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We observe dipole resonances in thin conductive carbon micro-fibers by detecting an enhanced electric field in
the near-field of a single fiber at terahertz (THz) frequencies. Time-domain analysis of the electric field shows
that each fiber sustains resonant current oscillations at the frequency defined by the fiber’s length. Strong
dependence of the observed resonance frequency and degree of field enhancement on the fibers’ conductive
properties enable direct non-contact probing of the THz conductivity in single carbon micro-fibers. We find
the conductivity of the fibers to be within the range of 1-5-10* S/m. This approach is suitable for experimental
characterization of individual doped semiconductor resonators for THz metamaterials and devices.

Resonant plasmonic response of micro-scale struc-
tures made of doped semiconductors at terahertz (THz)
frequencies enables tunable light-matter interaction re-
quired for efficient THz devices. A semiconductor micro-
resonator, for instance, can be used as a tunable antenna
for THz sensing and detection'?. Arranged in a periodic
array, such antennas offer promising solutions for tunable
THz metamaterials with frequency-selective transmition
and absorption3S.

At the heart of the tunable THz response is the de-
pendence of the resonance properties of semiconductor
micro-structures on their plasma frequency and charge
carrier scattering rate. These paramaters are tunable
via electronic, thermal and chemical mechanisms within
the THz and mid-IR frequency ranges. They are also
influenced by fabrication processes and handling condi-
tions. Experimental methods for THz conductivity char-
acterization are therefore required for verifying theoret-
ical models of semiconductor micro-structures (includ-
ing periodic arrays of graphene ribbons or randomly dis-
ributed carbon nanotubes and micro-fibers) and for the
development of tunable THz devices.

At present, the two most common experimental tech-
niques for characterizing nano- and micro-particles at
THz frequencies rely on models of their collective re-
sponse. The first approach consists in measuring THz
transmission or reflection in composites containing multi-
ple resonators” ?. Extracting the properties of individual
resonators from such measurements requires knowledge
of their shape, dimensions, volume fraction, and degree
of clusterization. It is common to use effective media ap-
proximations, such as the Maxwell-Garnett mixing rule,
to describe composites with subwavelength inclusions!®.
However, this approach is not applicable to compos-

ites with inhomogeneous, resonant or irregularily shaped
inclusions'®!!, in particular those with sizes compara-
ble to the relevant wavelength. In the second approach,
micro-resonators are analyzed by measuring THz trans-
mission or reflection of metasurfaces containing their pe-
riodic or a-periodic arrays!-2. However, the collective re-
sponse of a metasurface is defined by both the response
of individual elements and the interaction between them.
Moreover, each of the resonant elements may have dif-
ferent conductivity or size giving rise to a broader col-
lective resonance. It is thus important to have a tech-
nique for direct experimental characterization of single
resonant micro-particles at THz frequencies.

In this letter, we report on an experimental method
for non-contact probing of THz conductivity in indi-
vidual conductive micro-resonators. We studied single
carbon micro-fibers (CMFs), with lengths varying be-
tween 50 and 150 pm, using near-field time-domain THz
spectroscopy'?13. For each fiber, we observe an elec-
tric dipole resonance in the THz range. At the reso-
nance frequency, specific for each CMF, the electric field
in the near-field zone of the fiber is enhanced. Time-
domain analysis allows us to attribute the enhancement
to standing waves, or plasmonic resonances, induced in
the CMFs by incident THz pulses. The degree of field
enhancement, as well as the resonance frequency, for a
conductive fiber depend primarily on the real part of
the material’s conductivity. It allows us to experimen-
tally evaluate the conductivity of a single CMF through
studying the properties of its resonant response. To do
S0, we compare the measured resonance frequency and
enhancement factor with those computed using full-wave
numerical modelling. The THz conductivity of the CMF's
is similar to that of doped semiconductors, suggesting



FIG. 1. (a,b) Scanning electron microscope images of CMFs.
(c) Sketch of the the THz near-field time-domain spectroscopy
setup (not to scale).

that the method can be applied to a broad range of THz
plasmonic resonators.

