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Abstract: The development of a CMOS manufactured THz sensing platform could enable the
integration of state-of-the-art sensing principles with the mixed signal electronics ecosystem
in small footprint, low-cost devices. To this aim, in this work we demonstrate a label-free
protein sensing platform using highly doped germanium plasmonic antennas realized on Si and
SOI substrates and operating in the THz range of the electromagnetic spectrum. The antenna
response to different concentrations of BSA shows in both cases a linear response with saturation
above 20 mg/mL. Ge antennas on SOI substrates feature a two-fold sensitivity as compared to
conventional Si substrates, reaching a value of 6 GHz/(mg/mL), which is four-fold what reported
using metal-based metamaterials. We believe that this result could pave the way to a low-cost
lab-on-a-chip biosensing platform.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Recent improvements in the performance of THz devices, such as sources and detectors, have
rapidly advanced the field of biosensing [1] and swiftly opened up innovative perspectives in
medicine or biomolecular applications. For this reason, THz spectroscopy is now regarded
as one of the most sensitive and promising methods for investigating biomolecules and their
conformational changes [2–6]. As an example, Liu et. al [7]. studied the suppression of tumor
cell proliferation by aspirin using THz sensing, Shangjun Lin et. al [8]. demonstrated the
sensitivity of the resonance frequency of the new type of THz Metasurface sensor to the refractive
index at 65 GHz/RIU (refractive index unit) with the detection limits for cancer biomarkers
carbohydrate antigen 125(CA125) and carbohydrate antigen 199(CA199) at 0.01 U/ml.

One advantage of THz biosensing is the expectation of characteristic fingerprints due to
vibration and rotational energies, which corresponds to intra/inter molecular weak hydrogen
bonds in various biomolecules, such as in, e.g., proteins [9,10]. This advantage could enable its
use in the near future to create a database of disease biomarkers [11,12]. Indeed, diverse serum
markers such as circulating nucleic acids, extracellular vesicles (e.g., microvesicles, exosomes),
and proteins (e.g., human serum albumin, alpha-fetoprotein, lactate dehydrogenase, and human

#469496 https://doi.org/10.1364/OE.469496
Journal © 2022 Received 4 Jul 2022; revised 19 Aug 2022; accepted 30 Aug 2022; published 17 Oct 2022

https://orcid.org/0000-0002-3422-1210
https://orcid.org/0000-0002-6074-957X
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.469496&amp;domain=pdf&amp;date_stamp=2022-10-17


Research Article Vol. 30, No. 22 / 24 Oct 2022 / Optics Express 40266

chorionic gonadotropin) can be specifically monitored in patients as their concentrations and/or
post-translational modification change with the disease onset, progression, or treatment [13,14].
Biosensors represent excellent analytical tools for an effective biomarker detection especially
in liquid biopsy, which are obtained in a minimal and non-invasive way through the sampling
of body fluids (e.g., blood, plasma, serum, saliva, pleural effusion, urine, and cerebrospinal
fluid) [13,15]. Therefore, the early identification of reliable serum molecular biomarker by using
biosensor platforms will significantly improve disease prognosis and survival rates and will open
the door to global healthcare access [5,16,17].

One of the major hurdles of THz biosensing is the size mismatch existing between the bioanalytes
such as HIV-Virus, Proteins and DNA (few nm) and the wavelength of the electromagnetic
field (several tens of µm) [9,18]. To overcome this problem, it has been suggested to enhance
the THz radiation-bioanalyte interaction by exploiting plasmonic effects [19]. In particular,
localized surface plasmon resonances (LSPR) have received substantial attention, thanks to their
prior demonstration in the spectral range 200 to 1000cm−1 (6 to 30THz) [20]. By inducing
LSPR resonance conditions, it is possible to confine the THz radiation into subwavelength
volumes. Such confinement results in an electric field intensity orders of magnitude larger
within the so-called “hot–spot” regions, thus potentially allowing bioanalyte sensing at very low
concentrations.

