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The nanometer-scale patterned pyramidal probe with an electron beam-induced nanopore on the
pyramid apex is an excellent candidate for an optical biosensor. The nanoapertures surrounded with
various periodic groove patterns on the pyramid sides were fabricated using a focused ion beam
technique, where the optical characteristics of the fabricated apertures with rectangular, circular,
and elliptical groove patterns were investigated. The elliptical groove patterns on the pyramid were
designed to maintain an identical distance between the grooves and the apex for the surface waves
and, among the three patterns, the authors observed the highest optical transmission from the ellip-
tically patterned pyramidal probe. A 10°-fold increase of the transmitted optical intensity was
observed after patterning with elliptical grooves, even without an aperture on the pyramid apex.
The nanopore on the apex of the pyramid was fabricated using electron beam irradiation and was
optically characterized. © 2015 American Vacuum Society. [http://dx.doi.org/10.1116/1.4935560]

I. INTRODUCTION

There has been tremendous interest in plasmonic nanoaper-
tures on pyramidal probes for single-molecule biosensor
applications where, specifically, to obtain plasmonic optical
effects through a tiny nanometer-sized hole on the pyramid, it
would be desirable to fabricate a periodic nanopatterning on
the pyramid. The enhancement of light transmission through a
nanometer-sized aperture surrounded by periodic patterns on
the input side of a flat plane has been previously reported,'
but an equivalent setup would be difficult to fabricate on a
hollow pyramid because of the difficulty in fabricating the
groove patterns on its inner side. A directional beaming effect
through an aperture with a periodic pattern on the exit side of
a flat membrane has been reported,” and slit groove patterning
fabricated on the exit side of the input beam has also been
reported, which provided controllable far-field focusing.*
Plasmonic optical effects can be obtained by patterning peri-
odic grooves on the outside of the pyramid, and we have pre-
viously reported the effect of periodically patterned grooves
upon the enhancement of the transmitted beam through an
aperture on the pyramid.®® The nanofocusing that exists at
the aperture on a conical probe’ and at the nanograting on a
pyramidal tip'® have been reported as a “plasmonic lens
effect,” where a conical plasmonic probe with a 100nm-
diameter aperture surrounded by a circular grating was found
to provide better focusing with increased intensity at the apex
area compared to that of a pyramidal probe without groove
patterns. Also, a ~100 nm-diameter focal spot with a tenfold
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increase in optical intensity at the apex of a conical probe has
been obtained using a circular grating pattern to excite surface
plasmon polaritons.” Enhancement of the optical intensity
through a pyramidal aperture has been reported for groove
patterns whose pitch matched the surface plasmon wave-
length,10 while three-dimensional nanofocusing at the apex of
a pyramidal probe patterned with square grooves'' and a
nanofocusing plasmon waveguide on a two-dimensional
plane'? have also been reported. A pyramidal cavity array has
been exploited as an efficient substrate for surface-enhanced
Raman spectroscopy,'® whereas a nanohole array on a flat Au
membrane has also been used as a flow-through plasmonic
sensing device.'* The pyramidal nanoaperture has been found
to provide excellent light confinement inside a V-shaped cav-
ity,"*'* and an enhanced optical throughput via cavity reso-
nance'®'” has also been reported. In addition, the pyramidal
nanoaperture also provides an enhanced nanofocusing on top
of the aperture.'®!?

Recently, deoxyribonucleic acid translocation experiments
using a solid state SiN nanopore have been reported,'® in
addition to the fabrication of a nanopore on an Au-coated
pyramid."® An electron beam-induced nanopore inside a py-
ramidal Au aperture can be used as an optical nanobiosensor,
while placing the nanopore on the apex of a thick pyramidal
membrane would be ideal because of its mechanical stability
during processing and the enhanced optical output that can
be provided with a proper groove-patterning on the pyramid.
In this paper, we report the fabrication of pyramidal nanoa-
pertures with various types of groove patterns for better opti-
cal focusing and optical enhancements, and of an electron

