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Abstract

We present an elegant route for the fabrication of ordered arrays of vertically-aligned silicon
nanowires with tunable geometry at controlled locations on a silicon wafer. A monolayer of
transparent microspheres convectively assembled onto a gold-coated silicon wafer acts as
microlens array. Irradiation with a single nanosecond laser pulse removes the gold beneath
each focusing microsphere, leaving behind a hexagonal pattern of holes in the gold layer.
Owing to the near-field effects, the diameter of the holes can be at least 5 times smaller than
the laser wavelength. The patterned gold layer is used as catalyst in a metal-assisted chemical
etching to produce an array of vertically-aligned silicon nanowires. This approach combines
the advantages of direct laser writing with the benefits of parallel laser processing, yielding
nanowire arrays with controlled geometry at predefined locations on the silicon surface. The
fabricated VA-SiNW arrays can effectively transfect human cells with a plasmid encoding for

green fluorescent protein.
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1. Introduction

Arrays of vertically aligned silicon nanowires (VA-SiNW) have been proposed as a base material for
technology applications, from sensors [1] and solar cells [2, 3] to Li-ion batteries [4] and substrates for surface-
assisted laser desorption/ionization mass spectrometry (SALDI-MS) [5]. They are also used for life science
applications such as cell transfection, [6, 7] templates for studying cell motility, [8, 9] and drug delivery devices
[10]. Existing fabrication methods for ordered arrays of VA-SINW rely on patterning techniques such as
photolithography [11], interference lithography [12, 13], nanoimprint [14] or colloidal lithography [15, 16] in
combination with subsequent processes such as vapor—liquid-solid growth (VLS) [17], deep reactive ion etching
(DRIE) [18] or metal-assisted chemical etching (MACE) [19, 20]. Colloidal lithography, also known as
nanosphere lithography, combined with MACE is a very popular strategy employed for the fabrication of VA-
SiNW. Typically, a self-assembled monolayer of polymer microspheres is exposed to reactive ion etching (RIE) in
order to reduce the diameter of the microspheres, yielding a non-close packed (ncp) array. The ncp array is then
used as a mask during the deposition of a noble metal layer. The resulting patterned metal layer is used as
catalyst in a MACE process that yields arrays of VA-SiNW [19-22].

Here we present a different particle-based strategy that allows fabrication of multiple VA-SiNW arrays
with tunable wire diameter at desired locations on a same silicon wafer. In contrast to the widely reported
nanosphere lithography where particles are used as masks for subsequent metal deposition, our strategy exploits
self-assembled particles as microlens arrays for the near-field patterning of noble metal layers. A self-
assembled monolayer of transparent microspheres can act as a microlens array able to focus a laser beam onto
the surface of an underlying substrate, an approach that has been used for the near-field patterning of various
substrates, but rarely employed for the patterning of metal thin films [23-26]. We combine the near-field
nanopatterning of gold thin film with MACE to create ordered arrays of VA-SINW with tunable geometries, a
combination that has not been accomplished before to the best of our knowledge. A close-packed monolayer
of polymer microsphere is assembled on a gold-coated silicon wafer and irradiated by single ns-laser pulse to
remove the gold layer underneath, yielding a hexagonal pattern of uniform circular holes that retain the order

of the monolayer. The patterned gold layer is an excellent catalyst for the MACE process. The etch yields VA-



SiNW arrays at precise locations defined by the x-y coordinates of the laser spot on the sample. This enables

“direct writing” of SINW arrays, for example to integrate VA-SiNW into lab-on-chip applications.