An effective strategy for detection and monitoring of biomolecules exploits the shift in the
LSPR in response to a change of the medium refractive index, due to the presence of molecules
on the surface. This can be made selective with proper biofunctionalization. As an example, Lee
et. al [21]. observed different types of carbohydrate molecules with high sensitivity (10-100
mg/dL) by using THz sensors based on gold nano-slot antenna arrays. Ahmadivand et. al [22].
have used multimetallic planar plasmonic resonators made of iron and titanium to excite toroidal
dipoles in the THz range and quantitatively observe the Zika-virus (ZIKV) envelope protein
with the help of a specific ZIKV antibody with a detection limit of ∼24 pg/mL. Unfortunately,
these very promising results have been obtained using biosensing platforms that cannot be easily
manufactured using mass production technology, which is critical for a broad adoption of low-cost
applications of THz sensors.

Consequently, complementary metal-oxide-semiconductor (CMOS)-compatible THz technolo-
gies are now in the spotlight [23,24], since one could leverage their massive parallel fabrication
schemes to obtain biosensors at a very convenient cost. Moreover, CMOS based sensors could
be easily connected on-chip to data storage, processing, and/ or communication systems based
on mainstream Si-based microelectronics, opening the way to low-cost sensor Systems on Chip.
Within this framework, the nowadays CMOS-compatible Ge/Si material system [25] is attracting a
growing attention as plasmonic material, particularly since the demonstration that highly n-doped
Ge can be designed and structured as a sensing platform to realize THz LSPR conditions, as we
have shown in simulations [26] and demonstrated qualitatively by using lipoic acid as analyte
[27]. The sensitivity of Silicon-based plasmonic antennas to bacteria layer in particular selective
recognition of Gram positive/ negative strains due to their different response THz range [28], can
widen the application of the methods here proposed.

In this work, we report on the protein sensing capability of Ge/Si bow-tie antennas arrays
operating in the vicinity of 1 THz and manufactured using CMOS processes in an industry-
standard Si foundry pilot line. As a model protein we have used the widely accepted bovine serum
albumin (BSA), which was incubated and immobilized on the antennas at different concentrations
and corresponding thicknesses, as shown by FT-IR spectroscopy and cross sectional Scanning
electron microscopy (SEM). The development of reliable albumin-based biosensors, which is
carried out in the work on the basis of studying BSA of different concentrations, implies the
possibility of rapid monitoring of the presence of bacteria in the organism due to the ability of
albumin to recognize and bind toxins [29–32]. By using an optimized antenna design relying on
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low losses SOI substrates, we detected resonance spectral shifts as large as 130 GHz in response
to BSA layers of a few nm-thickness, with an antenna sensitivity as high as ∼6 GHz/(mg/mL).
We point out that this value is 4 times larger than those reported on metal-based metamaterial
sensors at different concentration of BSA [4].

2. Methods

2.1. THz antenna fabrication and simulation

The bow-tie antennas is a resonant structure featuring with two trapezoidal arms and a sub-
wavelength gap in between, as shown in Fig. 1. The arms consist of highly doped Ge which
shows plasmonic properties for electromagnetic THz radiation. Due to the formation of surface
plasmons, a THz field enhancement of up 104 in the gap and 102 at the end of the arms has been
calculated [26] (Fig. 1(j)) for excitation with radiation polarized along the axis of the antenna
(x-polarization), which leads to a highly sensitive surface sensing mechanism. The antennas
were obtained by standard lithographic processes in a 130 nm-SiGe BiCMOS pilot line from
ultra-high doped, 1.5 µm-thick Ge heteroepitaxial layers deposited on 200 mm Si(001) (see
Figs. 1(a)-(c)) and on 220 nm Si/2 µm SiO2/Si(001) SOI substrates (see Figs. 1(d)-(f)) by means
of an industry-grade reduced pressure chemical vapor deposition reactor. The deposition of Ge
was carried out at 350°C using germane for Ge growth and phosphine for the n-type co-doping.
The obtained layers are fully relaxed, feature a spatially-homogeneous doping concentration with
fully activated ∼1× 1019 cm−3. The Ge/Si layer was then capped by a 30 nm-thick Si3N4 layer
and flash annealed at 700°C to improve the material quality and carrier mobility up to 370 cm2/Vs
while avoiding dopant out-diffusion. The antennas are then fabricated using photolithography and
reactive ion etching. Subsequently, a second 30 nm-thick Si3N4 layer is deposited to encapsulate
the antennas [26] (see Figs. 1(c), (f), and (g)).