© 2015 American Vacuum Society 06F203-1
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FiG. 1. Schematic of the pyramidal probe array fabrication using a conventional Si microfabrication process. Photolithographic patterns transfer (c), followed
by low temperature thermal oxidation at 1000 °C in (d), backside bulk Si TMAH etching in (e), metal deposition and FIB beam drilling (f) are shown. FESEM
images of the (e-1) fabricated pyramid with a nanoflower-type cavity at the apex and (f-1) the aperture drilled into the pyramid apex using FIB.

beam-induced nanopore inside an Au cavity on top of the
pyramid.

Il. EXPERIMENTAL PROCESS
A. Fabrication of pyramidal probe

The nanoprobes on top of the pyramidal array with
micron-sized square patterns were fabricated using the con-
ventional Si microfabrication process, including photolithog-
raphy, wet etching, stress-induced thermal oxidation, and
metal sputter deposition, as shown in Fig. 1. The pitch of the
pyramidal patterns ranged from 10 to 30 um depending upon
the pattern size, while the pattern size also was varied from
5 to 30 um for different experimental purposes. The stress-
induced thermal oxidation performed at low temperatures
less than 1000 °C provided the thinner oxide at the apex of
the pyramid shown in Fig. 1(d) and, after backside Si etching
for more than 10 h using a tetramethylamonium hydroxide
(TMAH) solution, an oxide aperture could be formed at the
apex. Subsequently, an Al thin film 200 nm thick was sputter
deposited using a two-step deposition technique, which pro-
duced a nanoflower-type cavity on the apex of the pyramid,
as shown in Fig. 1(e-1), where the height of the nanoflower

cavity was measured to be ~200nm [Fig. 1(f-1)]. The py-
ramidal apex was then drilled to produce a circular cavity
opening using a 30keV Ga focused ion beam technique
(FIB; Helios Dual Beam, FEI), whose detailed fabrication
process is given elsewhere.’’*' Figure 2 presents typical
field emission scanning electron microscope (FESEM,
Hitachi 4800) images of the fabricated pyramidal array
including a top view (a) and a tilted view (b).

B. Finite-difference time-domain simulation for pyram-
idal probe

We carried out two-dimensional finite-difference time-
domain (FDTD) simulations for the pyramidal probes with
and without groove patterns. The material properties of the
models (Al and SiO,) were taken into consideration with a
complex permittivity ¢ given by the Drude—Lorentz dispersion
model and the relative permeability u= 1. For Al and SiO,,
the values of &(Al)=—20.60+ 0.436/ and &(SiO,)=2.133
were used. Using these parameters on the cross-section of the
structures, the time-harmonic Maxwell equations were solved
to obtain the optical intensity profile spanning these pyramidal
structures. The pyramidal probe with a 100 nm diameter con-
sisted of a 200nm-thick Al film on a 100nm-thick SiO,

FiG. 2. FESEM images of the microfabricated pyramidal array sample showing the (a) top view and (b) tilted view.
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FiG. 3. (Color online) FDTD simulation of the Hz field for the transmitted optical field through a pyramidal probe with and without a grating pattern. The depth
of the patterns is varied from (a) 0, (b) 25, and (c) 200 nm. The aperture diameter, the pattern width, and the groove pitch are set as 100, 100, and 250 nm,
respectively, as shown in (d). The Hz field intensities through a pyramidal probe with a 200 nm deep grating are the strongest.