A CMF (Fig. 1(a,b)) is a cylindrical particle of with a
7 pm outer diameter and a length of the order of tens
of pum, produced from carbon fibers by micro-milling
(supplied by STC of Applied Nanotechnologies). It con-
tains 98% carbon basis and its crystal structure resem-
bles that of graphite with sheets oriented along the fiber
axis'®1®. Depending on specific fabrication techniques,
the DC resistivity of similar unmilled carbon fibers is
of the order of 10 pQ-m'* and is strongly temperature-
dependent!®. The plasma frequency of graphite is within
the range of 0.17-0.83 eV!718 which is significantly
above the THz region and corresponds to GaAs doped
at 1018-10'° em=3 19,

In our experimental method, a single CMF is exposed
to a broadband THz pulse and the sample’s response is
detected in the fiber’s near-field zone through a subwave-
length square aperture (10x 10 zm?) in a metallic screen.
In the vicinity of the CMF dipole, resonant currents in-
duce quasi-static enhanced fields oscillating at the fre-
quency determined by the fiber’s length?%:2!. The field
couples through the subwavelength aperture allowing the
photocoductive THz detector'? to record the resonant re-
sponse. This technique was recently used to study THz
Mie resonances in dielectric micro-spheres??. The inci-
dent pulse spectrum in our experiment (0.5-2.5 THz)
covers the fundamental dipole resonances for CMFs with
lengths ranging from ~ 50 to 300 pm, which is roughly
equal to A\/2 (half-wavelength in free space).

Although the proximity of the samples to the metallic
screen of the probe surface introduces a ground plane
effect, known to deteriorate the radiative efficiency of
dipoles?®, the near-field response of CMFs nevertheless
remains resonant. In the frequency domain, the spec-
trum of the detected field produces a pronounced peak
at the resonance frequency specific to each CMF.

CMF samples are manually attached to 12.5 pm-thick

low-density polyethylene (LDPE) substrates. The fiber
axis is oriented along the polarization (z-axis) of the THz
pulses generated by optical rectification in a ZnTe crystal.
The experiments are performed at a temperature of 22°+
1°C.

Figure 2(a) shows the near-field space-time distribu-
tion (200 pmx12 ps) of the electric field detected by the
THz probe along the axis of a 80 pm-long CMF. Fig-
ures 2(b,c) illustrate waveforms detected by the probe
with and without the fiber in front of the probe aper-
ture. These measurements are taken at the same sample-
to-proble distance, d = 15 pm. Throughout the exper-
iment, d is kept below A/6 (X is the central free-space
wavelength) ensuring near-field measurements.

The space-time diagrams and waveforms measured at
the centers of all CMFs show clear resonant features -
each sample is 'ringing’ at a specific frequency. This fact
allows us to create time-resolved THz images of CMF
resonant modes by raster scanning the fiber in the xy-
plane while maintaining the same sample-to-probe dis-
tance. The 200 pmx200 pm THz image in Fig. 2(d) is
recorded at 3.5 ps time delay, when the field of the res-
onant standing wave is at its maximum and is distinctly
different from the field detected in the absence of the
sample.

Figure 2(e) shows the spectral response of the CMF
with the resonance peak matching the THz dipole reso-
nance. In the vicinity of the resonant frequency, the spec-
trum follows a Lorentzian line shape and can be described
by two parameters: the resonance frequency f, and the
peak amplitude (normalized to the reference spectrum,
E(f)/Eo(f-)). For simplicity, let us denominate the lat-
ter as the enhancement factor (E'F).

Our approach to finding the real part of the CMF’s
conductivity is through measuring its EF'F. Similar to
its effect on scattering and absorption cross-sections of a
dipole in the far field, the real part of the dipole’s conduc-
tivity defines the intensity of induced resonant currents
and, consequently, the strength of the fields in the imme-
diate proximity to the CMF.

The observed response of a micro-resonator with a cer-
tain conductivity also depends on its distance from the
metallic screen of the probe. As the sample is moved to-
wards the probe along the z-axis, the detected near-feld
amplitude increases and produces higher enhancement
factor EF23. For each sample, we measure the depen-
dence of its E'F on the sample-to-probe distance d.

Figure 3(a,b) show the enhancement factor vs. dis-
tance diagrams for a 102 pym and 80 pm-long CMFs,
respectively. The black lines and symbols denote the
measured enhancement factors for both CMF's, the blue
lines and symbols represent the corresponding enhance-
ment factors extracted from the Lorentzian fits to the
measured spectra, as in Fig. 2(c).

To evaluate the CMF’s conductivity, we simulate the
experiment numerically using the time-domain solver of
the CST Microwave Studio™. We use hexahedral mesh
cells with sizes varying from 0.1 to 10 gm. The CMF’s
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FIG. 2. (a) The space-time diagram showing how the detected waveform changes as the probe scans along a 80 pum CMF placed
at a distance of d = 15 um away from the probe. (b), (¢) Waveforms detected in front of (red) and away from (blue) the fiber.
Schematic images depict the positions of the sample with respect to the aperture. (d) THz near-field image of the fundamental
resonance mode of the CMF taken at a fixed time delay of 3.5 ps. The spatial resolution is defined by the aperture size and is
10 pm. (e) Normalized spectrum and its Lorentzian fit of the same CMF placed at d = 3 pm.

conductivity at THz frequencies is approximated by a
DC value and is varied from 10% to 10% S/m. Losses in
the LDPE substrate are neglected.