2. Experimental details

Colloidal suspensions of monodispersed polystyrene (PS) microspheres with mean diameters of 1 pm and
500 nm were acquired from BangsLabs, (USA). Silicon substrates (<100> p-type, resistivity 5-30 mOhm-cm, Si-
Mat) were cleaned in an ultrasonic bath using isopropanol (Sigma-Aldrich), rinsed with deionized water
(Millipore) and dried under a nitrogen stream. Gold thin films with thickness in the range of 20-30 nm were
deposited on silicon wafer (coated by native oxide) using a standard DC magnetron sputter-deposition system
(Autofine Coater, JEOL). The gold-coated substrates were treated in oxygen plasma for 30 s at 0.3 mbar (low-
pressure reactor PICO, RF source at 13.56 MHz, Diener electronic, Ebhausen, Germany) at 50 W RF power to
render the metal surface hydrophilic for the PS microsphere monolayer assembly. Close-packed PS microsphere
monolayers were then convectively assembled on the gold coated silicon surface with area of ~2 cm” (Figure S1,
Supplementary Information) using a setup described in a previous report [27]. After monolayer assembly, some
samples were treated with RF oxygen plasma (0.3 mbar, P = 50 W) for 12 min to reduce the diameter of the PS
microspheres from 1 pm to 750 nm, resulting in a non-close-packed array [28].

Laser irradiation was performed using a Q-switched Nd:YAG laser system (Quanta-Ray Pro 290,
Spectra Physics, pulse duration 10 ns) operating at the third harmonic (A = 355 nm). The gold coated silicon
substrate with the particle-based microlens array on top was mounted on a x-y translation stage. A red laser
diode (P <1 mW) was used for guiding the ns-laser at precise locations across the sample. The spot size of the
ns-laser was in the range of 0.2-2 mm. The laser energy was measured using a laser power meter (Ophir),
considering the losses (~ 8 %) introduced by the optical components used in the experiment (i.e. focusing lens,
deflecting mirror). The laser fluence was determined by dividing the measured laser energy to the laser spot
produced on the sample surface. The PS refractive index used for the Mie calculations was n = 1.6 at A = 355

nm. After irradiation, the remaining PS microspheres were dissolved in toluene.



The MACE process was carried out at room temperature by immersing the silicon piece holding the
perforated gold layer for 1 - 13 min in a Teflon beaker containing an etching mixture of deionized water, HF, and
H,0, with concentrations 4.6 M and 0.44 M, respectively. After etching, the samples were rinsed in deionized water
and dried under nitrogen stream.

For the cell transfection experiment, Human embryonic kidney (HEK293, ATCC CRL-1573) cells were
grown and maintained at 37 °C with 5% CO, in DMEM supplemented with 10 % fetal bovine serum (FBS,
Sigma-Aldrich), 2 mM L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin (Invitrogen), for 2-3 d until
they were 70-80 % confluent. The adherent cells were detached and harvested by using 0.05% trypsin/EDTA
solution treatment. After trypsinization, the cells were seeded at a density of 1 x10° cells/mL in complete DMEM
medium. The VA-SiNW substrates were used for transfection of high-expression green fluorescent protein vector
(gWiz™ GFP, Aldevron) into HEK293 cells. To functionalize the VA-SiNW substrates with the plasmid, the
substrates were first placed in a 24-well sterile format, then sterilized in 70% ethanol and allowed to dry at room
temperature for 2 h. The VA-SiNW substrates were subsequently coated with poly-D-lysine at concentration of
167 pg/L and incubated at 4 °C overnight, followed by washing step with PBS (phosphate buffered saline). The
gWiz™ GFP was diluted to 20 pg/mL in PBS and 100 pL of this solution was added per well containing the
substrates which were then incubated overnight at 4 °C. Unbound plasmid was washed off with PBS. The
HEK293 cells were seeded at a density of 5x10° cells/mL in Opti-MEM medium (Life Technology) onto the
plasmid coated VA-SiNW substrates. Afterwards, the samples were incubated for 4-6 h at 37 °C in a humidified
atmosphere with 5 % CO,. The Opti-MEM medium was subsequently replaced with a complete medium
containing DMEM, FBS 10 % and incubated at 37 °C for 72 h. To assess the delivery of eGFP reporter gene into
HEK?293 cells, fluorescence images of the transfected cells were recorded under inverted fluorescence microscope
(Nikon TiS). WinTube software (Wimasis GmbH, Munich, Germany) was used for counting the number of total

cells and GFP positive cells that allowed calculating the transfection efficiency.



