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Abstract: A major challenge in optics is how to deliver and concentrate
light from the micron-scale into the nano-scale. Light can not be guided, by
conventional mechanisms, with optical beam sizes significantly smaller than
its wavelength due to the diffraction limit. On the other hand, focusing of
light into very small volumes beyond the diffraction limit can be achieved
by exploiting the wavelength scalability of surface plasmon polaritons. By
slowing down an optical wave and shrinking its wavelength during its
propagation, optical energy can be compressed and concentrated down to
nanometer scale, namely, nanofocusing. Here, we experimentally
demonstrate and quantitatively measure the nanofocusing of surface
plasmon polaritons in tapered metallic V-grooves down to the deep subwavelength scale - ~λ/40 at wavelength of 1.5 micron - with almost 50%
power efficiency.
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1. Introduction
Nanofocusing is characterized by nano-scale confinement, below the diffraction limit of light,
accompanied by enhancement of the intensity or electric field strength. [1,2] Confinement
below diffraction limit can be obtained by coupling light to plasma oscillations at a metallicdielectric surface forming surface plasmon polaritons (SPP). [3-29] In particular, a plasmonic
waveguide formed by a dielectric gap between two metal half spaces gives rise to a guided
mode which does not experience mode cut-off at the nano-scale. [3,4] Consequently, light can
be concentrated into the nano-scale, by gradually decreasing the optical waveguide width,
which is unattainable in conventional dielectric waveguides. [1,2] This confinement is
accompanied by a gradual reduction of the surface-plasmon wavelength due to the unusual
dispersion dependence on the thickness of the dielectric gap. Although the optical
confinement always comes at the cost of energy dissipation, proper design of plasmonic
waveguides enables substantial enhancement of light intensity so that the intensity
enhancement overpowers the total power dissipation (Fig. 1a). [5]
Nanofocusing of plasmons was pioneered by Nerkararyan and Stockman on a metallic
wedge9 and metallic cone. [9,13] The growing interest in nano-optics and the advances in
nano-fabrication, have led to further theoretical investigations of nanofocusing on the wedge
[10,11] and cone [12] as well as in several different plasmonic systems including V-grooves,
[3-8] dielectric cones covered in metal film [15,16] and tapered rectangular metal strips. [17]
A recent experimental study of plasmons on a rectangular strip of tapered width showed
increased photoluminescence in some regions [17] and enhanced fields near tips of tapered
channel plasmon waveguides were probed by near-field microscopy. [18] Nanofocusing can
also be achieved by plasmonic lens, [20-23] far-field superlens, [24, 25] and other plasmonic
systems. [26-29] However, nano-fabrication, detection and excitation difficulties have
hindered the experimental verification of the nanofocusing process and its associated
properties such as progressive field enhancement and sub-wavelength confinement. While
specific applications favor particular nanofocusing structures, V-grooves were theoretically
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shown to be promising candidates for achieving maximal field enhancement. [5] Here, we
present an experimental evidence for nanofocusing of SPPs in a laterally tapered gap plasmon
waveguide, i.e. V-groove. We measure the relative power emerging from V-grooves with
different output widths, w, and find the output intensity is increased with decreased output
width.
2. Nano-scale V-groove fabrication process

Fig. 1. Illustration of nanofocusing of light. (a) An example of electric field intensity, |E|2,
enhancement during nanofocusing in a tapered gap plasmon waveguide illustrates this effect.
The electric field is determined by numerical solution of the Maxwell equations for the Vgroove output width = 50nm (all other parameters are same as detailed below). (b) Scanning
electron microscope image of a typical V-groove’s cross-section showing wide upper region
for access of the incoming beam and narrow lower region where nanofocusing takes place.