Fig. 1. Sketch and SEM cross section of the Ge antennas on (a)-(c) Si substrate (d)-(f) SOI
substrate (scale bars: 200 nm). Photo of the wafer from above (g), each sample corresponds
to 6× 6 mm. SEM images of the Ge-based bow-tie antenna design L (h) (scale bars: 10 µm)
and antenna design S (i) (scale bars:20 µm). Model and simulated intensity of scattered field
of the antenna design L on SOI substrate at 0.5 THz (j).

Two bow-tie antenna geometry designs were realized on both Si and SOI substrates. The two
share the same antenna base width of 30 µm, width at the gap of 10 µm and an antenna gap of 1
µm, while differing in their total length (long axis), which is 149 µm, i.e., 74 µm per antenna (see
Figs. 1(a), (d), and (h)) and 93 µm (see Figs. 1(b), (e), and (i)), i.e., 46 µm per antenna for the
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designs “Long” (L) and “Short” (S), respectively [33]. The top view SEM image of a typical L
and S antennas are shown in Figs. 1(h) and (i), respectively.

The antennas are arranged in a 5× 5 mm array of 209 µm lateral pitch (x-axis) for the L design
and 133 µm for the S antennas, respectively. Consequently, for the design L we have approx. 53.2
structures/mm2, while the design S has a density of antennas doubled at 107.4 structures/mm2.
It can be noted that an increase of the number of antennas per mm2 corresponds clearly to an
increase “hot–spot” density, i.e., the antenna gap, where the THz signal field enhancement occurs
[33].

Comprehensive finite-element electromagnetic simulations of the antenna array spectral
response in the 0.2-1.5 THz range have been made, using the methods and material parameters as
described in [26,27,33], taking into account the different substrate composition. As an example,
in Fig. 1(j) we report the 3D FEM analysis of an L antenna on SOI by plotting the 0.5 THz
electrical field intensity distribution, highlighting the increased field intensity at the antenna gap,
i.e., in its hotspot. The field intensity is normalized.

2.2. Deposition of BSA biolayers

BSA was used as a model protein for biosensing in this study. BSA is a homolog of human
serum albumin (HSA) and is used in pharmacokinetic and affinity tests of drugs as replacements
for HSA [14,34] because it is cheaper and easier to obtain [17]. The first albumin studies show
that Albumin has the capability to bind a plethora of ligands such as metal ions, drugs, and
bacteria toxins render this protein of particular interest as a biosensor. BSA has a 79.8% sequence
homology with HSA, and like HSA has a molecular weight of ∼66 kDa. It is composed of three
domains, and has 17 conserved disulfide bridges that contribute to the high protein stability
[34–36]. BSA with ≥98% purity (Merck KGaA, Darmstadt, Germany) was dissolved in ultrapure
water (UPW) with 25°C resistivity >18 MΩ·cm as reported previously [37]. We have investigated
BSA concentrations ranging from 0 up to 40 mg/mL, which is comparable to the average HSA
concentration in the human plasma [37].

