Circuit-tunable sub-wavelength THz resonators:
hybridizing optical cavities and loop antennas
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Abstract: We demonstrate subwavelength electromagnetic resonators
operating in the THz spectral range, whose spectral properties and
spatial/angular patterns can be engineered in a similar way to an electronic
circuit. We discuss the device concept, and we experimentally study the
tuning of the resonant frequency as a function of variable capacitances and
inductances. We then eclucidate the optical coupling properties. The
radiation pattern, obtained by angle-resolved reflectance, reveals that the
system mainly couples to the outside world via a magnetic dipolar
interaction.
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1. Introduction

Reinterpreting and adopting well-established concepts from electronics and radio-frequency
(RF) engineering in THz and mid-IR photonics is a challenge which can lead to innovations
both in terms of conceptual advances and device concepts [1-6]. One distinctive outcome of
this new trend is the emergence of structures that blur the line between photonics and
electronics, offering unprecedented flexibility in terms of device compactness and frequency
tunability [7-10]. Recently, hybrid electronic-photonic THz resonators with dimensions
below the diffraction limit in all the three directions of space have been proposed by our team
[5]. These devices permit deep sub-wavelength mode confinements as they support a
fundamental resonance mediated by a real electrical current. The presence of a real electric
current is crucial, since it allows one to decouple inductance and capacitance, which are in
general intertwined in photonic cavities and also in standard transmission line resonators [11]
(also called patch cavities [12] or patch antennas [13]). They are de facto topologically
equivalents of split-ring resonators (SRRs) and they behave therefore as micrometric LC
circuits while retaining key properties of standard photonic micro-cavities [6]. However, the
extreme compactness of those resonators yields some drawbacks such as poor radiation
coupling and a difficult inductive tuning, which might hinder their use for device applications.

In this paper, we address these limitations and further develop the aforementioned
resonators. Thanks to an innovative fabrication technology (see pictorial representation in Fig.
1(a), the inductive section is now implemented as a metallic bridge suspended in air [Fig.
1(b)] and it is now endowed with the true functionalities of a loop antenna. The radiation
frequency, coupling, polarization and efficiency are tailored via the sole design of the loop
antenna, similarly to conventional RF designs. In turn, the capacitive section can host an
“active” material, be it an emitter (a QC laser for instance), a detector (a quantum-well
infrared detector, QWIP), or an absorber (a quantum well for polaritonic applications, for
instance).

2. Device concept

The device concept is intuitively sketched in Fig. 1(a): a patch cavity of side s on a metallic
ground plane is connected to a loop antenna [14]. Thanks to the presence of the metallic
ground plane, and exploiting the mirror symmetry, this is equivalent to fabricating just half of
the antenna. In an ideal picture, the patch cavity is a capacitive section (C) while the loop
antenna is an inductive section (L), as shown in Fig. 1(a). This would yield a purely reactive
impedance of the form Z = iwL/(1-w’LC), given that the two components are connected in
parallel [15].
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Fig. 1. (a) Intuitive idea of the hybrid loop-antenna/patch-cavity resonator. Equivalent circuit:
the patch is mainly a capacitive section, while the antenna is mainly inductive. The antenna
also features a radiative resistance (R,q) which is responsible for radiation coupling. (b)
Scanning electronic microscope (SEM) image of a real device. The superimposed schematic
defines the incidence angles 6 and ¢.

To account for radiation coupling and losses, resistances must be introduced: Rj,.q
accounts for losses in the semiconductor region; R,;,, accounts for the losses induced by the
loop and patch metal resistance; R,,; accounts for — importantly — the radiation coupling. As a
matter of fact, this hybrid resonator can be seen as a loop antenna with complex impedance
Zuni = Ropm + Roaa + iwL, connected to a capacitive load formed by the two metallic plates
with complex impedance Z,.y = Rjpad/(1 + i@ RjpqqC).

Contrary to [6], where the loop antenna was resting on a 1-um-thick SiO, insulation layer
on the device top and sidewalls, the loop is now defined as a suspended metallization (Fig. 1).
To create the metal loops we adapted a fabrication procedure for air bridge structures, widely
employed in microwave technology [16]. A scaffold for the bridge is formed using a positive
photoresist (Shipley S1818) before defining lithographically the metal stripe (AZ5214 image
reversal photoresist is used in this step). The height of the bridge is set by the resist thickness
while the width, length and position of the bridge are set by photolithography.