pyramid, and the pitch and the width of the grooves were set
to be 250 and 100 nm, respectively. The two dimensional sim-
ulations for the transverse magnetic field mode (E,, Ey, and
H,) with the arbitrary field intensity level were conducted.
Figure 3 presents the magnetic H, field intensity distributions
for pyramidal apertures with and without groove patterns
where, without groove patterns, an isotropic transmitted opti-
cal beam can be seen [Fig. 3(a)]. However, for groove pat-
terns with a depth of 25nm, a slightly increased magnetic
field (H,) intensity into the propagation direction is seen
[Fig. 3(b)] and, further, for groove patterns with a depth of
200 nm, a strong H, field intensity into the propagating direc-
tion with a directional beaming is clearly seen [Fig. 3(c)]. The
ratios of the transmitted output intensities to the input inten-
sities for groove depths of 0, 25, 100, and 200 nm are calcu-
lated to be 0.068, 0.104, 0.348, and 2.79, respectively
(supplementary material 1).% These results present an expo-
nential dependency of the transmitted optical intensities upon
the groove thickness. However, owing to the limits of the
two-dimensional FDTD simulation, a qualitative comparison
with the experimental results from a three-dimensional py-
ramidal probe requires a more detailed simulation.

C. Fabrication of patterned probe and its optical
characterization

Fabrication of the three types of groove patterns was car-
ried out using a 30keV Ga ion FIB technique producing the
rectangular patterns [Fig. 4(a)], circular patterns [Fig. 4(b)],
and elliptical groove patterns [Fig. 4(c)], as shown in Fig. 4.
The elliptical groove pattern is designed to provide an equal
sidewall distance from the apex of the pyramid to each
groove, where the equidistant grooves on the sidewalls can
provide a combination of four quadrant ellipses, as viewed
from the top in Fig. 4(c). The rectangular groove patterns pro-
vided the least amount of symmetry in terms of equidistant
points from the top of the pyramid. All groove patterns were
designed with 100nm depth and 100nm width, while the
diameters of the apertures were varied and the drilled
groove pitches ranged from 500 to 250 nm along the sidewall.
Figure 5 presents FESEM images of the pyramidal probes
with circular groove patterns (top view) and with elliptical
groove patterns (bottom view). The pitches of the grooves
ranging from 250 to 500 nm, stepped by 50 nm between each
pitch value, were drilled on the pyramidal sidewalls for both
patterns, while the diameters for the circular groove patterns

Pyramidal Probe

(d)

FiG. 4. (Color online) (a) Rectangular, (b) circular, and (d) elliptic periodic groove patterns fabricated using 30keV FIB are shown in top view (upper) and

tilted view (lower). (d) Schematic of the pyramidal probe (side view).
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Fic. 5. FESEM images of the nanoapertures with circular groove patterns (upper) and elliptical patterns (lower), where the pitches along the side wall are
drilled at [(a) and (e)] 250, [(b) and (f)] 350, [(c) and (g)] 450, and [(d) and (h)] 500 nm for both patterns with a pitch step of 50 nm.

and elliptic apertures were 370 and 430 nm, respectively, with
less than 5% deviation.

Measurements of the light transmission through the nanoa-
pertures were carried out in a scanning near-field optical
microscope (WiTec AlphaSNOM), where the transmitted far
field intensity was measured using a 532nm wavelength
neodymium-doped yttrium aluminum garnet laser system and
an optical microscope (ECLIPSE Ti-U, Nikon) equipped with
a spectrophotometer (Acton SpectraPro 2300i, Princeton
Instruments). The ~2 mW laser beam was illuminated onto
the inner side of a metal-coated SiO, pyramidal structure, as
illustrated by the black arrows in Fig. 4(d), and the transmit-
tance was measured as the ratio of the output intensity nor-
malized to the aperture area to the input intensity normalized
to a Gaussian beam area with a 3 um diameter.

The dependence of the transmittance upon the groove
pitch is presented in Fig. 6, where apertures with elliptically
patterned grooves with pitch values less than 350 nm exhibit
a drastic increase in the transmittance, reaching a maximum
of 0.06 at 250 nm in Fig. 6(a), which corresponds to a maxi-
mum output power of 3.4 uW. Considering the wavelength
of a surface plasmon at an Al/air interface (Asp, =519 nm),

