidence (see
Figure 2) and on the polarization of the laser light (see
Figure 5). Let us examine first if energy deposition by the
SEW can explain our observations. The amplitude of SEW is
proportional to the projection of the incident wave electric
field vector E; on the substrate. If the desorption process were
to be stimulated by the SEW that is resonant with the LISMA
structure, the observed angle dependence of the ion yield
could be explained by the variation of the SEW intensity with
the incidence angle. For a p-polarized beam with angle of
incidence ¥;, the substrate projection of the electric field
vector is E = E;cosv;, predicting maximum SEW intensities
for ¥, = 0° with continuous decline as ¥J; approaches 90°.*1%!
Thus, energy deposition from SEW must not be the driving
force behind laser desorption from LISMAs, because the
observed ion yields exhibited the opposite trend, that is, they
were zero at ¥;=0° and significantly increased as 4,
approached 45°.

For p-polarized incident laser beams, efficient LIPSS
and LISMA formation" was observed, whereas s-polarized
radiation showed no or reduced surface structuring. Analo-
gously, ion yields from adsorbates on LISMAs dramatically
decreased when the incident beam polarization was changed
from p to s.

A possible explanation of this difference can be based on
the difference in laser-surface coupling for axial versus
transverse excitation of the columns. The height of the
columns is approximately two times the 337 nm wavelength of
the desorption laser. This structure and its electrostatic image
in the “ground plane” of the bulk substrate would add to form
an efficient antenna for p-polarized, but not s-polarized, light.
The lateral dimension of the columns is about one wave-
length, but the image in the bulk would negate, rather than
enhance, the laser-induced polarization. Furthermore, the
lateral spacing of 500 nm is about 1.5 wavelengths, so the
phase differences between columns lead to cancellation of
induced polarization. It seems likely, therefore, that p-
polarized laser light is significantly more efficiently absorbed
by the columns than s-polarized light. This discrepancy will
result in large temperature differences during the laser pulse,
which translate into differences in desorption efficiency and
ion yield.

[14]
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In a simple picture, the absorption efficiency depends on
the projection of the electric field from a light wave polarized
in the ¢; plane onto the microcolumns protruding perpendic-
ular to the substrate, E | = E;sind;cos¢;. Thus the part of the
laser intensity that is axially absorbed in the columns can be
expressed as in Equation (1), where the incident light

I, = I;sin®¥,; cos’ ¢, 1)

intensity is I;= c&, E?/2 and ¢, is the dielectric permittivity in
vacuum. The extrema of Equation (1) are consistent with our
experimental observations. For right-angle illumination (¢; =
0°) with light of any polarization, there is no axial absorption,
because 7, (1;=0°) = 0. For a nonzero angle of incidence (e.g.,
9¥; =45°) p-polarized beams with ¢; = 180° result in maximum
energy deposition, whereas for s-polarized radiation with ¢; =
90°, no axial modes are excited.

Thus, energy deposition by axial absorption in the micro-
columns is consistent with our low-fluence ion yield data. The
dashed line in Figure 5, Y =Y, cos’, reflects the polarization
angle dependence in Equation (1). For 90° < ¢; < 130° and for
180°, the agreement with experimental data is excellent,
whereas between 140 and 170° there is a considerable gap
between the prediction by this simple model and the
measured values. It is likely that in this polarization angle
range, additional factors not incorporated into the present
model play a significant role. Importantly, above a threshold
intensity the linear [; dependence in Equation (1) prevails
when the angle of incidence and the polarization are kept
constant (see Figure S3 in the Supporting Information).

Further testing of our hypothesis based on the role of axial
absorption modes in laser desorption from LISMAs can be
carried out by changing the aspect ratio /4/d and the height-to-
wavelength ratio 4/4 of the microcolumns. If this hypothesis is
correct, as the aspect ratio approaches //d < 1 the influence of
the angle of incidence and the polarization angle on the ion
yield is expected to diminish. Similarly, the length of the
columns in wavelength units (4/4) will affect the efficiency of
coupling of the laser energy to the LISMA structure.

In the laser desorption of adsorbates, the aspect ratio of
troughs (h/t, where t is the width of the troughs) impacts a
different set of processes. The ability to retain residual solvent
molecules and large amounts of adsorbate increases with A/t.
Nanoporous desorption substrates in desorption ionization on
silicon (DIOS)"” and in nanostructure-initiator mass spec-
trometry (NIMS)!'¥! are extreme examples of structures with
high trough aspect ratios. As the laser pulse produces a plume
from these species, owing to confinement effects, the plume
density, persistence, and chemistry are enhanced for high
trough aspect ratios.!'”)

The ion production properties on LISMAs described
herein represent the first example of nanophotonically
modulated ion sources. Owing to their structure, energy
coupling between the LISMAs and the laser radiation is
fundamentally different from MALDI, DIOS, and NIMS.
Thus, they enable the control of ion production by varying
laser radiation properties other than simple pulse energy, in
particular the angle of incidence and the plane of polarization.
Photonic ion sources promise to enable enhanced control of
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ion production on a micro- and nanometer scale and direct
integration with microfluidic devices.

Experimental Section

Low-resistivity, p-type mechanical grade silicon chips (surface area
ca. 3mm?) were placed in a water processing environment and
exposed to repeated laser irradiation from a mode-locked frequency-
tripled Nd:YAG laser with 355 nm wavelength and 22 ps pulse length,
producing a 1 mm diameter laser spot. The resulting processed spot
with the LISMAs was placed in a time-of-flight mass spectrometer
(TOF-MS) for soft laser desorption ionization experiments using
unpolarized and polarized nitrogen laser beams. Polarization was
achieved using a Glan-Taylor calcite polarizer, and the polarized
beam was attenuated with a neutral density filter to maintain a
consistent pulse energy of approximately 10 uJ. Experiments were
conducted on a home-built TOF-MS.”” Additional details on the
materials and methods are provided in the Supporting Information.
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