All antenna samples used as substrates were cleaned with isopropanol (IPA, ≥99.5% purity,
Honeywell) for 5 minutes in an ultrasonic bath to remove any possible organic residues and
contaminants, and then dried (see Fig. 2, step I) under N2 flow. The samples were then incubated
in the BSA solution for 5 hours on a stir plate (Sustainable Lab Instrument SU1020). In order
not to destroy the biolayer, the samples were air-dried for 30-60 minutes after the incubation
under a controlled laminar flow hood. Color changes were observed by optical microscopy due
to the incubation steps (Fig. 2, step II). The native silicon oxynitride is favoring the adsorption of
BSA by the formation of hydrogen bonds on the silicon nitride surface, evenly covering the Ge
antennas [37]. In order to remove the BSA biolayers, samples were washed overnight (∼18 h)
with water on the stir plate [37] (Fig. 2, step III).

After each of the three steps, the THz spectra of each sample at their respective concentration
were measured by FT-IR, SEM and THz-TDS techniques.

For reliable comparison, four samples with different substrates and designs (Si: L and S; SOI:
L and S) were incubated together in one beaker for each concentration. Each concentration of
BSA was repeated three times to generate three nominally identical samples for each of the four
combinations of substrate and designs using fresh samples every time. During the incubation,
the beakers were covered to prevent contamination and evaporation. All samples were processed
and analyzed within one day.

Fourier transform infrared (FT-IR) spectroscopy spectrum analysis is a reliable method to detect
the functional groups on the surfaces of the immobilized BSA layers at different concentrations.
Native BSA is characterized by an amide I band maximum around 1653 cm−1 assigned to the
typical α-helix conformation. During the progression of proteolysis process, the conversion of
α-helices into unordered structures causes a drastically reduction of the band at 1653 cm−1 and



Research Article Vol. 30, No. 22 / 24 Oct 2022 / Optics Express 40269

Fig. 2. Procedure for immobilizing BSA (PDM: 4F5S) [35] on Ge-based structures covered
with silicon nitride on Si (a) and SOI (b) substrates. Steps Description: (I) To remove
chemical contaminants, samples were cleaned with IPA and dried: “clean”. (II) The antennas
were incubated in a BSA solution (c= 2.5, 5, 10, 20 and 40 mg/mL) for 5 hours at room
temperature. The BSA protein was immobilized on the antennas and dried after the step. (III)
Wash with ultrapure water overnight at room temperature to remove excess BSA: “washed”.
Thereafter, the samples were dried. The optical microscopy images show the top view of
design S at 50x magnification (scale bars: 100 µm).

an increase in the concentration of free carboxylates COO− groups (absorption of 1593 and 1402
cm−1) [38]. We used FT-IR as an auxiliary method to confirm the presence of the albumin on the
samples and compared the results to the values stated in the literature [39,40], using a Bruker
FT-IR Vertex 80v under vacuum featuring a spectral resolution of 4 cm−1.

Figure 3 shows an average of two samples with BSA at concentrations of 2.5, 10 and 20 mg/mL
and without BSA (“clean”) in the wavenumber range from 1000 to 1800 cm−1 (30 to 54 THz),
using the vacuum signal as a reference.

The samples on the Si substrate without BSA immobilization (“clean”) only show a Si-O-Si
transmission dip at 1107 cm−1. Thereby the clean samples on the SOI substrate showed more
intense and thicker Si-O-Si dip in the range of 1100-1200 cm−1, due to the additional 2 µm-thick
SiO2 layer (see Fig. 3(b)).

The FT-IR spectra of the BSA samples are a combination of the characteristic absorption
bands of the protein. The spectral feature observed in the 1500-1700 cm−1 range can be assigned
to the amino acid side groups [41]. In particular, the vibrational modes of the peptide backbone
generate amide I and II bands. We can see the amide-I dips with the C=O stretching vibration
(1658 cm−1) and amide-II dips with the C-N stretching vibration and N-H bending vibration
(1541 cm−1) [39,40]. The bands at 1400 cm−1 and 1450 cm−1 (encircled in Figs. 3(a) and (b))
are attributable to asymmetric and symmetric methyl bending and to COO− groups [41].

For increasing albumin concentrations, we observed a continuous decrease of the transmission,
as we can see in Fig. 3, which we will show is linked to an increased thickness of the BSA
adsorbed layer. This in turns, indicates a homogeneous BSA distribution, and can be compared
with the experimental FT-IR spectra of BSA of different concentrations in [42] with no linear
dependence due to the inhomogeneous BSA distributions.