the surface wave travels along the sidewall and then interacts
with the groove structures to provide a constructive interfer-
ence for a pitch value of ~260nm. For pitches less than
260nm, the reduced transmitted output intensity is likely
owing to a decreased coupling of the surface wave with the
groove structures. In Fig. 6(b), the transmittance values are
constant for 0.6 < (d/A) < 1.2, where d is the aperture diame-
ter and / is the input wavelength, though the transmittance
increases with decreasing values of (d/1) below 0.6. A
maximum optical power of 45 uW was measured, whose
corresponding transmittance is 4.8 for (d/A) =0.3. The phe-
nomenon of increased transmittance with smaller (d/4) val-
ues can be attributed to fact that backward scattering through
the aperture increases with decreasing aperture diameter.>>>*
When the aperture diameter is much larger than the input
wavelength (), the transmitted intensity will be a sharp
Gaussian distribution profile. However, for a (d/A) val-
ue ~0.6, the transmitted intensity distribution becomes a
broader Gaussian distribution profile with an increased back-
ward scattered intensity comprising 6.6% of the maximum
intensity at the central axis of the Gaussian intensity profile.
For 0.1 <(d/1)< 0.3, the transmitted Gaussian intensity

0.07
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| ircular Grooves ‘s -
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FiG. 6. (Color online) (a) Transmittance vs groove pitch using an input laser wavelength of 532 nm. The transmittances for apertures with elliptical groove pat-
terns (closed red circles) become greater than those with circular groove patterns (open black circle) for groove pitches less than 350 nm. An arrow marks the
pitch value of the greatest transmittance Ag,p/2=~260nm, where Ay, =519nm is the wavelength of a surface plasmon at an Al/air interface. (b)
Transmittance for the pyramidal aperture with an elliptical groove pitch of 300 nm vs d//, where d is the aperture diameter and / is the input wavelength. The
arrow marks 0.5(d/2), lower than which the transmittance, shows an increase. Transmittance values are the ratio of the input optical power normalized to its
Gaussian beam area to the transmitted optical power normalized to the aperture area.
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FiG. 7. (Color online) (a) SEM image of an aperture 95 nm in diameter surrounded with elliptically patterned grooves whose depth, width, and pitch are 100,
100 and 250 nm, respectively. (b) Transmittances through the nanoaperture without (open circles) and with (solid circles) the fabricated elliptical groove pat-
terns. Enhanced transmittance with a 10°-fold increase is seen with the presence of the elliptical groove pattern.

profile is much broader with this decreasing value of (d/A).
For a (d//) value ~0.1, the backward scattered intensity
increases to comprise up to 38% of the maximum output in-
tensity, so the transmittance will increase owing to an
increased coupling of the backward scattered surface wave
with the groove structures. However, for (d/1) < 0.1, or as
(d/1) goes to zero, the aperture will be closed and the trans-
mitted intensity should be zero. Hence, our data agree well
with the other reports.*?

In addition, we found that the optical enhancement rates
for the elliptical groove-patterned pyramidal probes are
greater than those for the rectangular groove patterns by a
factor of 2.61 (supplementary material 2).%

We designed another set of nanoapertures on pyramids
with a 200 nm thick Al coating using three slightly different
aperture diameters of 75, 80, and 95 nm. Figure 7(a) shows an
FESEM image of a 95 nm-diameter aperture surrounded by
five elliptical groove patterns 100 nm wide, 100 nm deep, and
a 250 nm pitch. The ratios of output power to input power as
a function of aperture diameters are presented in Fig. 7(b),
where a 1000-fold increase in the transmitted optical power is
observed between apertures without and with elliptical
grooves patterned on the pyramid. Without patterning, the
transmitted output optical powers for the pyramidal probes
with 75, 80, and 95 nm aperture diameters for a 1.4 mW input
power are 0.11, 0.08, and 0.07 uW, respectively; while with
patterning, the transmitted output optical powers for the

(a) 7 ,NO.GTOOW” (b)

10 nm depth

pyramidal probes with 75, 80, and 95 nm aperture diameters
are 89.8, 46.2, and 57.7 uW, respectively. The noise level of
optical intensities through a pyramidal probe without an aper-
ture and patterns for a 532 nm wavelength input laser is meas-
ured to be ~50nW or less. A slight increase in the
transmitted optical power with decreasing aperture diameter
is also observed with and without patterning.