3. Results and discussion

The main processing steps are displayed in Figure 1. Fabrication starts with the convective assembly
of submicron polystyrene (PS) microspheres on a gold-coated silicon substrate of about 2 cm’ (Figure 1d). A
ns-laser pulse generated by a frequency-tripled Nd:YAG laser (A = 355 nm, t = 10 ns) is focused into
millimeter-sized spot on the sample that moves on a x-y translation stage. Figure S2 (Supplementary
information) shows separated spots on the surface of the microsphere monolayer after single-pulse laser
irradiations. The PS spheres act as microlenses for a single laser pulse that generates an ordered array of well-
defined holes into the gold layer (Figure le). The bright rims surrounding the holes form by near-field
ablation followed by dewetting of gold on the silicon surface. The rims are smooth and compact that make

these holes particularly suitable as catalyst for MACE to yield arrays of VA-SiNW (Figure 1f).

a) Single-pulse laser irradiation b) Hole array in Au layer & VA-SINW array by MACE

Figure 1. Process flow for the fabrication of VA-SiNW arrays. (a-c) Schematic illustration of the main steps. (d) Scanning
Electron Microscopy (SEM) image of a PS microlens array convectively assembled on the gold-coated silicon wafer. (e) Top-
view SEM image of a hole array in a gold layer produced by irradiating the microlenses with a single laser pulse (A = 355
nm, 7 =10 ns, ¢ = 30 mlJ/cm?). (f) Tilted SEM image of the array of VA-SiNW after 13 min MACE etching.

Mie-theory calculations predict the optical field enhancement beneath a focusing sphere, depending on

its diameter, refractive index and laser wavelength [23, 29]. Our calculations show that PS microspheres (n =

1.6) provide field enhancements between S : =36 (for 1 pm PS) and S : = 12 (for 500 nm PS) at a laser



wavelength of A = 355 nm, in the xy-plane directly below microspheres (Figure 2). Considering the measured
laser fluence incident on the PS microlens arrays in the range of 11-55 mJ/cm?, the fluence on the gold layer

below a focusing microsphere with a diameter of 1 um is estimated in the range of 400 mJ/cm’ to 2J/cm® for a

field enhancement of S : =36 (Figure 2a).
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Figure 2. Calculated z-component of the Poynting intensity distribution in the x-y plane right under laser-irradiated PS
microspheres of different diameters D. (a) D=1 pm (b) D =750 nm and (c) D = 500 nm.

Arrays of holes with diameters depending on laser fluence and microspheres size were fabricated in
gold-coated silicon wafers. Figure 3 displays typical arrays in a 30 nm thick gold layer formed underneath PS
microspheres with a diameter of 1 um. Figure S3 (Supplementary Information) shows hole arrays achieved
under extreme laser fluences. With 500 nm PS spheres assembled on a gold layer of same thickness (30 nm),
the holes were less homogenous or incompletely formed (Figure S4, Supplementary Information) that we
attribute to the lower field enhancement shown in Figure 2¢ and the smaller diameter of the near-filed spot that
becomes comparable with the gold layer thickness. In addition, the gold ablation threshold is expected to
increase with thickness [30]. Decreasing the thickness of gold layer from 30 nm to 20 nm resulted in uniform
holes with smaller size than those achieved with 1 pm PS (Figure 4 b-c). Thus, 500 nm PS microspheres
irradiated at low fluences (15-30 mJ/cm?) formed nanoholes with diameters less than 70 nm in the 20 nm gold
layer, which is below 1/5 of the laser wavelength. The main contribution to the formation of sub-wavelength
holes is attributed to the optical near-field effects [31-33]. In addition, we believe that the controlled dewetting
of gold thin film on the silicon surface essentially contributes to the definition of the submicron holes with