To thoroughly confirm the presence of the biolayer and its distribution on the antenna/substrate-
surfaces, the BSA layer thickness (cross-section) was characterized using a scanning electron
microscope (SEM) using a 1.5 kV electron beam at 0° to the surface of the sample. Figure 4
presents the comparison between thickness of BSA layer by concentration 2.5, 10 and 20 mg/mL
for Si substrate (Figs. 4(a)–(c)) and for SOI substrate (Figs. 4(d)–(f)). For each SEM image, a
specific sample was prepared using the BSA process (up to step II, Fig. 2 and Sect. 2.2).
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Fig. 3. Detection of the different concentration of a BSA layer on Si (a) and SOI (b) substrates
in FT-IR.

As shown in Fig. 4 the thickness of the BSA on the substrate is at least twice that on the top of
the antenna. Although BSA is observed to dry not homogeneously on the surface, we can see a
general trend of higher thickness on the substrate at higher BSA concentration for both substrates
(see Fig. 4 and Table 1).

Fig. 4. SEM side view of Si (a)-(c) and SOI (d)-(f) substrates with different BSA
concentrations (2.5, 10 and 20 mg/mL). Focus on the substrate and antenna. Scale bars:
2 µm.

Table 1. The different concentrations result in different
thickness of the BSA layer after incubation

BSA concentration (mg/mL) Thickness of BSA layer on the substrate

2.5 ∼30-50 nm

10 ∼280-380 nm

20 ∼1.7-2.2 µm

2.3. THz-TDS analysis

The spectral response of the Ge antennas was studied by Terahertz time-domain spectroscopy
(THz-TDS) in transmission mode using a TERASMART tool from Menlo GmbH in the frequency
range f= 0.2-5 THz with a resolution of 1.2 GHz, using a linearly polarized source. The
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Fabry-Perot contribution to the signal arising from the ∼700 µm-thick substrate was removed by
suppression of the corresponding echo in the time-domain data using Teralyzer software (Menlo
GmbH). A standard THz-TDS spectroscopy setup is shown in Fig. 5(a). You can also find the
THz-Time Domain Spectroscopy System in an extended form in [16] and [43,44].

The spectral response of the antenna was obtained from the transmission ratio EON(f )/EOFF(f )
between the electrical field EON(f ), measured with the source polarization vector aligned along
the long (active) antenna axis (x-axis) and the electrical field EOFF(f ), that is instead measured
when the polarization axis is set orthogonal to the long axis (y-axis). The measurement signal in
the inactive state EOFF(f ) corresponds to the measurement signal from a silicon chip of the same
thickness. To avoid misalignment due to replacing the sample with the Si chip, we have therefore
taken a more accurate reference by rotating the sample by 90 degrees.

The measured absorption coefficient α(f ) was obtained from the following relationship:

α(f ) = −
2
d

ln
[︃
EON(f )/EOFF(f )

(n(f ) + 1)2

4n(f )

]︃
(1)

where n(f ) = 1 + c
2πυdϕ(f ) is the refractive index, d the sample thickness, and ϕ(f ) = ϕON(f ) −

ϕOFF(f ) is the phase shift existing between the ON and OFF electrical fields [44].
The results comprised an average of 100 accumulated spectra per sample for each ON and

OFF electrical field orientation, with each sample measurement lasting less than 2 minutes. The
THz optics focalize the beam to a size of about 1 mm, thus only a smaller area of the whole
sample is illuminated, which corresponds to activating ∼53 antennas for design L and ∼107 for
design S. For the precise measurement, the samples are not taken out during the ON and OFF
position and only rotated within the sample holder.