In Fig. 3(a,b), the experimental curves are plotted
against numerically obtained conductivity maps. As the
sample-to-probe distance increases, the influence of sys-
tematic noise becomes more noticeable, which can be
seen from the error bars. Comparing the results, we con-
clude that the real part of the conductivity of the CMFs
is within 1-5 - 10* S/m, which is consistent with estima-
tions based on conductive properties of graphite!®.

An alternative, and probably more intuitive, approach
to estimating the real part of the conductivity of lossy
conductive dipoles consists in measuring their resonance
frequency. As the conductivity decreases and the mate-
rial’s response deviates from perfect electric conductor,
the period of resonant current oscillations becomes longer
and the resonance frequency of the dipole shifts towards
lower values.

Compared to the case of suspended dipole, in our ex-
periment, the resonance for each CMF experiences an
additional 'red’ frequency shift and almost a double in-
crease of the enhancement factor. This is due to the
presence of LDPE substrates with a dielectric permittiv-
ity esup = 2.33 24, For perfect conductors, the resonance

frequency shift can be estimated as a factor of ,/—2

€subt1’
In addition to the effect of the LDPE substrates, the
resonance frequency of each dipole is also affected by

the metallic plane of the probe?’. Figure 3(c) shows a
resonance frequency vs. sample-to-probe distance dia-
gram similar to Fig. 3(a,b) with experimental data plot-
ted against the numerically obtained conductivity map
for a 80 pm CMF. The real part of the conductivity of
the CMFs measured via this approach is consistent with
the one estimated through enhancement factor analysis.

In these experiments the following factors affect the
accuracy of conductivity estimation. The lengths of the
studied CMFs were measured with about £1 pm error,
which would change the EF' and the resonance frequency
by ~ 1%. CMF radii were not measured for each indi-
vidual sample, but assumed to be equal to 3.5 um as in
Fig. 1(a). It is known that the radii of the CMF's expe-
rience a 10% variation resulting in 10% and < 1% error
in the EF and f,, respectively. The distance between
the sample and the detector d was defined with a 2 pm
error. More precise definition of d can further improve
the accuracy of the conductivity measurements.

In conclusion, we present an experimental method for
non-contact probing of the THz conductivity of single,
weakly conductive resonant micro-particles. As a proof
of concept, we measured the THz conductivity of indi-
vidual CMFs by 1) measuring the degree of near-field en-
hancement produced by the electric dipole resonances in
the near-field region around the samples, 2) and analyz-
ing their resonance frequency and its deviation from the
resonance frequency of perfectly conducting dipoles with
identical geometry. The difference in the way experimen-



[ 106<5*10°S/m
[_Jo<10*S/m
[ 0<2.5*10* S/m
[ 6<10° S/m
[ 5<10° S/m
I 5<10" S/m
I <10° Sim
—%— measured data
—e— Lorentzian fit

sample-probe distance, d (um)

[ ]06<5*10°S/m
[ Jo<10‘Sim
[]0<2.5*10* S/m
[ 6<10° S/m
[ 5<10° S/m
Il 5<10” S/m
B 5<10° Sim
—%—measured data
—— Lorentzian fit

2_
(b) T T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
sample-to-probe distance, d (um)

[ 106<5*10°S/m
[ Jo<10*Sim
[ o6<2.5"10*S/m
[ 5<10° S/m
[ 5<10° Sim
B 5<10” S/m
B 5<10° S/m
—%— measured data
—®— Lorentzian fit

resonance frequency, f, (THz)

T T
(C) 0 5 10 15 20 25 30 35 40 45 50
sample-to-probe distance, d (um)

FIG. 3. (a),(b) Enhancement factor EF vs. distance be-
tween the sample and the probe for CMFs with lengths
L = 102 pm and L = 80 um, respectively. (c) Resonance
frequency f, vs. distance between the sample and the probe
for L = 80 pum. Coloured zones mark numerically calculated
areas corresponding to different conductivity bands within the
range of 10°-10% S/m. Black curves and symbols represent
the measured E'F and f,, while blue curves and symbols cor-
respond to EF and f, extracted from Lorentzian fitted ex-
perimental spectra. The error bars depict the measurement
errors related to (a), (b) noise and (c) spectral resolution of
58 GHz.

tal errors affect the two measured parametres, EF and
fr, suggests that the two techniques of conductivity esti-
mation are complementary to each other. Working best
for materials with low DC conductivity (10>-10° S/m),
this experimental approach is suitable for characterizing
micro-scale particles with pronounced resonant absorp-

tion in the THz range. In particular, it can be applied
to characterization of semiconductor or semimetallic ele-
ments of THz absorbers, resonance-based sensors or tun-
able metamaterials and metasurfaces.
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