The V-groove fabrication is conducted in metal coated silicon wafers by silicon wet etching
and focused ion beam milling. To fabricate deep V-grooves with output gap widths of tens of
nanometers, the following process was used (Fig. 2a). We used double side polished silicon
wafers (100) of ~350 µm thickness coated with a SiO2 layer. The SiO2 layer was patterned by
using photolithography and dry etching. We made V-grooves by anisotropic wet etching with
KOH solution and the SiO2 layer, which served as a etch mask, was removed. The depth of the
etched silicon V-grooves is deliberately a few microns shorter than the total thickness of the
silicon wafer. We then deposited a gold layer of ~ 500 nm thickness on the front side by
electron-beam evaporation. Subsequently, a few microns of silicon are etched with XeF2 dry
etching from the backside to expose the metal edge that formed in the removed tip of the
silicon V-groove. Then, a smaller V-groove of breadth, b, and output width, w, is formed by
focused ion beam (FIB) milling (Fig. 2). The various output gap widths were obtained by
controlling the FIB milling area size, beam current and etching time.
The V-groove structure supported by the silicon wafer provides several advantages over
flat free-standing structures in terms of not requiring deposition ultra-thick films for deep Vgrooves, deformation- and stress-free films, mechanical strength, etc. The overall structure is
a series of aligned V-grooves with varying output widths and fixed breadth of 2 µm. Each Vgroove consists of two distinct regions in its cross section; a long and wide upper region of
depth 330 µm with grove angle ≈ 70.6°, and a narrow lower region of depth ≈ 950 nm with
groove angle ≈ 17° (Fig. 1). We measured several samples with different final gap size and
the variation of taper angle is about +/- 1~2 degrees which does not affect our results
significantly (according to simulations not shown).
We note that while the metal surface at the upper region can be relatively rough due to the
wet etching process, the lower region (which plays the critical role in nanofocusing) is much
smoother due to FIB milling, minimizing the scattering losses during the nanofocusing
process. A 2 µm breadth, b (Fig. 2b), was chosen for all V-grooves, which is (a) sufficiently
large compared to the gap plasmon wavelength not to modify the effect of nanofocusing of the
fundamental gap plasmon mode and (b) sufficiently small to efficiently suppress existence of
higher modes with different strengths of nanofocusing and would result in complex
interference patterns.
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Fig. 2. V-groove fabrication process and optical schematic. (a) Fabrication process for nano
scale V-groove. (b) Optical measurement setup for the developed rapid and reliable far-field
investigation of nanofocusing.

3. Measurement of nanofocusing effect
To measure the nanofocusing effect, we illuminate simultaneously the wide end of all the Vgrooves by a laser beam of vacuum wavelength, λ = 1532 nm, with TM polarization
(magnetic field parallel to the z-axis) as shown in Fig. 2b. The incident beam area is
sufficiently large to uniformly illuminate all V-grooves of interest. The input width gives rise
to propagation of ‘photonic modes’ (bulk waves in the dielectric) throughout the groove.
These modes couple to the gap plasmon mode throughout the propagation (due to the surface
roughness), and experience the most efficient coupling at gap width of ~ 770nm where the
‘photonic modes’ are cut off. The excitation of the gap plasmon mode is confirmed by
monitoring strong dependence of the output signal in the input polarization (compare Fig. 3b,
TM, and 3c, TE). Since gap plasmons can only be excited for TM polarization3,4 we should
expect plasmon excitation and efficient transmission through the sub-wavelength V-groove
output only for TM polarization.

Fig. 3. Illumination by different polarizations of light – plasmon excitation. (a) SEM image of
two sub-wavelength width (~100nm) V-groove outputs and a large reference hole as seen from
the backside (i.e. looking in the positive x direction (Fig. 1a)) together with a magnified view
of the V-groove outputs. (b) TM (E-field in the y-axis) excitation by the incident laser. (c)
Illumination by TE (E-field in the z-axis) polarization. Note that the reference hole on the left is
sufficiently large to allow both TE and TM wave pass. Scale bars are 10µm.

We measure the output intensity as a function of each groove’s minimal width by far-field
imaging with a microscope objective lens and an infrared charge-coupled device (CCD) (Fig.
4a, 4c). This measured power at the far-field is then related to the power in the V-groove
output, from which the light intensity and the field amplitude in the gaps are deduced. We
emphasize that simultaneous uniform illumination and measurement of all the V-grooves with
different output widths allows unambiguous verification of the nanofocusing effect through
highly reliable comparison among different gap widths.
Figure 4a shows the CCD image of the light radiating from 17 V-groove outputs along
with the scanning-electron microscope (SEM) image of the V-groove outputs (Fig. 4b). The
encircled four spots in Fig. 4a are in order, from left to right, of descending V-groove output
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width. The close-up view of these four spots is given in Fig. 4c. For comparison, we have also
numerically calculated the distribution of the square of the electric field amplitude, |E|2, using
three-dimensional (3D) finite-difference time-domain (FDTD) solutions. The field
distributions calculated in Fig. 4d depict the result of four beams in the four equally
illuminated different V-grooves after coupling from the V-groove output and propagating the
same distance into free space. We can observe an excellent agreement between the CCD
captured images (Fig. 4c) and the calculated distributions (Fig. 4d) at the approximate farfield (red-line in Fig. 4f).
The measured power at the far-field can be related to the light intensity (total power
divided by the area) and |E|2 at the V-groove outputs, by calculating the power coupling
coefficients from the V-groove output to the far-field. We calculate (not shown here) the
coefficients using FDTD, taking the output tip roundness to be r≈50 nm (determined by SEM
imaging). The variation of the coupling for different grooves is smaller than 10%, hence, the
coupling out does not affect significantly the comparison of intensities measured by the CCD.

