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Mid-infrared radiation allows the analysis of a wide range of
different material properties, including chemical composition
and the structure of matter1,2. Infrared spectroscopy is there-
fore an essential analytical tool in many sciences and technol-
ogies. The diffraction limit, however, challenges the study of
individual molecules and nanostructures, as well as the devel-
opment of highly integrated mid-infrared optical devices3.
Here, we experimentally demonstrate mid-infrared nanofocus-
ing by propagating a mid-infrared surface wave along a
tapered two-wire transmission line. The tapering results in a
compression of the electromagnetic energy carried by the
surface wave. By using infrared vector near-field microscopy4,5,
we directly visualize the evolution of the energy compression
into a nanoscale confined infrared spot with a diameter of
60 nm (l/150) at the taper apex. Our work opens the way to
the development of chemical and biological sensing tools
based on infrared surface waves, including miniaturized spec-
trometers and lab-on-a-chip integrated (bio)sensors.

An efficient route to circumventing the diffraction limit of con-
ventional optical elements is based on the use of plasmonic anten-
nas and waveguides6–10. These elements allow for the focusing,
guiding and controlling of light on the nanometre scale and have
therefore opened the door to optical imaging with nanoscale resol-
ution7, single-molecule Raman spectroscopy11 and the development
of metamaterials12 and compact optical circuits13.

The most common types of plasmonic antennas used for nano-
focusing light are metal nanoparticles and nanorods. Tuned to be in
resonance with the illuminating light wave, they convert propagat-
ing free-space radiation into highly concentrated near fields (also
called hot spots or nanofoci) at the rod extremities or in nanoscale
gaps between them4,6–8,10,11,14. Alternatively, nanofocusing of light
can be achieved by the compression of surface plasmon polaritons
(SPPs) propagating along tapered metal nanowires15–20 or slot wave-
guides21–23. In contrast to antenna focusing, a propagating surface
wave (rather than a free-space propagating wave) is focused.
Applied in near-field microscopy24 and tip-enhanced Raman spec-
troscopy19, this mechanism offers an improved signal-to-back-
ground ratio, because the SPP excitation and the nanofocus at the
taper apex are spatially separated. Waveguide focusing will also be
an essential building block in future integrated plasmonic circuits13,
where SPPs are the carriers of optical energy.

For the development of nanoscale-resolving infrared and tera-
hertz probes and ultrasensitive miniaturized spectrometers,
however, one faces the problem that the surface waves are weakly
guided in this spectral range25. An improved guiding of SPPs can
be achieved by patterning metal surfaces, supporting surfaces
waves called spoof SPPs26. For terahertz frequencies, it has been
shown that spoof SPPs can be focused on corrugated tapered

metal wires27, but nanoscale dimensions are difficult to achieve. A
different route with which to focus radiation is based on slot wave-
guides28,29 where the electromagnetic energy is bound between two
metal surfaces. A similar concept has recently been demonstrated
experimentally30, achieving a subwavelength focus of �10 mm.
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Figure 1 | Infrared nanofocusing with a tapered transmission line.

a, Experimental concept. b, Transmission-mode near-field microscopy

set-up4. The sample is illuminated from below with a weakly focused laser

beam with polarization parallel to the dipole antenna. The near fields at the

sample surface are scattered locally with the silicon tip of an atomic force

microscope (AFM) and detected interferometrically, yielding amplitude and

phase images of the near-field distribution by scanning the sample.
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In the mid-infrared spectral range (in the transition between
strong plasmonic and nearly ideal metallic behaviour), surface
wave guiding is a widely unexplored terrain from both fundamental
and applied perspectives. Recently, it has been demonstrated that
mid-infrared energy can be guided with two-wire transmission
lines, supporting propagating electromagnetic surface waves31,32.
This concept is adapted from radiofrequency (RF) technology,
with two-wire transmission lines having been used in the past to
carry RF signals in television and radio applications.