This approach has important implications, as it permits a flexible and efficient control of
the impedance parameters listed above.

The antenna inductance L is linked to the length of the suspended metallization, which we
can now control independently of the capacitive section. The inductance sets the resonance
frequency via the known formula f = 1/2z(LC)"”, hence it is possible to set the operating
wavelength via the sole inductance, in complete independence from the semiconductor core
size which can therefore be extremely sub-wavelength. R, the radiation resistance of the
antenna, is the key parameter which sets the radiation coupling properties of the system. For a
loop antenna it is approximately proportional to the square of the surface enclosed by the loop
[14], which can be almost freely set as shown in the right insets of Fig. 2. This is a major
progress with respect to the devices in [6], which were typically under-coupled given the lack
of freedom in the engineering of R, .

In order to explore and validate the aforementioned properties, we have fabricated a series
of samples whose characteristics are summarized in Fig. 2. The material used is undoped
GaAs, grown by MOCVD, whose thickness 7 is kept constant at 2 um for this demonstration
and it is sandwiched between two metallic plates (metal-insulator-metal, MIM, configuration).
The loop antennas are made of Ti/Au and their widths and thicknesses are 4 um and 250 nm,
respectively. The device density is approximately 2400 dev/mm®.
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Fig. 2. Specifications of the fabricated devices: 16 device geometries were fabricated (a 4x4
matrix) with 4 different patch side (s), and 4 different loop antenna lengths (/). The GaAs
thickness ¢ is kept constant at 2 pm. The operating frequency (wavelength) of the fundamental
LC mode of each device is reported in the corresponding matrix cell. The colors identify the
nominally iso-frequency samples. Details about how the cavities were measured are given in
section 3.

The guiding idea was to independently vary the inductance (the loop length) or the
capacitance (the patch dimension) in order to exhaustively study the properties of the system.
In particular, we aimed at implementing sets of isofrequency devices, i.e. devices with
nominally identical operating frequencies, but different structural parameters. In Fig. 2 —
which summarizes the experimental operating wavelengths/frequencies of the fundamental
LC resonance — these device sets are highlighted with identical colors. This shows that L and
C can be controlled in total independence, and — for a given frequency — the device geometry
can be optimized to suit a specific application. For instance, capacitance dominated devices
will be useful for developing sub-wavelength lasers, since a large amount of gain is necessary,
and the optical gain is located in the active semiconductor core. On the other hand, inductance
dominated devices will be useful for detectors, since the extremely small surface of the active
core can lead to reduced dark currents.

3. Device characterization: circuit tuning of the resonant frequency via L and C

The photonic eigenvalues of the system can be probed by polarized, angle-resolved
reflectivity measurements, which were performed — under vacuum — with a Fourier transform
infrared spectrometer (FTIR). A gold coated mirror of the same dimension of the samples has
been used as reference to normalize the reflectivity spectra. Because the spot size S of the
THz beam is much larger than individual structures, we fabricated and characterized periodic
arrangements of identical cavities that were larger than S so as to maximize the signal/noise
ratio. The period of the arrays is largely sub-wavelength to forbid all the diffractive orders
except the Oth-order reflection.

Figure 3(a) summarizes the 4 independent experimental configurations (two sample
orientations and two polarizations) which were explored for the characterization of the
devices. Figure 3(b) reports the reflectivity measurements on a typical device, for the four
measurement conditions highlighted (6 = 45°). The resonant modes appear as sharp
resonances in the reflectance spectra.
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Fig. 3. (a) Experimental configurations for device characterization. The arrangement of the E,H
fields with respect to the incidence plane is highlighted for TM, TE polarizations. The twist
angle ¢ identifies the two non-equivalent orientations of the loop antenna: ¢ = 0° parallel to the
incidence plane, @ = 90° normal to the incidence plane. (b) Typical reflectivity spectrum at 45°
for a device in the 4 configurations. Spectra are stacked (offset =-0.2) for the sake of clarity.
The top spectrum is not shifted and it shows that the background reflectivity is close to unity.
The dip around f=7 THz is the patch TMg/TM;o mode. For configurations (ii) - (iv) the LC
mode appears at =2.6 THz. The E, field distribution at resonance in the semiconductor is
shown in the insets.

