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Detection of Single Nanoparticles inside a Single

Terahertz Resonator

Young-Mi Bahk, Kyoung-Ho Kim, Gangseon Ji, Kwang Jun Ahn, Dai-Sik Kim,

and Hyeong-Ryeol Park*

With the rapid advancement of 5G/6G communications using millimeter
wavelengths, the concomitant usage of these long wavelength radiation for
remote sensing and monitoring of biological and chemical agents is anticipated.
However, the ability to detect and identify these agents with sizes ranging from
nanometers to microns is hampered by its millimeter wavelength, which
drastically reduces the interaction cross-section. Herein, it is reported that single
gold nanoparticles (NPs) drop-casted on the nanoresonator can be observed
by monitoring the far-field transmitting spectra of individual terahertz (THz)
nanoresonators, which enhance the electric field hundreds of times on the
nanoscale. Despite the enormous mismatch in length scales, full-wave 3D
numerical modeling of the single THz nanoresonator is also performed to
interpret the experimental results, indicating the possibility to turn off the
resonance using only one NP embedded in the hotspot of the nanoresonator.
Such NP detection becomes the most sensitive when the particle, whose size is
comparable to the gap width, is tightly fitted into the nanoresonator. This work
unveils the potential associated with refractive index sensing and hyperspectral
absorption spectroscopy for detecting and fingerprinting ultra-low density of
bio/chemical molecules such as viruses, lipid vesicles, and explosives.

1. Introduction

NPs and biomolecules. In particular,
THz frequency regime (0.1-30 THz) pro-
vides us with the low-frequency intra- and
inter-molecular vibration information of
chemical and Dbiological molecules, such
as explosives,®”!  deoxyribonucleic acid/
ribonucleic acid molecules,®% polycrystal-
line glycines,'"!  glucose,'*'*  and
steroid hormones.'"***! However, THz
sensing still remains a significant chal-
lenge due to poor coupling efficiency
between the sub-millimeter wavelengths
and nanometer-sized molecules. It has been
recently demonstrated that engineered
metamaterials, such as split ring resonators
(SRRs), nanoresonators, and slot antennas,
further improved the sensitivity for detect-
ing trace amounts of target molecules
enabled by the advancement of field
enhancement and confinement on
nanoscale."** Although single nano-bar-
riers, rods, and islands artificially fabricated
on the array of THz nanoresonators were
studied in earlier works,>2”! detection
and sizing of drop-casted NPs on individu-

Observation of single nanoparticles (NPs), having dimensions in
the deep sub-wavelength region, has been still a big issue since it
requires detection of very weak light absorption or scattering.
The ability to detect individual NPs using sub-wavelength metal-
lic structures, such as plasmonic dipole antennas,!™ nanoaper-
tures,® microresonator,”! and plasmonic nanotubes,” has been a
widely spread tool for observing optical properties of single metal

ally addressable nanoresonators are still needed to develop inno-
vative sensing applications for viruses.?**"!

Here, we investigate whether single metal NPs with dimen-
sions of 100 and 250 nm naturally attached to the gap of a single
nanoresonator with a gap width of 120 nm can be detected using
a THz wave with sub-millimeter wavelengths (Figure 1a,b). For
detecting single NPs as promised by the strong field enhance-
ment inside a single THz nanoresonator, we designed a single
THz nanoresonator with a large length/width ratio of about 1250,
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Figure 1. A single terahertz (THz) nanoresonator perturbed with single gold nanoparticles (NPs).
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a) Schematic of gold NPs with a size (d) placed on a

single THz nanoresonator with a length (/) and a width (w) on a gold film with a thickness (h). b) Schematic of the gold NPs with (top) d =100 nm
“inside” and (bottom) d = 250 nm “on” the nanoresonator. c,d) Top and cross-sectional views of scanning electron microscope (SEM) image for a single
THz nanoresonator with /=150 pm and w=120nm on a gold film of h =100 nm. Length of scale bars: c) 20 pm, d) 100 nm.

to have three orders of magnitudes of electric field enhance-
ment.!'®?>2¢ The resonance frequency of a single nanoresonator
satisfies the condition fres = ¢/(2lnesr), Where neg is the effective
index of refraction of the composite of nanoresonator and sub-
strate and ! is the long-axis length of the nanoresonator.'") Using
a focused ion beam machine, we fabricated a single nanoresonator
suitable for our experimental purposes as shown in Figure 1c,d.
Indeed, compared to the larger NPs (Figure 1b, bottom), the
gap-sized gold NPs (Figure 1b, top) tightly embedded in the
THz nanoresonator, which is a kind of slot antenna, induce a
noticeable modulation of the THz transmission through the slot.
This ability would pave a new way for improving the sensitivity
for detection of NPs using nanogap-based metamaterials in
infrared and THz regimes.