Here, we predict and experimentally verify mid-infrared nano-
focusing with tapered transmission lines by using compression of
mid-infrared surface waves, as illustrated in Fig. 1a. We propose
and realize a novel design including tapering of both the gap and
the metal wires. Such an architecture is essential for providing a
nanofocus at a sharply pointed extremity that can be used as a scan-
ning probe tip or local sensing device. To verify experimentally the
extraordinarily strong lateral confinement of the surface wave, we
applied polarization- and phase-resolved scattering-type near-field
optical microscopy (s-SNOM)4,9, which we have recently developed
to measure the vectorial field distribution of nanoscale optical fields
(Fig. 1b; see Methods).

In this work, the transmission line consists of two parallel metal
wires. A dipole antenna is attached to the non-tapered end of the
two-wire transmission line. Infrared illumination with polarization
parallel to the antenna can therefore launch a surface wave on the
transmission line. This coupling mechanism is well known from
RF technology and has been studied theoretically in the optical
regime33. The launching of a surface wave and its propagation
along mid-infrared transmission lines have been demonstrated
recently32. In Fig. 2a–c, we first verified and characterized mid-infra-
red energy transport in untapered two-wire transmission lines to
serve as a reference for the following nanofocusing experiments.
To that end, the transmission line was imaged with our s-SNOM

at a wavelength of l¼ 9.3 mm. To visualize the field distribution
and mode structure of the surface wave, we show in Fig. 2b the
real part of the vertical near-field component, Re(Ez)¼
|Ez|cos(wz), where |Ez| is the near-field amplitude and wz the
phase. We observe two dipolar-like modes on the antenna segments,
with strong fields at the antenna ends and at the gap, as expected for
a mid-infrared gap antenna9. The fields extend along the two wires,
periodically changing their polarity. This provides direct exper-
imental evidence of a propagating surface wave. We find a decreas-
ing field strength with increasing distance x from the antenna
(source), indicating propagation losses. From the oscillation
period and the field decay we determine an effective wavelength
leff¼ 3.5 mm and a propagation length L ≈ 8 mm (defined as the
1/e decay of the field amplitude). The experimental image is in
excellent qualitative agreement with numerical simulations of the
near-field distribution (Fig. 2c) when we assume a refractive index
of nSi¼ 3.07 for the silicon substrate. Our results show that mid-
infrared energy can indeed be transported in our transmission
lines of subwavelength-scale width W¼ l/13.

Basic insights about the field confinement and propagation of
mid-infrared energy (l¼ 9.3 mm) in two-wire transmission lines
were obtained by a numerical study using a finite-element mode
solver (Fig. 2d–f). We considered infinitely long transmission
lines of total width W¼ 2wþ g, consisting of two parallel gold
wires (width, w; height, 40 nm) on a silicon substrate, separated
by an isolating gap of width g (Fig. 2d). In Fig. 2e, the antisymmetric
mode solutions (cross-section of the near-field distribution) for
three different transmission lines (A–C) are shown. We find that
the near fields associated with these modes are strongly confined
on the scale of the transmission-line width W, even for the extre-
mely narrow transmission line C with W¼ 90 nm (l/100). We ana-
lysed the propagation properties of the modes in Fig. 2f, showing the
effective wavelength leff and propagation length L when both the
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Figure 2 | Energy transport and propagation properties in two-wire transmission lines. a, Topography image of an antenna-coupled two-wire transmission

line. Its calculated mode profile is shown in e (case A). b, Experimental near-field image taken at l¼ 9.3 mm, showing Re(Ez)¼ |Ez|cos(wz). c, Numerically

calculated near-field image showing Re(Ez)¼ |Ez|cos(wz). d, Schematics showing the cross-section of the two-wire transmission line, consisting of two