The two modes at =7 THz are the dominant TMy;/TMg;o modes of a standard MIM patch
cavity, whose electric field z-component distribution is represented in the right inset of Fig.
3(b). Their wavelength is related to the patch side as Ay = Mngy= 2-s, i.e. the situation when
one half internal wavelength corresponds to the cavity side. n.y is an effective index which
takes into account the dielectric constant of the material sandwiched by the metallic plates,
and the phase of the reflectivity at the cavity edges [12]. However, when the semiconductor
material is etched around the cavity, the reflectivity phase effect is marginal. The degeneracy
of the two fundamental patch modes is split by the presence of the metallic bridge [5].

The low-frequency mode at f=2.6 THz is instead the fundamental LC mode of the
structure, characterized by a (quasi) uniform AC electric field between the two metal plates,
as clearly shown in the left inset of Fig. 3(b). This mode exhibits the well-known coupling
selection rules of split ring resonators [17,18], as shown in Fig. 3(b). In configuration (ii) the
incoming wave excites the LC resonance by inducing an AC voltage (or charge separation)
over the capacitive section via the electric field normal to the metal plates (induced vertical
electric dipole, dg). In configuration (iii) a circulating AC current is instead excited in the loop
antenna by the magnetic field normal to the loop plane (induced horizontal magnetic dipole
moment, dy). Both dg and dy are excited in configuration (iv) yielding a stronger coupling to
the LC mode. No coupling to the LC mode is observed in configuration (i).

Figure 4 reports the frequency of the LC modes for all the fabricated resonators, as a
function of the patch side s and of the antenna length /.

The operating wavelength of the devices increases linearly with the patch side s. This in
agreement with the formula f'= ¢/A = 1/2z(LC)"?, since the square root of C is proportional to
s. For a fixed patch side, the operating frequency increases with the inductor length. This is
again in agreement with the aforementioned formula. Note that in all cases, the resonance
frequency of the LC mode is much lower than what is allowed by the diffraction-limited patch
cavity alone, s = A./2. This leads to extremely low effective electromagnetic volumes, also
due to the very thin semiconductor core emplo;led. For instance, the resonator with s = 9.5 um
and 1 =9 pm, we have V=2 x 103 (M2 1),

#213852 - $15.00 USD Received 11 Jun 2014; revised 22 Jul 2014; accepted 8 Aug 2014; published 26 Aug 2014
(C) 2014 OSA 8 September 2014 | Vol. 22, No. 18 | DOI:10.1364/0E.22.021302 | OPTICS EXPRESS 21306



T T T
300 | 11
—~ 250 | —~
S T
= E
-
S 200 115 &
{ o C
3 2
= o]
g 150 | @ 1=3um |H2 T
Q@ I=5um
@ I=7um 42,5
100 1 . @ 1-9um |
6 7 8 9 10

Patch Side (um)

Fig. 4. Experimental wavelengths (frequencies) of the LC mode as a function of the patch side
(s) for various inductor lengths (/). For a fixed loop size the trend is linear, as expected from
theory. The confinement ratio in the semiconductor, .y, is reported for each inductor size. A
value of 2 corresponds to the diffraction limit.

As a matter of fact, the simple LC model is remarkably quantitative. The capacitance C; of
a MIM patch of area S and GaAs thickness ¢ = 2 um can be estimated as C; = &) €gq4s S/
Similarly, the inductance L; of the antenna loop of length / can be estimated based on the
analytical model in [19] considering the width, thickness and total length of the metallic
stripe. All the resulting values are reported in Fig. 5, top panel, and a comparison between the
experimental (full dots) and the analytically calculated (open stars) operating wavelengths is
reported in the body of Fig. 5.
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Fig. 5. Resonant wavelengths (frequencies) of the LC mode obtained with a simple, parameter-
free LC model (open stars) compared to the experimental data from the reflectivity
measurements (full dots). The inset reports the values of the patch capacitance C; (fF) and of
the loop inductance L, (pH) as obtained from the sample geometrical parameters.