2. Results

To investigate THz responses of single nanoresonators, we
performed THz time-domain spectroscopy (THz-TDS) in a
frequency range from 0.3 to 2 THz using a femtosecond Ti:
Sapphire laser with an 80 MHz repetition rate and 780 nm center
wavelength. A single cycle THz pulse is generated from a biased
low temperature-grown GaAs photoconductive antenna irradi-
ated with the femtosecond laser and guided by two parabolic
mirrors and two THz lenses as shown in Figure 2a. The electric
field of THz pulse transmitted through the sample is detected via
electro-optic sampling method using a <110>-oriented 1 mm-
thick ZnTe crystal. To detect a tiny signal of transmission
through a single THz nanoresonator with a coverage ratio of
about 0.001%, we added the Tsurupica lens (invented by
RIKEN) to the THz-TDS setup for tightly focusing THz wave.
These THz lenses helped us to decrease the spot size at the focal
point to below 1 mm, enhancing the THz electric field ampli-
tudes by one order of magnitude compared with that of our
old THz setup using the parabolic mirror only, while maintain-
ing the signal-to-noise ratio of 10 000:1.

Figure 2b shows the measured THz time traces of single
nanoresonators with a length of 1=150pm and five different
widths of w= 120 (red), 240 (orange), 500 (green), 1000 (blue),
and 5000 nm (purple) for the p-polarized incident THz waves.
While the single cycle pulses were measured from the
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Figure 2. THz time-domain spectroscopy (THz-TDS) for monitoring a sin-
gle THz nanoresonator. a) Schematic of THz-TDS setup using two para-
bolic mirrors and two Tsurupica THz lenses for a tight focusing of THz
beam with 1 mm diameter at the sample position. b) Time traces of trans-
mitted THz pulses through single THz nanoresonators with a length of
I=150 pm and different widths of 120 (red), 240 (orange), 500 (green),
1000 (blue), and 5000 nm (purple) and through the un-patterned gold film
(h=100nm) (gray) and bare quartz (black). The time signals are offset
along the vertical axis for clarity. It is noted that the black solid line for
the bare quartz is scaled down 20 times for ease of comparison.
c) Corresponding scanning electron microscope (SEM) images of the
THz nanoresonators with different widths.

un-patterned 100 nm-thick gold film (gray) and bare quartz sub-
strate (black), the oscillation behavior due to the strong resonant
modes was observed in the single THz resonators. Also, as
increasing the gap width from 120 to 5000nm (Figure 2c),
the period of second oscillation in the time domain becomes

© 2022 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH
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shorter, which implies that the resonance frequency of a single
THz nanoresonator shifts toward a higher frequency.

When incident electromagnetic waves resonantly couple to the
metal gap structure, the electric field is strongly confined and
enhanced in the gap, which results in a high transmission in
the far field. By applying the Kirchhoff integral formalism, we
extracted the near field enhancement factors quantitatively from
the normalized transmitted amplitude (t = Equmple (@)/Erer (@))
divided by gap-to-area coverage ratio (§), t/f, as shown in
Figure 32.%* E_ e (0) and Eper (o) are the far-field amplitudes
transmitted through the sample (THz resonators) and reference
(bare substrate) obtained by Fourier transformation of the time-
domain signal, respectively. As expected in the time-domain
data, the electric field enhancement increases up to 722 at the
redshifted resonance peak as decreasing the gap width to the
narrowest scale, 120 nm.

