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ABSTRACT

Label-free biosensor operating within the terahertz (THz) spectra have helped to unlock a myriad 

of potential terahertz applications, ranging from bio-material detection to point-of-care (PoC) 

diagnostics. However, the THz wave diffraction limit and the lack of emitter-integrated THz 

biosensor are hindering the proliferation of high resolution near-field label-free THz biosensing. 

Here, a monolithic THz emission biosensor is achieved for the first time by integrating asymmetric 

double-split ring resonator metamaterials with a ferromagnetic heterojunction spintronic THz 

emitter. This device exhibits an electromagnetically induced transparency window with resonance 

frequency of 1.02 THz and a spintronic THz radiation source with a bandwidth of 900 GHz, which 

are integrated on a fused silica substrate monolithically for the first time. It was observed that the 
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resonance frequency experienced a redshift behavior along with increasing the concentration of 

Hela cells and Pseudomonas due to the strong interaction between the spintronic THz radiation 

and the biological samples on the metamaterials. The spatial frequency redshift resolution is ~ 0.01 

THz with a pseudomonas concentration increase from ~ 0.5×104/mL to ~ 1×104/mL. The monolithic 

THz biosensor is also sensitive to the sample concentration distribution with 15.68 sensitivity 

under spatial resolution of 500 μm, which is determined by the infrared pump light diffraction 

limit. This THz emission biosensor shows great potential for high resolution near-field biosensing 

applications of trace biological samples.

KEYWORDS 

Near-field biosensing, Electromagnetically induced transparency analog, Metamaterials, 

Spintronic terahertz emitter, Monolithic integration

INTRODUCTION

Label-free terahertz (THz) biosensing offers attractive possibilities for non-invasive detection of 

malignant cells or other biological samples due to its high sensitivity.1 Additionally, compared to 

other electromagnetic waves, THz wave has little side-effects and less heat effect to tissues and 

biomolecules because of the low photon energy and the non-ionizing effect of THz wave.2 Label-

free THz biosensing techniques can be divided into direct and indirect categories. The direct THz 

biosensing is achieved by receiving the terahertz signals transmitted from irradiated biological 

samples,3 while the indirect THz biosensing is implemented with metamaterials (MM) or 

metasurfaces.4,5 Due to the flexibility in the MM or metasurface design, the indirect techniques 

can be tailored to test a variety of specific target samples, especially for the THz biosensing 

applications.6–8 
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Several highly sensitive indirect label-free THz biosensing approaches have been reported, 

including the detection of protein,9 viruses,10 and cells.11 However, these approaches utilize mostly 

the far-field THz waves, which mainly obtain the macroscopic information of the analyte.12 Thus, 

the sensitivity of such technique is limited by the spatial overlap between the analyte and the 

localized electromagnetic field. Meanwhile, biological samples interacting with near-field THz 

waves at the source have been previously studied with semiconductor emitters.13,14 Such technique 

has demonstrated that emitter-integrated biosensor is an effective solution for near-field THz 

biosensing. However, semiconductor terahertz emitters based on the terahertz quantum cascade 

laser (THz-QCL) or photoconductive antenna (PCA) are restricted either by cryogenic conditions 

or sophisticated III-V fabrication process, making it difficult to facilitate monolithic integrations.15 

In this paper, a novel THz emission biosensor (TEB) is demonstrated by integrating 

electromagnetically induced transparency analog (EITA) metamaterials monolithically with a 

ferromagnetic heterojunction spintronic THz emitter for the first time. EITA with high-Q factor 

has been widely implemented for THz sensing, due to its high intrinsic sensitivity to the variations 

of its surrounding dielectric environment.16,17 The TEB described here utilizes an engineered 

asymmetric double-split ring resonator array as the EITA metamaterial, processed on the frontside 

of the fused silica substrate. On the other hand, to exploit appropriate THz emitters for better 

integration, the recently developed spintronic THz emitter is considered as an alternative THz 

source for its low cost, large bandwidth, high scalability.18,19 A layer of W/CoFeB/Pt ultrathin 

nanofilm has been sputtered onto the backside of the substrate to form the spintronic THz emitter 

stack. This TEB device allows a highly efficient near-field interaction between the spintronic THz 

radiation and biological analyte with a potential sub-micron scale spatial resolution. 
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Cervical cancer cells Hela with green fluorescent proteins (Hela-GFP) and Pseudomonas 

bacterial sample with blue fluorescence are chosen in the experiments. Firstly, far-field THz 

biosensing of Pseudomonas and Hela-GFP with different concentrations are tested using 

photoconductive antenna (PCA) emitter and spintronic THz emitter. In the PCA emitter 

characterization, the frequency redshifts represent excellent linearity with 0.99 and 2R  2R 

