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S.1 Electromagnetic modes of the ultra-strongly coupled
meta-atom cell

Fig. S1 shows the radiation directivity pattern of the antenna-SRR coupled resonators
at the frequencies of the two resonance modes: 274 GHz and 425 GHz. The simu-
lation results reveal that the directivity pattern of the low-frequency resonance mode
has a single main lobe, while the high-frequency resonance mode exhibits two major
lobes. Thus, at 274 GHz, the coupled meta-atom cell behaves as a directional antenna,
whereas at 425 GHz, a radiation pattern similar to a dual-beam antenna is created.
This result explains the disparity between the numerical simulations in Fig. 4b and
the experiment in Fig. 4d in the main manuscript. When free space radiation illumi-
nates the structures from the substrate’s side at normal incidence, the Gaussian beam
coupling to the structures’ radiation pattern is almost optimal at the low-frequency
resonance mode and poor at the high-frequency resonance mode.
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Fig. S1: Electromagnetic properties of the coupled resonators at two resonance modes.
a) Distribution of the normal component of the electric field En at 274 GHz. b)
Distribution of the normal component of the electric field E,, at425 GHz. c) Far-field
radiation directivity pattern at 274 GHz. d) Far-field radiation directivity pattern at

425 GHz.

S.2 Lumped-element model for the resonator’s impedance

An antenna’s impedance can be calculated from the equivalent circuit model. The
impedance characteristic of the slot-dipole antenna with a resonance at 350 GHz was
fitted by a parallel resonance circuit, as shown in Eq. 1.

1

VS ﬁv (1)
R X, Xc
1
where X = jwlL is the inductive reactance and X¢o = e is the capacitive
Jw

reactance. R, L, C are the lumped-element parameters of the equivalent circuit for
the antenna: resistance, inductance, capacitance. The angular frequency is denoted by
w. Fitting the antenna’s impedance (the blue curve in Fig. 3a) with Eq. 1 yields the
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following lumped-element parameters: R = 1072.7 Q,L = 1.04 x 10710 H,C =
1.99 x 10~'® F. The resonance frequency of the circuit can be found using Eq. 2.

PR
* " orVIC

The same model (Eq. 1) works very well for the split-ring resonator (the green curve
in Fig. 3a). The following lumped-element parameters were extracted after the fitting:
R=13353Q,L=6.66x 10" H,C=31x10" F.

The antenna designed to resonate at 235 GHz (the dark yellow curve in Fig. 3b) was
described by a different equivalent schematic. A resistor was connected in series with
a capacitor to simulate the antenna’s flat response at higher frequencies, as expressed
by Egq. 3.

@)

1
Z=- i ®)

X, XctR
After fitting the impedance characteristic of the antenna resonant at 235 GHz, the
following lumped-element parameters were obtained: R = 46.05 Q,L = 1.16 x
1071 H,C =349 x 10~ F.

One can use the equivalent schematic description for the system of coupled res-
onators too. We established that the mixed coupling model provides the most accurate
fit to the mutual impedance of the slot-dipole antenna interacting with a split-ring
resonator. In such a model there are two physical parameters linking the individual
equivalent circuits: mutual inductance L), and mutual capacitance Cy;.

L4+ 7220+ £2f2)
Las = 1/I1 Lo Ja+s 5 : )
01,%2 + C2H2 + \/(01,%2 + CQHQ)Q + 4H20102(1 — /iQ)
M 2(1 — 12 8
5)
usrrmas e
2 b

where Ly, C1, f1, Lo, Cs, fo are the inductance, the capacitance, and the resonance
frequency of the first and the second equivalent RLC circuit, respectively. « is the cou-
pling coefficient representing the strength of the interaction. Frequency dependency
of Ly and Cyy [1] improves the description of the coupled resonators interaction
over a large frequency range. The resonance frequencies f1, fo are calculated from the

well-known expression f; 9 = ——==—— (as in Eq. 2). The overall impedance
27/ L1,2C1 2

of the two coupled resonators can be calculated following the equivalent schematic in
Fig. S2a step-by-step. A good idea is to make a A—Y transformation of the three induc-
tors connection. The expressions of the introduced inductors’ parameters L, Ly, L.
are the following:
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Fig. S2: Mixed coupling model for two resonance circuits. a) The equivalent
schematic. b) The impedance characteristic of the slot-dipole antenna coupled to an
SRR fitted by the mixed coupling model.

(L1 — Ly )(Lo — Lg) + Lve (Ly — Lig) + Le (Lo — L)

Lo =
Ly — Ly
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b Lo — L
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(6)

)

®)

&s Then, the mutual impedance calculation becomes straightforward. Equations 9 - 15

s guide us toward the result.