While the experimental challenge of monitoring a single THz
nanoresonator is addressed via tight-focusing of the THz beam,
accurate computational modeling of THz wave propagation
through the 150 pm long and 120nm wide resonator poses
another significant challenge. The enormous mismatch in length
scales, up to 4 orders of magnitude between millimeter-scale
wavelength and a hundred nanometer-scale width, was beyond
the capabilities of commercial finite-difference time-domain or
finite element methods (FEM). With 10 times improvement of
DRAM chip capacity during the past 10years, we employed
a multi-scale meshing method based on the physical origin of
the resonance to calculate full 3D field distributions and trans-
mission spectra for the whole structure using a commercial
FEM solution (see Experimental Section for the details). To
double-check the electric field enhancements in the single
THz nanoresonators, the gap widths of the top surface of the
nanoresonator were 120, 240, 500, 1000, and 5000 nm, and
the corresponding width of the bottom surface were 80, 200,
460, 960, and 4960 nm, considering the tapered geometry of
the fabricated nanoresonators as shown in Figure 1d. The field
enhancement was defined by Eg,/Eo where Eg,, is the average
electric field on the top surface of the nanoresonator, and Ej is
the incident electric field on the same surface. Figure 3b shows

—
Q
=
—
O
-
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the estimated field enhancement spectra of the same THz
nanoresonators used in Figure 3a. The simulated results in
Figure 3b are in good quantitative agreement with the experi-
mental data shown in Figure 3a.

Compared to the results of analytical calculations based on
modal expansion with a single THz nanoresonator assuming
a perfect electric conductor”**>% (see Figure S1, Supporting
Information), the field enhancement spectra show higher peak
enhancement factors than those of the simulation data, and,
on the contrary, the peak frequency shifts to lower frequency
with the decrease of the gap width. It is noteworthy that the
redshift behavior is explained only with the calculations
including a real metal effect,”? which indicates the significant
effect of the gap plasmon mode on the resonance due to the
penetrating electric field in the gold film. In addition, the
field enhancement at the resonance frequency in the single
THz nanoresonator is inversely proportional to the gap width,
which is attributed to the increase of the capacitive charge
accumulation in the gap region. The accumulated charges
are distributed in a metal film within a length scale of
gap size (w) from the metal edges, which results in a
1/w-dependent enhancement factor in this regime of w-h or
w > h (Figure 3c).

THz nanoresonators facilitate a strong interaction between
millimeter waves and nano-sized objects such as NPs and nano-
wires. The experimental observations of the light-matter interac-
tion are resonance shifts and transmission/reflection changes of
the resonators. In the case of an array structure, the ensemble
average interaction effects are observed because the configura-
tions of each resonator element and NPs are randomly formed,
even though the signal could be excellent in terms of sensing
applications. However, monitoring a single structure, where
the configuration of the resonator and NPs is exactly defined,
allows us to further understand the resonant behaviors of each
nanoresonator, strongly depending on the size and position of
the NPs.

To investigate the THz response of a single nanoresonator
perturbed by gold NPs, we coated the NPs with two different
sizes of d =100 and 250 nm on the single nanoresonators with
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Figure 3. THz field enhancement spectra of the single THz nanoresonators. a) Measured THz electric field enhancement spectra through the single
THz nanoresonators with a length of | = 150 pm and widths of w = 120 (red), 240 (orange), 500 (green), 1000 (blue), and 5000 nm (purple) on a gold film
with a thickness of h =100 nm. b) Calculated THz electric field enhancement spectra of the same THz nanoresonators used in Figure 3 a. ¢) Maximum
THz field enhancements of the experiments (blue) and the simulations (red) as a function of the gap width. The fitted solid line for blue dots denotes

a 1/w dependence, where w is the gap width of the THz nanoresonator.
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the same gap size of w= 120 nm using a drop-casting method
(see the Experimental Section for the details of sample prepara-
tion). In Figure 4a,c, the two different sizes of NPs are located
inside and over the metal gap, respectively, which results in two
different perturbations on the resonant excitation of the metal
nanostructure. With the gap-sized NPs (d-w), the transmitted
amplitude is reduced by 33% relative to that of the resonator only
through embedding only two NPs in the gap. Eventually, the res-
onance completely disappears with hundreds of NPs in the gap
(Figure 4b). The number of NPs was counted in the
corresponding SEM image right after measuring the THz trans-
mittance (see Figure S2ab, Supporting Information). This
implies that a few gap-sized NPs could strongly disturb the fun-
damental resonant mode of the nanoresonator by acting as an
obstacle despite the particle size being about 6,000 times smaller
than the wavelength. In Figure 4c,d with the larger NPs (d > w),
only 9% transmission reduction was counterintuitively observed,
and the resonance peak does not disappear even with hundreds
of NPs on the gap (see Figure S2c,d, Supporting Information).
The small change in the transmission is attributed to the fact that
the NPs, being practically attached to the gap, partially disturb the
charge accumulation at two metal edges across the gap.
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Furthermore, when the particle size is smaller than the gap size
(d<w), a little transmission reduction is also obtained even
with many NPs inside the gap (see Figure S3, Supporting
Information), being consistent with the previous works using
the array of THz slot antennas.*"** It is worth noting that there
is no significant change in transmission spectra when a billion of
NPs or even more without the resonator are put onto a bare
quartz substrate (Figure 4e,f).