Optical characterizations for input wavelengths of 532
and 780nm were also performed several months after the
initial optical measurements, where the output optical inten-
sities for a 780 nm input wavelength are higher than those
for a 532nm input wavelength. These experimental results
can be attributed to a greater overlap of the photonic modes
into the localized surface plasmon modes in the groove for
an input wavelength of 780nm than for 532nm.* Higher
transmittances at 532nm than those found in the previous
initial measurements are also observed owing to the reduced
diameter of the apertures by ~10nm because of Au migra-
tion under the room temperature storage environment (sup-
plementary material 3).%*

To examine in detail the influence of the grooves upon the
optical transmission, three different types of pyramidal probes
on SiO, pyramidal probes coated with a 200 nm-thick Al
layer were fabricated without apertures: those possessing no
grooves and those possessing 10 or 25nm-deep grooves on
the exit side of the pyramid (Fig. 8). The width and the pitch
for all three samples were 100 and 250 nm, respectively, and,

(c) 25 nm depth

FiG. 8. (Color online) FESEM images of pyramidal probes with (a) no patterning, and those possessing elliptical groove patterns with a depth of (b) 10 and (c)
25 nm. The width and the pitch of the grooves are designed to be 100 and 250 nm, respectively. The ratio of the output optical power to the input optical power

presents a 1000-fold increase after groove patterning is introduced.

JVST B - Nanotechnology and Microelectronics: Materials, Processing, Measurement, and Phenomena
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FiG. 9. (Color online) TEM images of the FESEM-induced nanopore with (a) a 14 nm diameter before TEM annealing, (b) a 5 nm diameter after TEM anneal-

ing, and (c) a 95 nm diameter aperture after FIB drilling.

to calibrate the depth of the drilled groove, elliptical grooves
were drilled on a flat Au film and the drilled depths of the
grooves were measured by atomic force microscopy (XE-100,
PSIA, Inc.) (supplementary material 3).> The transmitted op-
tical powers for the pyramidal probes with 0, 10, and 25 nm
groove depths are measured to be 12nW, 20.1, and 45 uW,
respectively, as tabulated in Table I, while the corresponding
ratios of the output to input power for the patterned probes
with 10 and 25nm groove depths are 1.3 X 1072 and
3.3 % 1072, respectively. Hence, a ~10°-fold increase in the
transmitted optical power for the patterned probes is observed
over that of probes without patterning, which can be attributed
to the resonant transmission from the input optical wave pho-
ton mode overlapping the localized surface plasmon states in
the groove cavities.”>*® We also examined the optical charac-
teristics of the pyramidal probes containing apertures and
those with grooves but no apertures using the optical micro-
scope with a spectrophotometer. The pyramidal apertures
with diameters of 129, 124, and 116 nm were drilled without
groove patterns, and the optical intensities from those aper-
tures are found to be ~12nW. However, for pyramids with
periodic elliptical groove patterns optical spots are clearly
visible and, in addition, two resonant peaks in the transmitted
optical intensity distribution are observed (supplementary ma-
terial 3).%

D. Fabrication of an Au nanopore inside an Au cavity

We fabricated a nanopore inside an Au nanoflower-type
cavity on the top of the pyramid using 2keV electron beam
irradiation for 5 min, where the transmission electron micro-
scope (TEM, JEM 2010 and JEM 3011 HR) images of the
14 nm-diameter nanopore on the diffuse membrane inside
the Au cavity can be seen in Fig. 9(a). After 5 min of anneal-
ing using a 200keV TEM electron beam, the pore diameter
was reduced to 5nm [Fig. 9(b)], and a FIB drilling technique

TaBLE 1. Comparison data of the transmitted optical power for pyramidal
probes without and with elliptical groove patterning.