round shape and homogenous border as seen in Figure 3.
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Figure 3. Scanning electron micrographs of holes achieved in 30 nm thick gold layer irradiated through the microlens array
with single laser pulse (A = 355 nm, 7= 10 ns) at different laser fluences ¢: (a) ¢~ 33 ml/cm’, (b) ¢= 27 ml/cn?’, (c) p=~ 22
mJ/em?, (d) ¢~ 14 mJ/cm®. (e) Relation between hole diameter and fluence. Error bars represent standard deviation.

The focused laser beam reaches the underlying gold layer where the laser energy is absorbed and converted
into heat. Material properties, geometry and laser pulse duration 7, determine a characteristic heat diffusion

length /1 in the metal layer and ultimately set the resolution of the generated features:

l, =,Dr,

where D is the thermal diffusivity of the gold layer considered and 7, is the laser pulse duration [34]. The
thermal diffusivity of gold thin films with thickness below 30 nm was reported to be about an order of
magnitude lower than in bulk [35]. If we consider the thermal diffusivity of gold layer with thickness of 20 nm
to be about 8:10° m%/s and the laser pulse duration of 7,= 10 ns (Q-switched Nd:YAG), the heat diffusion

length is estimated at 280 nm. In our experiments, however, the smallest holes were below 70 nm in diameter

when using PS microspheres with diameter of 500 nm (Figure 4).



Figure 4. Typical arrays of holes generated in 20 nm thick gold layer using a microlens array of PS microspheres with
diameter of 500 nm irradiated by single-pulse laser at different laser fluence (a) ¢~ 43 mJ/cm’, D =270 + 20 nm (b) ¢ =
28 mJ/cm?, D = 87 + 20 nm (c) Smallest holes (D ~ 50 nm) observed at ¢~ 16 mJ/cm’.

The laser energy couples into the metal layer within a near-field spot with size of few tens of nanometres that
can locally induce melting or ablation, depending on laser fluence. As the optical penetration depth of the
gold at A = 355 nm is about 16 nm, most of the laser radiation is converted into heat within the metal layer
[36]. The laser-induced heat propagates at higher rate within the gold layer than into silicon substrate,
because of the increased thermal diffusivity of the gold. In addition, the presence of the native silicon oxide
may considerably limit the heat transfer between gold film and silicon surface [37]. As a consequence, an in-
plane temperature gradient develops in the metal film around the near-field spot where the temperature
reaches its maximum. It is conceivable that the nanoholes form close to ablation threshold, due to surface
instability induced by rapid thermal expansion, followed by gold dewetting on silicon surface [38, 39]. The
gold eventually cools down, resulting in the circular holes with homogenous rims that we observe. This
would also explain the behaviour of the PS microspheres during laser irradiation. Laser ablation implies
temperatures of a few thousands K [34]. One would expect removal of the focusing microspheres under such
conditions, as previously reported [23, 40]. We did observe removal of PS microspheres (D = 1um) at the
center of irradiated spot with laser fluences exceeding 70 mlJ/cm’. The SEM image in Figure S2a,
(Supplementary Information) reveals complete ablation of the gold layer in the central region of the spots,
because of Gaussian intensity profile of the laser beam, while hole arrays formed at periphery at a lower
fluence. Typically, within the fluence range required for the formation of holes in gold layer, the PS
microspheres remained on top of the generated holes, as shown in Figure le, suggesting dewetting of gold

induced by the near-field irradiation close to ablation threshold. That is also consistent with the incomplete