Even though further studies are required to ensure the under-
lying physics, we deliberately suggest a possible origin. As the
NPs become smaller, many contact points that possess resistive
natures could be formed. Correspondingly, turning off the reso-
nant transmittance is incompletely obtained because a current
loss induced by the resistive contacts appears. This observation
implies that an ideal sensitivity of the metal gap antenna struc-
ture strongly depends on the relative size of the gap and the
refractive index of the target particles. The size-dependent per-
turbation of NPs disturbing the resonance of the THz nanoreso-
nator can be explained by mimicking a resistor—-inductor—
capacitor (RLC) circuit model where the NPs are considered
as additional resistors in parallel (Figure 4g,h). The surface cur-
rent induced by the incident electromagnetic waves contributes
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( ) § 1.0 ( ) tens of NPs
= —— hundreds of NPs|
o 0.8
IS
©
- 0.6
7]
N
© 0.4
€
S
=z 0.2

0.0 ; . . T T T
06 08 10 12 14 16 18 20
Frequency / f.

() (h)
E
o
ke
—
= /I} Sy <
= -
k. A= L <
E
RNPs
(00(= JT_C)

Figure 4. Single THz nanoresonators with gold NPs. a) Enlarged SEM image of the two gold NPs with d =100 nm embedded in the 120 nm wide gap.
b) Normalized transmitted amplitude spectra through single THz nanoresonators with /=150 pm and w =120 nm with (orange) the two and (red)
hundreds of gold NPs, and (blue) without. c) Enlarged SEM image of the gold NPs with a diameter of d=250nm on top of the 120 nm wide
gap. d) Normalized transmitted amplitude spectra through single THz nanoresonators with /=300 pm and w =120 nm with (orange) tens of and
(red) hundreds of gold NPs, and (blue) without. e) Enlarged SEM image of the gold NPs with a total number of 1.3x10° on the bare quartz substrate.
f) Normalized transmitted amplitude spectra for NPs amounts ranging from 1.1x108 to 1.3x10° onto the bare substrate. g) An illustration of a single
THz resonator with a gold NP where the surface current is induced in a metal film by an incident THz field. The induced current contributes to capacitive
charging (Kc) and inductive coupling (K\). h) (left) A distributed RLC circuit model for the single nanoresonator perturbed by gold NPs. The impedance of
a single nanoresonator Z is given by [1/R,es—1/(iwL) —icC] . The NPs are responsible for an additional resistance Ryp in the circuit, resulting in (right)
the lower Q factor of the rms voltage curve. Scale bars (all): 500 nm.
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to a capacitive charging (Kc) and an inductive coupling (K;) in the
metal nanoresonator, resulting in resonant behavior (Figure 4g).
The NPs disturbing the resonant mode play a role as an addi-
tional resistor leading to the lower Q factor at the resonance
of wy = 1/+/LC (Figure 4h), which can imply the reduction of
THz resonant transmission caused by the NPs. The capacitance
C = golh/w is determined by the geometrical parameters where &,
is vacuum permittivity, h is metal thickness, I and w are the length
and width of the resonator, respectively, and the inductance L can
be extracted from the resonance frequency fies (= 1/(22v/LC) and
the capacitance C.