3. Results and discussion

We now start our discussion with the characterization of the “clean” antennas, i.e., prior to their
functionalization with BSA, and the comparison between experimental results and simulations.
Figures 5(b) and 5(c) show the spectral measurements of the absorption coefficient α (solid lines)
together with their relative theoretical absorption (dashed lines) curves expressed as dichroic ratio
DR = − log[EON(f )/EOFF(f )] for L and S design antennas, respectively, realized on Si (blue) or
SOI (red) substrates.

In all of the four implementations, we can see clear resonance peaks centered at f0= 0.75-0.85
THz for the L-antennas, and at f0= 1.1-1.2 THz for the S-antennas. The presence of the 2 µm
oxide layer in the SOI substrate induces an increase of approximately 0.1 THz of the resonance
frequency. The SOI also induces a substantial narrowing of the spectral absorption, which
increase to Q= f0/FWHM ∼2.6 from the value of ∼1.9 obtained for antennas on Si (the values of
f0 und FWHM= full-width at half-maximum have been obtained by a Lorentzian fit). We notice
that the Q-factor increase comes without loss of the absorbance. This improvement is attributed
to the reduction of the radiative losses brought about by the higher resistivity SOI substrate.

We observe a shift between experimental and simulated experimentally observed absorption
frequency f0 of ∼0.1 THz, that is mainly due to collective response of the antenna arrays [26].
Indeed, while simulations are based on infinitely wide arrays owing to the boundary conditions,
in the experimental data, only a finite number of antennas is illuminated, as reported in Sect. 2.3.
As a result, the array effect cannot match exactly the experiments. In addition, we cannot rule
out that there are possible deviations in the material properties of the antennas (doped Ge), the
substrate (Si) and the oxide (SiO2) from what measured on average. This could lead to the
observed discrepancy of ∼0.1 THz between the measured and calculated f0.

In Fig. 5(d) we calculate the intensity field enhancement within the antenna gap for the L- and
S-antennas on both Si and SOI substrates. In the spectral range of the L-antennas resonance
(f0∼0.8 THz), the SOI substrate promote a twofold gap field enhancement, as compared to
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antennas of the same design realized on bare Si. The same improvement is also observed for the
S-antennas in their resonance range of f0∼1.1 THz.

Fig. 5. Schematic representation of the setup for the TDS-THz spectroscopy (according
to [44]) (a). Comparison of Si (blue) and SOI (red) substrate effect on the resonance of
(b) design L and (c) design S. Solid line: experimental results of absorption. Dashed
line: related simulations shown as D.R. Comparison of simulation results of the gap field
enhancement of design L (solid line) and design S (short dash line) on Si substrate (blue)
and SOI substrate (red) (d). The simulation for L and S with BSA layer (long dashed line)
and without BSA layer (short dashed line) for SOI substrate (e).

To show the effect of the deposition of a protein layer on the antennas and to introduce the
expected sensing mechanism, in Fig. 5(e) we show the simulated effect on the antenna resonance
brought about a gap-filling layer of BSA, for both antenna designs (L and S) on SOI substrate. In
the simulation, we described the protein layer with a real-valued refractive index n(BSA)= 1.59
(similar to [45]), which results in good agreement between experiment and simulation. As
compared to the clean antennas (short dashed line), the BSA-functionalized ones (long dashed
lines) show a red shift of the resonance, i.e., –∆f0∼26 GHz for the L design and –∆f0∼48 GHz
for the S design.

In Fig. 6 we can see the experimental results of THz spectroscopy to Ge antennas at different
BSA concentrations. As the BSA concentration increases from 0 (“clean”) to 40 mg/mL the
resonance curve continuously shifts to lower frequencies for both substrates and designs, the
darker the curve color, the higher the BSA concentration. Interestingly, after the removal
of the BSA layer through washing, the resonance frequency returns approximately to that of
the corresponding clean antenna sample, with a difference of resonance between “clean” and
“washed” sample of ∼1-5 GHz. This shift, close to our spectral resolution of 1.2 GHz, may be
due to residues of BSA remaining on the antenna surface after the water washing process [37].