Z Ry ||(C2+Cr)

ZRy||(C1+Cnr)

jwlL, X ———
J jw(=Cnm)

ZLo|~Cur = 1

ZEq. 9|La =

ZEq 101y =
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ZEq 114Eq. 12 = ZL,||—-Cp T ZRy||(Co+Car) || La (14)

Z(LCH—CM)+(R2H(C2+CM)HL<1) X ZRlH(Cl-FCM)HLb
Z(Lel=Can)+(Rall(C2+Car) | La)  ZRi[(CL+Ca) I Ly

ZEq. 14|Eq. 13 = (15)

The impedance of the slot-dipole antenna coupled to an SRR obtained from the
numerical simulation was fitted with Eq. 15. The result is shown in Fig. S2b. The
lumped-element parameters extracted from the fit are: Ry = 1642.59 2,L; =
7.08x107 1N H,C =3.97x 1071 F, Ry = 2481.75 2, Ly = 5.55x 10711 H,Cy =
4.1x 1071 F,k = 0.16.

S.3 Sensitivity limit

Sensitivity limit of the proposed near-field sensor can be estimated from the analytical
model for a TeraFET detector [2, 3].

|Avrreffloaded‘ = _1/4%]0(“}7 T)[A<H‘2/8§R(Zant))}npoa (16)
g
where |AVicf_ioaded| is a differential, frequency- and gate-bias-dependent voltage
signal induced in a TeraFET detector during the reference measurement, minus the
voltage signal of the same detector but when loaded with a material. Placing a material
on the antenna changes its impedance characteristic Z,,,;; therefore, the only part that
is different for the two measurements is highlighted by the square brackets in Eq. 16.
Hy8R(Zynt )Py defines the voltage amplitude of the THz signal squared (V25 ) that
is received by the antenna treated as an open-circuit voltage source V,, with maximum
available optical power Py. Hy = |Vrp.|/|Va| is a voltage attenuation factor that
determines the amplitude of the actual signal that reaches the transistor’s channel. It
is dependent on the antenna’s impedance Z,,;. The rest of the expression does not
change when the antenna is loaded. 7 is a parameter accounting for various sources of
optical losses. —01n R, /0V is the DC part of the analytical model for the transport
of charge carriers in a field-effect-transistor. f(w, 7) is a detection efficiency factor
characterizing the propagation of charge density waves in the transistor’s channel.
Looking deeper into the physics of the antenna’s impedance change, we employed
a straightforward approach using RLC equivalent circuits to model this change. In
Appendix S.2, we introduced and described the RLC equivalents of two types of
antennas, the SRR, and the mixed coupling model for the interaction between two
resonators. At this point, it is important to recall that the material is placed in the
proximity of the antenna’s gap, the place with the strongest electric field. Merely from
a very simple parallel plate capacitor model, one can see that inserting an ordinary
dielectric material (¢ > €j) with relative permittivity e = ¢’ — j€¢’’ into the capacitor’s
gap increases the capacitance (C ~ ¢) and introduces additional losses because of the
imaginary part of the material’s permittivity. Thus, an antenna loaded with a material
can be viewed as the same equivalent circuit as for a plain antenna with no material
but with a different resistance R and capacitance C'.
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Table Stl: R and C parameters extracted from the equivalent schematic-based
impedance fit of the 235 GHz resonance antenna loaded with ethanol-in-water mix-
tures

Ethanol mass R[] C[10~15 F] | AR [Q] | | AC[10~ 15 F] |
fraction

0 54.22 4.26 0 0
0.05 53.86 4.22 0.36 0.04
0.1 53.46 4.19 0.76 0.07
0.2 52.58 4.12 1.64 0.14
0.25 52.09 4.08 2.13 0.18
0.33 51.24 4.03 2.98 0.23
0.4 50.52 3.99 3.7 0.27
0.5 49.43 3.93 4.79 0.33
0.6 48.36 3.88 5.86 0.38
0.7 47.36 3.83 6.86 0.43
0.8 46.45 3.79 7.77 0.47
0.9 45.65 3.75 8.57 0.51
1.0 45 3.71 9.22 0.55

In the realm of biosensing, the ability to accurately and sensitively detect and mea-
sure substances within water environments is of paramount importance. In this work,
we tested our sensor’s limitations with one of the fundamental organic compounds
- ethanol. Thus, a set of numerical simulations was performed with a 33 pL droplet
comprising varying ethanol-in-water ratios. Regarding the test liquids’ dispersion at
THz frequencies, the double Debye model was used for pure water, and the triple
Debye model was used for pure ethanol [4]. The Bruggeman model [5] was applied to
a mixture of two liquids. The extracted high-frequency impedance characteristics of
both the stand-alone 235 GHz resonance antenna and the 350 GHz resonance antenna
coupled to an SRR, loaded with such a droplet, were fitted with the corresponding
equivalent schematic (the second part (S.2) of the Supplementary information). For
this set of simulations, the antenna loaded with a droplet of pure water (ethanol fraction
= 0) served as the reference measurement. The following lumped-element parameters
were obtained after the fitting procedure of the reference measurement impedance
curve: R =54.22 2,L = 1.16 x 1071° H,C = 4.26 x 10~1° F according to Eq. 3
for the 235 GHz resonance antenna and Ry = 818.44 £2,L; = 7.08 x 10~ H,C =
4.37x 107 F,Ry =2481.75 2, Ly =555 x 1071 H,Cy = 4.1 x 1071 F,k =
0.16 according to Eq. 9 - 15 for the coupled resonators. Comparing these values to
the ones presented in the second part (S.2) of the Supplementary information, one
can notice that only R and C' values of the antenna’s equivalent schematic changed,
whereas L value stayed fixed. The newly obtained resistance R and capacitance C for
all chosen ethanol-in-water ratios are shown in Table St for the stand-alone antenna
and in Table St2 for the antenna coupled to an SRR.