With the wave impedance definition, we can estimate the NPs
resistance Ryp that causes current loss. Consider the case for the
size of NPs comparable to gap width (d-w) as shown in Figure 4b.
The ratio of transmitted amplitudes for the resonator with and
without NPs is expressed as typ/ty = |Znp/Zo| for transverse
magnetic (TM) mode.>*%! At the resonance frequency, the effec-
tive impedances can be expressed by Zyp = [1/Ryes + N/Ryp] "
and Zy=[1/R.es] " in terms of the resistance connected in par-
allel, where N is the number of NPs in the gap. For that case
when two NPs exist in the gap as shown in Figure 4a, the ratio
of transmitted amplitudes is around typ/to = 0.67, which leads
that the effective resistance of a single NP (Ryp) is around 4.1
times larger than the resistance for the resonator without NPs
(Rres)- The value is enough to significantly disturb THz resonant
mode. In contrast, the larger NPs (d > w) have a much larger
resistance due to the relatively small current loss through the
NPs, determined by smaller electric field distributions above
the gap.
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In terms of the current flow through the metal NPs, according
to previous works, it is expected that the NPs larger than the skin
depth of the metal result in great perturbation with disturbing
the charge accumulations.”®?*! However, the use of metallic
NPs changes both the size and contact resistance of the current
flow channel depending on the particle size due to the different
particle positioning (inside or above the gap). For gold NP larger
than the skin depth, the currents pass through the NPs with a
large effective resistance due to the small current loss.

To elucidate the physical origin of the perturbed resonance by
a single gold NP, we calculated field enhancement spectra of the
single THz nanoresonators with the gold NPs using the FEM
calculation (see the Experimental Section for the details). The res-
onance of the single THz nanoresonator can be affected by the
size and the position of the gold NP in the resonator. Indeed, we
used the gold NP with a diameter of 100 nm fitted in the gap as
shown in Figure 5a,c. The field enhancement was significantly
suppressed when the single gold NP was placed at the center
of the long-axis length of the resonator (red line in Figure 5a),
meanwhile, the field enhancement was less suppressed when
the gold NP has shifted 40 pm apart from the center of the reso-
nator (orange line in Figure 5a). We note that these features
become relatively much weaker when we put the larger gold
NP with a diameter of 200nm for the same positions
(Figure 5b,d). In Figure 5c¢,d, the enhanced conducting current
through the NP effectively turns off the resonance, reflecting
most of the light back and achieving orders of magnitudes larger
extinction when the NP is fitted into the gap rather than placed
onto the top of the gap.
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Figure 5. a,b) Calculated field enhancement spectra of a single THz nanoresonator with (red and yellow line) and without the single gold NP (blue line),
using the FEM simulation. The gap width at the top surface of the nanoresonator was 120 nm. (a) The NP with a diameter of 100 nm was placed inside the
gap region, and (b) the NP with a diameter of 200 nm was placed on top of the gap. The NPs were placed at the center (red lines) and 40 pm (orange lines)
from the center of the 150 pm-long resonator. c,d) Normalized current density (J,) distributions with: (c) the 100 nm NP embedded in the gap and (d) the
200 nm placed on top of the gap. Both of the NPs are located at the center of the long-axis length of the resonator. The black arrows describe the directions
of the conducting currents through the NPs in the cross-sectional view. The current density J, is normalized to the maximum value of each figure.
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These results indicate two interesting features of the per-
turbed resonance by a single gold NP. First, the size of the gold
NP is crucial for changing the resonance. The gap plasmon mode
with the focused electric field in the gap region is the key to deter-
mining the resonance.*” The resonator with the 100 nm gold NP
shows the larger suppression of the resonant transmittance com-
pared to the one with the 200 nm gold NP, indicating the larger
disturbance of the gap plasmon mode by the gold NP embedded
inside the gap. The induced volumetric current inside the NP
also supports that the 100 nm gold NP can severely affect the
gap plasmon resonance by a resistive loss (Figure 5c,d).
Furthermore, the electric field distributions in the single THz
nanoresonator directly show the severe mode distortions by
the 100 nm gold NP placed at the 40 pm from the center as well
as at the center of the resonator (See Figure S4a, Supporting
Information). In contrast, the electric field distributions with
the 200 nm gold NP show subtle changes in the resonant modes
because of the weak interaction with the gap plasmon mode (See
Figure S4b, Supporting Information). Second, the perturbation
of the resonance is a function of the position of the gold NP. The
electric field distribution of the fundamental resonance shows a
maximum at the center of the resonator. Therefore, the mode
distortion by the NP is reduced when the NP moves toward
the edge of the resonator. These results confirm that the pertur-
bation of the resonance can be tuned by placing the NP at the
desired position in the resonator, as already reported in the ear-
lier works.[**2%! Taken together, the 3D numerical simulations
have confirmed that only a single gold NP can completely tune
the resonance of the THz nanoresonator, enabling the develop-
ment of an ultrasensitive THz sensing platform for various
conducting and non-conducting NPs, such as viruses and lipid
vesicles with diameters of less than 100 nm.[2*3%-49