The agreement is very good, considering that no adjustment parameter is employed. For
short values of the inductance length / a discrepancy occurs though, possibly because the loop
length becomes comparable to its width. Moreover, it is more difficult to clearly separate the
system into a capacitive section and an inductive one. In any case, the predictive character of
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a very simple LC model is a major improvement with respect to our previous realizations in
[5,6]. It also stems from the almost complete spatial separation between the electric-field and
magnetic-field regions of the device which truly behaves like a lumped-element resonator. On
one hand, we can now set the operating frequency of the system at will, by choosing the
correct antenna loop dimension. On the other hand, a simple, but reliable LC model is a
precious tool for device design.

4. Optical coupling: radiation patterns, magnetic dipole coupling, Q-factors

In order to characterize the spatial absorption properties and the quality factors of the hybrid
resonators, reflectivity spectra for incidence angles ranging from 15° to 60° were collected for
various samples. The width and depth of the reflectance dips were then estimated from
Lorentz fits of the spectra around the LC resonance. The peak absorbed intensity is calculated
as A = I-R,,;,, with R,;, the minimum reflectivity value (reached at resonance).

We first discuss the magnetic dipole interaction. Figure 6(a) reports typical angle-resolved
spectra for a sample having s = 7.5 um and [ = 5 um and for the experimental configuration
(iii), as shown in the inset.

a)

0 0°
1,0 b— 60

Reflectivity

. . h A ' 90°
16 18 2,0 22 0% 50% 100%
Frequency (THz) Absorption

0,0 .

Fig. 6. (a) Typical reflectivity spectra at different incidence angles (sample s = 7.5 um, [ = 5
um) in the experimental configuration shown in the inset (iii). Spectra are stacked (offset =-0.1)
for the sake of clarity. The top spectrum is not shifted and it shows that the background
reflectivity is close to unity. (b) Polar plot of the absorbed intensity vs incidence angle for three
devices having constant patch size (s = 7.5 um) and different loop lengths.

The absorption is maximal for quasi-normal incidence and reduces at grazing angles. This
behaviour is easily understood remembering that the antenna acts like an elementary inductive
loop which couples to the magnetic field normal to its plane.

To strengthen the conclusion, Fig. 6(b) plots in a polar diagram the peak absorbed
intensity 4 as a function of the incidence angle & for three samples having constant patch side
(s = 7.5 um), but different loop lengths /. The absorption angular pattern is clearly reminiscent
of the power pattern of a small loop antenna having a null normal to the plane of the loop and
a maximum along its plane [14]. The maximum measured peak absorption is ~70% at (quasi)
normal incidence.

For a more quantitative analysis of the magnetic dipole coupling, similar polar diagrams
are reported in Fig. 7 for the three quasi-isofrequency LC resonators operating around 1.8
THz (see Fig. 2 - green diagonal). Figure 7(b) highlights that, at fixed operating frequency, a
larger loop permits a stronger radiation coupling. A simple explanation is that the magnetic
dipole moment associated to an elementary current loop is proportional to the surface
enclosed by the loop itself. In RF engineering this is accounted for by the antenna radiation
resistance Ry, which — for a small loop — is ~5°/A7 (S is the surface enclosed by the loop and A
the operating wavelength).
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To demonstrate that the measured absorption pattern indeed originates from the small loop
antenna (or — equivalently — its magnetic dipole dy), we plot in Fig. 7(c) the absorption
pattern A(6) normalized to the extrapolated maximum absorption at 0°. All the three data sets
superpose and they are well fitted by a cos(@) function. A cos’(6) angular dependence is
expected according to the well-known normalized power pattern of a small magnetic dipole.
In fact, to obtain the actual absorption strength of a sub-wavelength scatterer we must
compute the ratio 6/S, o being the cross section of the object and S the area of the impinging
focused (Gaussian) beam [20]. The actual scattering properties of a single LC resonator are
therefore described by an effective extinction cross section of the form o,,(8) o« A(6) cos(6)
[21], where cos(8) accounts for the broadening of the excitation beam with the incidence
angle. The measured absorption data 4(8) o cos(8) therefore correctly lead to a cross section
Gexi(0) With the expected dipolar dependence cos’(6).