In Figs. 6(b), 6(d), 6(f), and 6(h) we show the extracted data as a box plot diagram for antenna
designs L and S on Si and SOI substrates as a function of the BSA concentration. They are an
average of three samples for each of BSA concentrations and of 15 samples for “clean” and
“washed” conditions. This implies that during this study we have measured 45 chiplets extracted
from two 200 mm wafers (Si and SOI substrates), that have shown high repeatability and have
been produced at a low-cost/high throughput thanks to the qualified CMOS process in their
manufacturing.
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Fig. 6. Sensitivity of Ge antennas on Si (a), (b) and SOI (c), (d) substrates for design L
and on Si (e), (f) and SOI (g), (h) substrates for design S to the presence of an albumin
layer of different concentrations. Removal of the albumin layer (“washed” state) returns the
resonance shift to the initial level (“clean” sample).

We can observe that the resonance shifts almost linearly for increasing concentration up to the
saturating concentration of 20 mg/mL, probably because the BSA layer beyond that limit is so
thick that it completely fills the hot-spot gap and becomes undistinguishable from the 40 mg/mL
one (see Sect. 2.2). We notice also that the SOI-based samples (see Figs. 6(d) and 6(h)) present the
larger shifts compared to Si-based samples (see Figs. 6(b) and 6(f) for all concentrations used in
this work). This correlates with the improvement of gap field enhancement using SOI substrates
(Fig. 5(d)). The boxplot analysis also shows an evident saturation of sensitivity at the highest
concentration, which may indicate the unsuitability of the method for detecting concentrations of
biomolecules above 20 mg/mL. This can be understood by the complete coverage of the antenna
gap height by the BSA layer at 20 mg/mL (Figs. 4(c) and 4(f)), rendering the hot-spots unable to
sense further variations.

The rate of change of the resonant frequency defined as the resonance shift as a function of
BSA concentration |∆f0 |/(mg/mL) was calculated for the four configurations. The sensitivity of
Ge-based antennas on Si substrate are ∼1.7 GHz/(mg/mL) and ∼3 GHz/(mg/mL) and on SOI
substrate ∼3 GHz/(mg/mL) and ∼6 GHz/(mg/mL) for design L and S, respectively. We can see
that S-antennas have twice the sensitivity as compared to L-antennas, for the same substrate.
This confirms the simulations, given the S design features a twice larger resonance shift for the
same BSA coverage (see Fig. 5(e)).

In comparison, Wang et al [4]. followed BSA concentrations using metal-based metama-
terials biosensors, reporting a sensitivity of ∼95 GHz/(mmol/L) which corresponds to ∼1.4
GHz/(mg/mL). This represents a four-fold increase in sensitivity of our semiconductor-based
plasmonic platform.

We notice that we were able to detect the smallest incubated BSA concentration of 2.5 mg/mL,
corresponding to a film layer of a few tens of nm, with all the antenna samples used in this
work. This detection limit is 16 times less than the HSA concentration in human blood [37].
Furthermore, the cost-competitive fabrication of Ge antennas, their intrinsic small footprint and
its potential integration with microfluidic/nanofluidic devices could enable the parallel analysis
(multiplexing) of the biological samples on-site [46–48].
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4. Conclusions

In summary, we presented THz biochip sensors consisting of highly n-doped Ge plasmonic THz
microstructures based on Si/SOI substrates, entirely realized in an industry-standard CMOS
foundry pilot line. We demonstrated that different deposited BSA concentrations, leading to very
thin (tens of nm) protein layers, can be quantitatively sensed using THz-TDS. Indeed, Ge-based
antenna array sensitivity of up to ∼6 GHz/(mg/mL) has been obtained, which is fourfold larger
than those reported on metal-based metamaterial sensing.

From a biomedical point of view, the results here reported represent an important step forward
in the integration of plasmonic-based platforms with the current microelectronics ecosystem.
By combining surface biofunctionalization for affinity capturing of target proteins, this CMOS-
compatible platform can be further enhanced for specificity and sensitivity of serum biomarkers
detection for personalized point-of-care medical applications.
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