3. Conclusions

We have demonstrated the detection and sizing of drop-casted
metal NPs on individually addressable nanoresonators in the
THz frequency region. The dramatic THz transmission change
was realized only when the size of the gold NP is comparable to
the gap size, which results from strongly perturbing the funda-
mental resonant mode of the nanoresonator. Intrinsically, the
only one NP with a diameter of 100 nm could shut off the reso-
nant transmittance through the 150 pm-long nanoresonator
despite the particle’s dimension being smaller than about
Ares/6,000. This phenomenon is attributed to the presence of
the strong field enhancement and confinement inside the nano-
gap, which could increase the scattering or the absorption from
NPs thereby enabling the detection of subwavelength particles
beyond the diffraction limit. Besides the detection of NPs, our
nanoresonator platform can be also utilized to study various
sensing applications for bio/chemical molecules due to their
spectral selectivity in a wide range from the mid-infrared to
the THz region, where their resonance responses can be tuned
to that of the intra- and intermolecular vibrational modes of
target molecules. This sensing platform will lead to a great
impact on the advancement of fingerprinting ultra-low density
of explosives and viruses, especially if this platform is combined
with trapping techniques.***!
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4. Experimental Section

Optical Simulations: The full-wave optical simulations were performed
to analyze the field enhancement of the single THz nanoresonators in
Figure 3 and the nanoresonators with a gold NP in Figure 5, using a
finite-element method (COMSOL Multiphysics, RF module). The nanore-
sonator was formed by perforating a rectangular hole in the 100 nm-thick
gold film with the dielectric constant following the Drude model,
() = 1-w,’/ (@ +iwy,) with the @, of 2730THz and the y, of
19.4 THz."*% The length of the THz nanoresonator was 150 ym and
the gap widths of the top surface of the nanoresonator were 120, 240,
500, 1000, and 5000 nm and their corresponding width at the bottom
surface were 80, 200, 460, 960, and 4960 nm by considering the tapered
geometry of the fabricated nanoresonator in Figure 1d. The thin gold film
area was extended to 1 mm from the edge of the nanoresonator for con-
sidering the lambda-zone with the surface current flow.**! The gap region
and the top layer of the nanoresonator were air, and the bottom side was
the quartz substrate with a refractive index of 2.0.

The different length scales in the gap width (120 nm), the length of the
THz nanoresonator (150 pm), and the wavelength (600 ym at 0.5 THz)
demand huge amounts of computational resources such as memories
and CPUs. To resolve it, we applied a multi-scale meshing method based
on the physical origin of the resonance in the THz nanoresonator. The
largest element size in free space is 55 pm whereas the smallest element
size in the gap is 5 nm. The focused Gaussian beam with the beam waist of
500 pm was used to model the focused THz light illuminating the nano-
resonator from air. The outer boundary of the calculation region was set to
be the perfectly matched layer to eliminate the unwanted reflection. The
non-local effect was not considered in the simulation due to ohmic
contacts between the NP and the nanoresonator.

Sample Preparation: A drop-casting method was used for coating the
gold NPs. We used colloidal gold NPs with sizes of 100nm and
250 nm (EM.GC 100/4 and EM.GC 250/4, BBI solutions). We dropped
the 10 pL (Figure 4b, orange) and 20 pL colloidal solutions (Figure 4b,
red) on the single nanoresonators, and subsequently dried the sample
at a room temperature of 20 °C. The volume density of the 100 nm gold
NP colloidal solution was 5.5 x 10°/mL. Therefore, the total number of
gold NPs over the entire area of the sample can be estimated to be
5.5 x 107 (for the 10 uL solution) and 1.1 x 10® (for the 20 pL solution),
respectively. The total number of 250 nm gold NPs was also estimated in
the same manner.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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