90°

50% 100% 0 05
Absorption Normalized Absorption

Fig. 7. (a) Schematics and dimensions of the iso-frequency resonators analyzed. (b) Polar plot
of the absorption vs incidence angle. (¢c) Normalized absorption patterns. For comparison, a
cos(B) fit (black dotted line) and a cos’(6) fit (purple dotted line) are shown. The data clearly
follow a cos(6) dependence.

We now discuss the excitation of the LC resonance through electric dipole coupling.
Figure 8(a) reports the angle-resolved spectra for a sample having s = 6.5 ym and [ = 3 um
and for the experimental configuration (ii). The absorption is minimal for quasi-normal
incidence and grows at grazing angles (note: the angular range is here extended up to 80°).
This happens because the electric field component parallel to the patch sidewalls increases
with the incidence angle. This field component excites a charge oscillation at the metal plates
of the patch which in turn behaves like an elementary electric dipole.

The polar diagram in Fig. 8(b) reports the angular dependence of the absorption which is
of the form sin’(6)/cos(@), where the factor 1/cos(6) is introduced following the argument
discussed in the previous paragraph. The resulting cross section o,.(8) yields the power
dependence sin’(6), as expected for a sub-wavelength electric dipole. A similar trend is
observed in the experimental configuration (iv) (data not shown) where an angle-dependent
electric coupling adds to a constant magnetic coupling due to the TM incident field. An
absorption larger than 90% has been measured in the latter configuration thanks to the sum of
the electric and magnetic interactions.
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Fig. 8. (a) Reflectivity spectra at different incidence angles (sample s = 6.5 um, [ = 3 um) in
the experimental configuration shown in the inset (ii). Spectra are stacked (offset =-0.1) for the
sake of clarity. The top spectrum is not shifted and it shows that the background reflectivity is
close to unity. (b) Polar plot of the absorbed intensity vs incidence angle

The total quality factors (Q,,) of the resonators can be extracted from the reflectivity
measurements as wy/dw, where w, is the peak absorption frequency, and dw is the FWHM.
Oy 18 defined as (1/Q,4q + 1/Qlpss) ! where O,4q 1s the radiative Q (connected to R,,,) and Qs
takes into account all the sources of loss (in the patch and in the antenna). The measured Q,,,
for the 3 iso-frequency samples discussed in Fig. 7 are reported in Fig. 9, as a function of the
measurement angle. Note: the measured Qs should be angle invariant. The observed decrease
with increasing angle is possibly due to inhomogeneous broadening since the number of
explored devices increases due to the //cos(6) factor.
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Fig. 9. Experimental Q-factors of the LC resonance for the three iso-frequency samples of Fig.
7 (red dots: [ = 7 um, blue dots: [ = 5 um, green dots: [ = 3 um), as a function of the angle of
incidence of the reflectivity measurement used to extract resonance width. In theory, the Q-
factor should not change with the angle, since only the 0-order reflection is involved. The
decrease at large angles is probably due to inhomogeneous broadening since the number of
explored devices increases.

We observe that the Q-factor of the inductance dominated device is higher (Q = 12) than
the one of the capacitance dominated device (Q = 9). However, it will be necessary to
measure several more resonators operating at the same frequency to understand if this is
indeed a peculiarity of this device architecture, or just a statistical fluctuation.

5. Playing with circuit concepts: inductances in parallel

In this section we further develop the circuital paradigm introduced so far to design hybrid
THz resonators having user-tailored properties. Taking inspiration from the design of the
electrically resonant split-ring resonators (eSRRs) [22, 23] we developed three classes of
devices as shown in Fig. 10. For their realization 1.5 pum thick undoped GaAs was used as
dielectric core for the circular patch. Here the diameter of the capacitive section is kept
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constant at 7 um as well as the width and thickness of the metallic loops (3.5 um and 0.25 pm
respectively). The only geometric parameter used to tune the operating LC frequency is the
length / of the loops ranging from 3 um to 6.5 pm.