formation of holes in 30 nm thick gold layer shown in Figure S4 (Supplementary Information) and with the
irregular profiles of the holes produced on cracked gold layer (Figure S5, Supplementary Information). No
ablation craters were observed on the silicon surface exposed at the center of the generated holes in gold,
even at high fluence range (Figure S3b, Supplementary Information). Both size and shape of the hole array in
gold layer depend on the laser beam profile during monolayer irradiation. Round spots of hole arrays were
generated on the sample with the laser beam focused using a spherical lens (f = 5 cm). By using a cylindrical
lens (f = 5 cm), hole arrays with length up to 5 mm and width below 20 um could be achieved (Figure S2b,
Supplementary Information). The method can be scaled up to uniformly process large sample areas by expanding
the laser beam diameter and homogenizing the beam intensity profile. For example, the energy per pulse needed to
fabricate one cm” of hole arrays similar to the one shown in Figure 3¢ is 22 mJ. Considering that a common Q-
switched YAG:Nd laser can routinely deliver at least 300 mJ/pulse at the 3™ harmonic (A= 355 nm), the size of the
hole array generated with single pulse can be of the order of more than 10 cm?. To fabricate such large arrays with
identical hole diameter, however, the laser beam should have uniform intensity profile.

The diameter of the microlenses can be decreased using RF oxygen plasma [28], allowing to decouple
the pitch of the array from the desired hole size. Figure S6 (Supplementary Information) shows an ordered array
of non-close-packed array of PS microspheres produced by isotropic etching in RF oxygen plasma that reduced
the PS microspheres' diameter from 1 um to about 750 nm. The etched microspheres produced smaller holes
after single-pulse laser irradiation. We conclude that etching in RF oxygen plasma does not critically affect the
focusing properties of PS microspheres.

The perforated metal layers were employed as a catalyst for MACE etching to fabricate smooth VA-SiNW
with controlled diameter, length, cross-section profile and spacing. Figure 5 displays arrays of VA-SiNW from
holes generated at two laser fluences using PS microspheres with diameter of 1 um. Sparse arrays of VA-SiNW that
are challenging to achieve with the common route based on colloidal lithography and MACE are readily

obtained here (Figure 5d). The distance between nanowires is solely dictated by the original microsphere size.
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Figure 5. Ordered arrays of smooth VA-SiNW formed by MACE etching using laser-drilled gold films as catalysts generated
using PS microspheres with diameter of 1 um. (a) Array of holes with diameter of 515 + 23 nm generated in 30 nm gold layer by
single-pulse laser irradiation (A = 355 nm, ¢~ 30 mJ/cm?) through PS microlenses. (b) Smaller holes (245 + 16 nm) generated
at a fluence of ¢~ 16 mJ/cm’ (c) Tilted SEM micrograph of VA-SiNW emerging from the hole array in gold shown in (a) after
13 min MACE. (d) Sparse array of VA-SiNW resulted from holes displayed in (b) after 13 min MACE.

Typical array of holes and the resulting VA-SiNW obtained with PS microspheres with diameter of 500 nm are

shown in Figure 6.

Figure 6. Laser patterned gold layer and the resulting VA-SiNW obtained using PS microspheres with diameter of 500 nm as
microlenses. (a) Array of holes with diameters ranging from 170 nm to 200 nm generated in a 20 nm gold layer following

single-pulse laser irradiation (A= 355 nm, ¢ ~40 mJ/cm’) through the PS monolayer. (b) Array of VA-SiNW with same
diameter as the holes counterparts seen in (a) and length of about 360 nm resulted after 2 min MACE etching.
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The VA-SINW diameter can be tuned by controlling the size of the holes generated in the gold layer at
different laser fluences. For example, Figure 7 displays VA-SiNW with diameter ranging from ~ 280 nm to =~ 720

nm achieved using single-pulse laser shots with fluence in the range of 14 — 35 mJ/cm’.

Figure 7. Tuning the VA-SINW diameter using the hole arrays in gold layers generated at different laser fluences:
(a) ¢~ 14 ml/ecm?, (b) ¢~ 27 mJ/cm?, (c) ¢~ 35 mJ/cm”. The MACE etching time was 3 min.