40-nm-thick parallel gold wires of width w, separated by a nanoscale gap of width g. e, Numerically calculated mode profiles (logarithmic scale) for

transmission lines with (A) w¼ 200 nm and g¼ 300 nm, (B) w¼ 56 nm and g¼ 100 nm, and (C) w¼ 20 nm and g¼ 50 nm. f, Wavelength leff and

propagation length L as a function of the total transmission-line width W¼ 2wþ g while the wire width w and gap width g decrease simultaneously from

w¼ 200 nm to 20 nm and g¼ 300 nm to 50 nm.
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wire and gap widths (w and g) are reduced, following cases A–C.
With decreasing W, both the wavelength and propagation length
decrease, which can be attributed to the increasing amount of
energy propagating inside the metal (skin depth effect)28.
Interestingly, even for extremely small W (lines B and C), the propa-
gation length is still of the order of one wavelength leff. This indi-
cates the potential to compress the mid-infrared mode by
propagating it along a tapered transmission line. Note that the
extreme confinement of the surface mode in case C (W¼ l/100)
is not accompanied by a strong reduction in the effective wavelength
leff (Fig. 2f ). This finding differs from plasmon compression in
tapered metal nanowires at visible frequencies, where the energy
accumulation and field enhancement are associated with a signifi-
cant reduction in the plasmon wavelength17.

In Fig. 3, we demonstrate experimentally our concept of mid-
infrared nanofocusing with a tapered transmission line. Over a
length of 1 mm, the total width W of the transmission line
(Fig. 3a) is reduced from 700 nm (mode profile A in Fig. 2e) to
90 nm (mode profile C in Fig. 2e). We visualized the propagating
mode by imaging the vertical near-field component, analogously

to Fig. 2b. It is clearly seen that the field distribution on the trans-
mission lines narrows with decreasing width W, while the asym-
metric mode structure (opposite charges on the two wires) is fully
retained (Fig. 3b). Remarkably, even close to the taper apex, no
fields are observed outside the line, providing experimental evidence
of strong field confinement and the absence of leakage fields. To
visualize the energy compression, we show in Fig. 3c the intensity
of the vertical near-field component |Ez|2. A continuous intensity
enhancement can be observed along the taper, as well as intensity
modulations along the parallel wires. We attribute the latter to
back reflections32 from the tapered part of the transmission line,
in analogy to a non-terminated transmission line at radiofrequen-
cies. At the taper apex, at a distance x¼ 6 mm from the dipole
antenna, two extremely confined peaks are observed. The intensity
at the peak position is significantly enhanced by a factor of 30 when
compared to the intensity measured at x¼ 6 mm on the untapered
line (Fig. 2b). Our near-field images were confirmed by a numerical
simulation (Fig. 3d) assuming a 5.3-mm-long transmission line, pro-
viding the first experimental evidence that mid-infrared energy
can be compressed along a tapered transmission line.

To study the vectorial field distribution of the mid-infrared
nanofocus, we recorded high-resolution images of both the vertical
and horizontal near-field components of the taper region (Fig. 4a).
The image of the vertical (out-of-plane) near-field component |Ez|2
reveals two intensity maxima (bright spots) at the taper apex. These
maxima appear exactly at the wire tips, as we prove by the superpo-
sition of the topography and near-field image (Fig. 4b). The exist-
ence of two maxima can be explained by the mode profile
(Fig. 2e), showing that the vertical near-field component essentially
appears on top of the metal wires. Note that the difference in the
peak intensities can be assigned to the slight asymmetric shape of
the taper apex. Mapping the horizontal (in-plane) near-field com-
ponent |Ey|2, we find a single intensity peak inside the gap,
located at the taper apex, as predicted by numerical calculations
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(Fig. 4c). From the line profile across the peak (Fig. 4d, extracted at
the position indicated by the white arrows in Fig. 4a), we measure an
intriguingly small spot size with a diameter of �60 nm (l/150). The
high-resolution near-field images provide the first direct experimen-
tal evidence that mid-infrared energy can be nanofocused using
tapered transmission lines. Remarkably, mid-infrared energy can
be nanofocused to a spot size comparable to what has been achieved
by plasmon compression in the visible range.

Note that in this experiment the entire transmission-line structure
is illuminated. To exclude the possibility that the near-field focus at
the taper apex is generated by a local antenna or lightning-rod
effect, we compared the tapered transmission line with an isolated
taper (Fig. 5). This experiment clearly shows that the isolated taper
(Fig. 5b, right) does not generate strong fields at the taper apex. It
is only when a propagating transmission-line mode is fed into the
taper (Fig. 5b, left) that strong fields are observed at the taper apex.