Groove depth (nm) P;, (mW) Poye (W) Pout/Pin

0 1.1 0.012 15x107°
10 1.6 20.1 13 x 1072
25 1.4 ~45 33 %1072

J. Vac. Sci. Technol. B, Vol. 33, No. 6, Nov/Dec 2015

was subsequently employed to remove the diffuse membrane
[Fig. 9(c)]. Optical characterizations were carried out after
each process, and the optical intensities after each annealing
process as well as the optical intensity through an Au aper-
ture with a 100 nm diameter on a 200 nm-thick Au film are
presented in Table II. The ratios of the output optical inten-
sity to the input optical intensity are measured to be
2.2 x 102 and are almost constant for all three experimental
conditions. Under electron beam exposure, the diffused
carbon-contained membrane did not present any influence
upon the optical intensity, possibly because the membrane
thickness of 10nm or less was well below the Au skin depth
(~20nm). There is found a 46-fold optical enhancement for
the apertures on the pyramid over the optical intensity
through a 100 nm-diameter Au aperture on flat Au film. This
optical enhancement can be attributed to the coupling of
local surface plasmons in the Au cavity with the input pho-
ton beam in the pyramidal V groove.'’

lll. CONCLUSION

We have fabricated nanopatterned pyramidal probes with
a nanopore inside an Au cavity on the pyramidal apex:

(1) We have examined the coupling of a backward-
diffracted surface wave with the patterned grooves on
the exit side of the pyramid. With decreasing aperture
diameters, increased optical powers were observed for
(d/2) < 0.5, with a maximum output intensity obtained
for (d/2)=~0.3, owing to increased backward surface
waves from the pyramidal aperture. However, a higher
output intensity could be achieved for (d/1)=~0.1.
These enhancements could be attributed to coupling of
the backward-scattered surface waves with the periodic
groove structures. In addition, constructive interference
of the backscattered surface waves with the periodic
groove structure presented an increased transmittance of
0.06 for a pitch of 260 nm.

(2) Coupling effects dependent upon the type of groove pat-
terns on the exit sides of the pyramidal probes are inves-
tigated. The highest optical transmitted power are
obtained from the elliptically patterned probes, which
can be attributed to the fact that the backward-scattered
surface wave interacts coherently with localized surface
plasmons in the equidistant elliptical groove patterns on
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TaLE II. Optical intensity data for the various apertures produced by the given experimental conditions. The ratios of the optical output intensities to the input
intensities for various Au apertures (in bold face) are presented for comparison.

20 D (nm) Ly (W/em?) Lou (uW/em?) Lou/lin
After FIB drilling 532nm ~95 1662 37.5 2.26 X 1072 (c)
After E-Beam annealing ~5 1430 32.7 2.20 x 1072 (b)
Before annealing at 10 keV ~14 1684 39.0 2.33x 1072 (a)
Au aperture on 200 nm thick plane 100 1380 2.3 1.6 x 1073 SO8 BDP II # 1-50-2

the sidewalls of pyramid, resulting in the highest trans-
mitted optical power.

(3) Even without a nanoaperture on top of the pyramid, a
10%-fold increase in transmitted optical power from an
elliptically patterned pyramid is presented. These experi-
mental observations indicate the strong coupling of the
surface plasmonic modes with the photonic modes of the
input beams.

(4) A nanopore is fabricated inside an Au cavity on top of the
pyramid via electron beam irradiation and FIB and is opti-
cally characterized at three stages of fabrication. The
ratios of the output intensity to the input intensity are
almost constant (2.3 x 10~2) for the three different experi-
mental conditions, and the 46-fold optical enhancement
over that found transmitted through a 100 nm-diameter
Au nanoaperture on a 200nm-thick flat plane can be
attributed to coupling of the local surface plasmon in the
Au cavity with the input photonic beam.

A nanopore on the apex of a pyramidal probe integrated
with periodic groove patterns can be an excellent candidate
for a single-molecule biosensor.
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