As expected, the nanowire length is set by MACE etching time. The etching rate was estimated to 180
nm/min. Figure 8 shows typical arrays of VA-SiNW with different aspect ratios achieved using arrays of holes of

same diameter following MACE at various etching times.

Figure 8. Arrays of VA-SiNW with different aspect ratios set by MACE etching time: (a) 1 min, ' = 0.25 (b) 5 min, [’ =~ 1.4
and (c) 13 min, I' = 4. The etching rate was estimated at 180 nm/min.

We were also able to change the cross-section profile of the SiNW, using a patterning approach
previously reported [41]. By irradiating the PS monolayer at two different angles of incidence, arrays of holes
with asymmetric shapes were generated in gold thin films that were subsequently transferred into the underlying

silicon using MACE (Figure 9). This technique enables control of the cross-section profile.
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Figure 9. Fabrication of VA-SiNW with non-circular cross-section profile. (a) Schematic illustration showing the shift in
lateral position of the laser focal spot under the microsphere irradiated at two different angles of incidence. (b) SEM
micrograph of perforated gold layer with asymmetric shaped holes. (c) Resulted array of VA-SiNW after 4 min MACE using
as catalyst the hole array in gold layer shown in (b).

Our strategy for the fabrication of VA-SiNW arrays is substantially different from the widely reported
route based on colloidal lithography combined with MACE. Whereas in colloidal lithography the particles are
used as masks, we employ the particles as microlenses. This enables tuning of the SINW diameter and SINW
cross-sectional profile. Furthermore, multiple VA-SiNW arrays with controlled dimensions depending on laser
spot geometry can be fabricated at desired positions on the same sample. Parallel fabrication of ordered arrays
of VA-SiNW with diameter gradient can be readily achieved using laser beams with Gaussian profile.

One of the important applications of VA-SINW that requires precisely defined geometry is cell
transfection, where genes are delivered inside cells by penetrating the membrane without disrupting the cell
function [6]. Cell transfection has been demonstrated previously using nanowires from VLS-based, MOVPE, and
RIE growth processes [42]. Human embryonic kidney 293 (HEK293T) cells are often used to study cell function
and behavior and are an important model cell system for transfection studies [43]. We tested whether our laser-
fabricated sparse array of VA-SiNW are suitable as an in vitro platform for transfecting HEK293T cells using
eGFP as reporter gene. The VA-SINW arrays were functionalized with poly-D-lysine (PDL) to allow plasmid
sorption and to confer better cell adhesion. The fluorescence image in Figure S7 (Supplementary Information)
indicates successful delivery of eGFP into HEK293 cells, with a transfection efficiency exceeding 54 %. This
result achieved with a VA-SiNW array without optimization confirms our expectation concerning the feasibility of
this fabrication route for engineering of efficient cell transfection platforms. Further work is in progress to

fabricate arrays of VA-SiNW with optimum geometry for maximizing the transfection efficiency.
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Conclusions

Ordered arrays of VA-SiNW were fabricated by single-pulse laser irradiation of self-assembled polymer
microspheres employed as microlens array to drill holes in a gold layer that acted as catalyst in a MACE
process. We showed that ns-laser processing in the near-field can form holes with diameter at least 5 times
smaller than the laser wavelength and discussed their formation mechanism. The holes were compact and
homogenous, with diameters readily tuned within large limits by simply adjusting the laser fluence. We were
able to tailor the nanowire cross-section profile by laser irradiation at different incident angles. Metal-assisted
chemical etching faithfully transferred the holes into silicon, yielding arrays of VA-SiNW with smooth walls
and controlled lengths. This approach enables the fabrication of tailored ordered arrays of VA-SiNW with
tunable diameters at desired locations on a same silicon wafer. Using sparse arrays of VA-SiNW as platforms
for cell transfection, eGFP reporter gene was successfully delivered into HEK293 cells. The combination of
near-field nanopatterning with metal-assisted chemical etching demonstrated here holds great promise for the

fabrication of various functional surfaces.
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