Device Schematics
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Fig. 10. Schematics of 2 and 3 inductor devices based on eSRR concept. The experimental
configuration (incidence plane, polarization) used for characterization is also sketched.
Equivalent circuits and allowed optical coupling are specified.

Resonator (a) implements in 3D the basic 2D eSRR [18], with two inductive loops
connected to the capacitive section at 180° angle. From a circuital point of view, the addition
of a second inductor L yields a resonance blueshift to the value f = v2/2z(LC)"”, being L/2 the
equivalent inductance of two identical inductors connected in parallel. However, due to the
symmetry of this design, radiation can excite the LC mode only via electric dipolar coupling,
as the two antenna magnetic dipoles cancel each other. The measured spectra (data not
shown) show in fact — similarly to Fig. 8 — weak absorption except at grazing incidence
angles. These devices have obviously a very high Q.,4, but the measured Q. is similar to
one-inductance ones. This finding confirms that these resonators are still electromagnetically
undercoupled.

In design (b) two inductors are instead connected to the patch cavity at 90° angle. While
the resonant frequency is of course the same as in (a), the magnetic coupling is restored
because of symmetry breaking. Finally in (c) a third inductor is added in parallel (L.z = L/3)
allowing a further frequency blueshift to the value f = \/3/27r(LC)1/ ’

The experimental reflectivity spectra of type (b) and (c) resonators for various inductor
lengths, but equal dimensions of the capacitive section, are shown in Fig. 11(a). The data are
normalized to highlight the wide frequency tuning of the LC resonance with the inductance
loop length. The experimental resonant frequencies are plotted as a function of the inductor
length /, and the mean ratio between the LC frequencies for a 3-loop and a 2-loop device of
same [ is 1.28 =V3/ 1/2, in excellent agreement with the circuital law for inductors in parallel.

The important conclusions here are that (i) a circuital approach allows one to span an
extremely wide range of operating wavelengths (70 um < A < 215 pm in this case) without
changing the semiconductor region volume, which is in this case fixed at a lateral size of 7
pm. In a hypothetical cavity electrodynamics experiment, this means keeping constant the
number of active dipoles involved in the process. Or, in the case of a detector, keeping its
active volume unvaried to a sub wavelength dimension irrespectively of the operating
wavelength. And (ii) that we can engineer the radiation properties of these hybrid resonators
(in terms of coupling and polarization) without modifying the semiconductor core.
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Fig. 11. (a) Reflectivity spectra (normalized) for 2 and 3 loop devices. Tuning of the LC
resonance with inductance is shown. (b) LC frequencies (wavelengths) vs loop length for
devices (b) Loy = L/2 and (¢) Ly = L/3

7. Conclusions

We have demonstrated sub-wavelength electromagnetic resonators operating in the THz
spectral range, whose spectral properties and spatial/angular patterns can be engineered in a
similar way to an electronic circuit. The inductive section of the resonator is now
implemented as a metallic bridge suspended in air (a loop antenna): as a consequence, the
radiation frequency, coupling, polarization and efficiency are tailored via the sole design of
the loop antenna, similarly to conventional RF designs.

Due to the versatility of our fabrication scheme, the proposed resonators are suitable for
the realization of semiconductor/metal passive absorbers having user-designed
electromagnetic response and they provide a flexible playground for cavity electrodynamics
and intersubband polaritonics.

The next challenge is to enable them with electrical injection. This is essentially a
technological problem, which involves a few additional processing steps to insulate the DC
current-carrying section (the contact) from the RF-current-section (the antenna), via a THz
transparent insulator like SiO, or BCB.

The possibility of current injection would enable integration with quantum-cascade lasers
(QCLs) or quantum-well infrared photo-detectors (QWIPs) for ultrasmall sources and
detectors. For instance, capacitance dominated devices (see lower-right outset in Fig. 1) will
be useful for developing sub-wavelength lasers, since a large amount of gain is necessary, and
the optical gain is located in the active semiconductor core. On the other hand, inductance
dominated devices (see upper-left outset of Fig. 1) will be useful for detectors, since the
extremely small surface of the active core can lead to reduced dark currents.
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