Nanofocusing of mid-infrared energy with transmission lines
opens new avenues for nanoscale imaging and sensing. It enables
the development of integrated mid-infrared circuits and devices
based on energy transport mediated by surface waves, which will
be critical in future infrared-spectroscopic lap-on-a-chip appli-
cations, for example. We also stress that both gap and metal wire
widths are tapered, providing an infrared nanofocus at a sharply
pointed transmission-line apex. Such a structure could be realized
on scanning probe tips, allowing for simultaneous high-resolution
imaging of sample topography and infrared properties.
Furthermore, the near-field images demonstrate the potential of
our imaging technique (vector-field nanoscopy4) to verify novel
fundamental predictions and technological concepts in nanopho-
tonics, plasmonics and metamaterials research. Offering wave-
length-independent resolution, it can be used at visible, infrared
and terahertz frequencies.

Methods
Sample fabrication. The antennas were fabricated by high-resolution electron-beam
lithography and metal lift-off on double-side-polished silicon substrates. A bilayer
polymethyl methacrylate (with a molecular weight of 495,000 at the bottom and
950,000 at the top) was used as electron-sensitive polymer. A 40 nm gold film was
thermally evaporated in high vacuum on top of a 3-nm-thick titanium layer,
electron-beam evaporated for adhesion purposes.

The transmission line shown in Fig. 2 consists of two gold wires (width, 200 nm;
length, 15 mm) separated by a 300 nm air gap. The length of the attached dipole
antenna was 2 mm. The tapered transmission line shown in Fig. 4 consisted of two

gold wires (width, 200 nm; length, 6 mm) separated by a 300 nm air gap. The tapered
part of the transmission line measured 1 mm in length, with the widths of the
gold wire and gap simultaneously reducing in a linear manner to 20 nm and
50 nm, respectively.

Near-field microscopy set-up. The scattering-type SNOM used for this work is
based on an atomic force microscope (AFM). Conventional silicon tips acted as
scattering near-field probes. The sample and tip were illuminated from below with a
weakly focused CO2 laser beam (transmission-mode s-SNOM)9. Note that the entire
transmission line was illuminated. The polarization of the illuminating beam in the
presented experiments was parallel to the dipole antenna attached to the
transmission line. The near fields scattered by the silicon tip were collected with a
parabolic mirror and recorded simultaneously with the sample topography.
Background contributions could be fully suppressed by vertical tip oscillation at a
frequency V¼ 300 kHz (tapping-mode AFM) and by subsequent higher harmonic
demodulation of the detector signal at 3V. The amplitude and phase of the in- and
out-of-plane near-field components (|Ey| and wy, respectively |Ez| and wz) were
measured with a pseudoheterodyne detection module (www.neaspec.com). The in-
and out-of-plane near-field components were obtained by selecting the s- and
p-polarized components of the tip-scattered light with infrared polarizers
(www.lasnix.com)4.

Numerical calculations. The near-field maps of the transmission lines shown in
Figs 2c, 3d and 4c were calculated numerically using a commercial finite-difference
time-domain (FDTD) software package (Lumerical FDTD solutions, www.
lumerical.com). The transmission-line modes shown in Fig. 2e were calculated
with an finite-difference frequency-domain (FDFD) mode solver program
(Lumerical MODE solutions, www.lumerical.com). For all calculations we assumed
a free-space wavelength of 9.3 mm and used the dielectric values for gold from
Palik (1Au¼ –2,591þ 1,145i). Good agreement with the experiment data (Figs 2b
and 3b) was found when we assumed a refractive index for the silicon substrate of
nSi¼ 3.07. We explain this deviation from the tabulated value (nSi,Palik¼ 3.44 at
a wavelength of 9.3 mm) by the presence of the titanium adhesion layer,
the natural SiO2 layer on the silicon substrate and by uncertainties in the
fabrication process.
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