Resistance variation (col. 4 in Tables Stl, St2) and capacitance variation (col. 5
in Tables Stl, St2) as a function of ethanol mass fraction are shown in Figs. S3a-
S3c. Resistance linearly changes for both the 235 GHz resonance antenna (Fig. S3a)
and the 350 GHz antenna coupled to an SRR (Fig. S3b) when the mass fraction of
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Table St2: Ry, and C; parameters extracted from the equivalent schematic-based
impedance fit of the coupled resonators loaded with ethanol-in-water mixtures

Ethanol mass Ry [Q] C1[107 13 F] | ARy [Q]] | ACy [10715
fraction Fl|
0 818.44 4.37 0 0
0.05 844.79 43 26.35 0.07
0.1 866.76 428 48.32 0.09
0.2 915.13 4.25 96.69 0.12
0.25 941.63 4.235 123.19 0.135
0.33 989.12 421 170.68 0.16
0.4 1029.52 4.19 211.08 0.18
0.5 1095.08 4.16 276.64 0.21
0.6 1164.89 4.14 346.45 0.23
0.7 1236.24 4.11 417.8 0.26
0.8 1308.18 4.09 489.74 0.28
0.9 1376.89 4.07 558.45 0.3
1.0 1445.69 4.04 627.25 0.33

ethanol in a droplet of water increases. The rate of capacitance change is different for
the stand-alone resonator and the coupled resonators (Fig S3c). If the antenna is not
coupled to another resonator, the capacitance increases linearly when more ethanol is
present in a droplet of water (red square data points in Fig. S3¢). However, in a coupled
resonators system (green square data points in Fig. S3c) the capacitance increases at
a quicker rate until the ethanol mass fraction reaches a certain point (= 0.2), after
which it grows slower than for a stand-alone antenna, following a square-root law.
This brings us to a very important conclusion: for large variations in capacitance, a
mere resonant antenna is more sensitive than an antenna coupled to another resonator.
On the other hand, coupled resonators become more sensitive to smaller variations in
capacitance. In other words, if we are probing a large change in dielectric properties,
we would rather use a stand-alone resonant antenna, whereas, for fine changes in
dielectric properties, coupled resonators are expected to show better sensitivity.
Finally, putting everything together, we can estimate the sensitivity of our sensor
using the analytical model for a TeraFET detector (Eq. 16), functions from Fig. S3c,
and the noise level of the TeraFET detector at the operating point. At a 0.6 V gate
bias, a field-effect transistor designed in the TSMC 180 nm process features a noise
spectral density level of 10 x 10~ V/y/Hz. Next, by equating the left part of Eq. 16
to the transistor’s noise level, we can find out what perturbation of the antenna’s
impedance Z,,; gives this level of the differential signal AV. We establish that an
10=° — 107 order of perturbation in resistance and capacitance provides such a
differential signal. Extrapolating the capacitance linear dependency from Fig. S3c in
the 235 GHz resonance antenna to this level of perturbation brings us to 4.36 x 10~6
mass fraction of ethanol in water. Hence, the lower detection limit (LDL) in [mol/L]:

P N
LDL=—W— 1
MWAV’ a7
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Fig. S3: Resonator’s resistance and capacitance parameters change as a function of
ethanol’s mass fraction in ethanol-in-water mixture loading the sensor. a) Resistance
variation for 235 GHz antenna. b) Resistance variation for coupled resonators. c)
Capacitance variation for both the 235 GHz antenna and the coupled resonators.

where p is the component’s density, M is the molar mass of the component, W is the
component’s mass fraction, IV is the noise level of the detector. The LDL is expressed
in terms of molar concentration or the smallest number of moles in a solution that
generates a measurable signal. Substituting the numbers for 4.36 x 10~ ethanol-in-
water solution leads to a lower detection limit of 6.26 x 10™® [mol/L]. This is the
estimation for a stand-alone resonance antenna-based detector. The same evaluation
for the coupled resonators-based detector is more delicate and is the material for future
work. If the same trend of a square-root law follows into the range of the tiniest mass
fractions of ethanol (ex. 6 orders of magnitude less than the values presented on a
linear scale in Fig. S3c), then the LDL for such a detector will be exceptionally low.
In order to verify such a claim, more data points have to be obtained in the range of
10~% — 10~ ! ethanol mass fraction.
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S.4 Si CMOS chip packaging

Fig. S4 demonstrates the components comprising a CMOS-based terahertz detector
module. The details are provided in [6].

2-axis SiCMOS Si
stage chip with  carrier
detector

Si lens
holder lens holder

Fig. S4: An illustration of the CMOS-based terahertz detector module packaging.
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