Fig. 4. (a). CCD image of optical output from 17 V-grooves of different output widths. (b)
SEM image of the V-groove outputs corresponding to the encircled optical spots in Fig. 4a. (c)
Close up view of the CCD image of the four optical spots encircled in Fig. 4a outputted from
the structure in Fig. 4b. (d) Calculated square of the electric field amplitude, |E|2 at the
approximate far-field (red-line in Fig. 4f). (e) Calculated square of the electric field amplitude,
|E|2 at the narrowest part of the V-groove output (green line in Fig. 4f). (f) Schematic for field
distributions in Fig. 4d and 4e.

4. Discussion
We quantify the enhancement of the intensity and |E|2 by dividing the measured (relative)
values at the grooves outputs by those at a reference plane in which the gap width is 700 nm.
The values of the intensity and |E|2 at this plane are readily deduced from the trend of the
enhancement with respect to the groove width. The reason for taking 700nm as a (very
conservative in terms of predicted enhancement) reference width is two fold: a) this point is
close to the free-space diffraction limit of the incident beam. For a fixed optical power, field
or intensity enhancement by reducing beam spot size with conventional optics is somewhat
arbitrary due to indefinite initial beam spot size. This justifies the use of the plane at which the
V-groove width is approximately equal to the diffraction limit as a reference for enhancement.
b) The ‘photonic mode’ supported by the gap structure is cut-off for widths < 770 nm; hence
the field in the groove at 700 nm is due to SPP propagation whose enhancement we are
interested in.
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Figure 5 depicts enhancement of both intensity (a) and |E|2 (b) for all the 17 V-grooves,
clearly demonstrating the increase in the enhancement as the gap width is diminished. The
results are compared to FDTD simulations, and shows |E|2 enhancement of ~10 for a gap
decreasing from 700 nm to 45 nm. We also consider possible variations in simulation
parameters which would result in different enhancement during nanofocusing. The dashed
curves in Fig. 5b depict the effect of +/- 10 nm variations in the V-groove output width. The
experimental and numerically calculated data shows reasonable agreement.
The higher enhancement of peak |E|2 is mainly due to the increase of the ratio |E/H| during
the nanofocusing. [5] As both the metal and dielectric structural constituents have no
magnetic response, the electric and magnetic fields display a different behavior when the gap
is reduced to the nano-scale. While the transverse electric field is confined to the dielectric
gap regardless the gap size, the portion of the magnetic field in the metal remains almost
unchanged when the gap is decreased. Consequently, the electric field undergoes a more
significant enhancement than the magnetic field. This is also related to the increase in the
propagation constant (wave-number), which is proportional to the ratio between the electric
and magnetic field.

Fig. 5. Intensity and electric field dependence on gap width. (a) In the experiments the guided
mode’s beam width was scaled down to ~λ/40 (~40nm for λ = 1.53µm). Power (per gap width)
dependence on V-groove output width for experiment (crosses) and FDTD simulation
(squares). (b) The maximum of |E|2 dependence on V-groove output width from the
experimental power (crosses) and FDTD (squares) revealing a measured enhancement of ~10.

5. Conclusions
We have provided experimental verification of the nanofocusing process. The guided mode’s
beam width was scaled down to ~45 nm which corresponds to ~λ/40 for the wavelength used
(λ = 1.53 µm) with a power efficiency of almost 50% (compared to the 700nm reference
plane). We measured enhancement of ~10 for the square of the electric field amplitude, |E|2,
comparing to the diffraction limit (700 nm beam width), in agreement with theoretical
predictions. The peak |E|2 is an important figure of merit for nonlinear optical processes and
applications that are electric field dependent, such as Raman spectroscopy and optical
lithography. Further localization and enhancement can be achieved by fabrication of smaller
V-groove output widths (down to ~1 nm, below which continuous electrodynamics fails). For
example, a 2 nm output width can result in enhancement of 421 (comparing very
conservatively to a 700nm wide V-groove, and calculated using the same structural
parameters and numerical methods used to calculate Figs. 4 and 5). Such enhancements,
localization and efficiency render nanofocusing an advantageous tool for a spectrum of nanooptical exploits, such as addressing nano-photonic circuits (or single-molecules and quantum
dots), optical nanolithography, non-linear optical sensors, and more.
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