0.92 for Hela-GFP and Pseudomonas, respectively. The biosensing results have a good consistency 

in sensing under different sources with of 1.01 and 1.12 for Hela-GFP and Similarity

Pseudomonas, respectively. Moreover, the results of near-field THz biosensing of Pseudomonas 

has a maximum frequency redshift of 0.16 THz using TEB, implying a higher sensitivity with 

15.68 due to the strong interaction between the spintronic THz radiation and the biological samples 

on the MM. Such novel THz emission biosensor exhibit promising potential in future near-field 

biomedical and biological detections.

EXPERIMENTAL SECTION

Design of TEB device. The TEB is combined with a W/CoFeB/Pt trilayer heterostructure and an 

EITA-MM array for biosensing experiments. The design idea is schematically illustrated in Fig. 

1(a). A femtosecond laser beam from a commercial Ti: sapphire laser oscillator is incident onto 

the surface of the W/CoFeB/Pt THz emitter of which each layer metal thickness is 1.8 nm. THz 

waves are generated in the heterostructure due to inverse spin Hall effect.20,21 This THz radiation 

process is described in Fig. 1 (b). After propagating through a 2.0 mm fused silica substrate, the 

radiated THz wave directly interacts with the fabricated MM array in near-field scale. Numerous 

biological samples are adhered to the MM surface for modifying the dielectric environment of the 

MM, further modulating the emitted THz waves which are recorded by far-field electro-optic 

sampling detection method in a 1 mm thick ZnTe crystal. Since the diameter of the femtosecond 
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laser pulse used in the experiment is <1 mm (1/e2) at the THz source, the region of the generated 

THz beam for near-field biosensing is limited to a small area, only determined by the pumping 

laser diffraction limit. The MM design parameters are listed in Fig. 1(c), the corresponding 

structural parameters are p=100 μm, s=88 μm, w=16 μm, h=6 μm, g=4 μm, a=28 μm. The MM 

structure unit is an asymmetric double-split ring resonator for introducing an EITA Fano 

resonance, which renders a medium transparency within a narrow spectral range. It is notably 

mentioned that the structural asymmetric parameter a defined by the displacement of two splits 

determines the asymmetric degree of MM, which decides the bandwidth of the transparent 

window. A Scanning Electronic Microscope (SEM) (Zeiss Sigma 300, Germany) photography of 

a myriad of Pseudomonas adhered onto the surface of MM is shown in Fig.1(d). 

Figure 1. (a) Schematic illustration of the integrated TEB device. The femtosecond laser pulses 

are incident from the bottom and the radiated terahertz waves pass through the MM, on which 

biological sample is deployed. (b) The radiation principle of spintronic THz emitter. The spin 
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current  launched by the fs pump excitation is converted into the spin-hall current  due to the sJ cJ

inverse spin-Hall effect (ISHE). The  along the x-axis acts as an electric dipole, emitting THz cJ

waves into free space. As W and Pt exhibit the largest spin-Hall angles , but with opposite sign, 

the  in W and Pt layer flow the same direction, resulting in the double terahertz output relative cJ

to the bilayer film structure. (c) The MM unit parameters of an asymmetric double-split ring 

resonator (p=100μm, s=88μm, w=16μm, h=6μm, g=4μm, a=28μm). (d) A SEM image showing 

the Pseudomonas deployed on the surface of the TEB.

Fabrication of the EITA metamaterials. The manufacturing of the MM is exhibited in Fig. 2(a). 

The substrate was fused silica, which is isotropy and the birefringence was neglected. Two 

photoresist layers (LOR 5B, MicroChem, Germany; AZ5214E, Clariant GmbH, Germany) were 

coated onto the substrate using coater (SUSS Spin6, Germany) and heated with 110 °C 100 s on a 

hotplate (SUSS HP8, Germany). After that, the coated substrates were exposed with the MM 

pattern using lithography (SUSS MA6, Germany). After development, a 220 nm thickness of 

Cr/Au films was deposited by an e-beam evaporation (SKY DZS-100, China). Finally, the N-

Methyl-2-pyrrolidone (NMP) solvent was used to dissolve residual photoresists, forming the 

designed MMs.  

Culture and preparation of biological samples. Two type biological samples were used in the 

experiments, including the human cervical cancer cell line Hela with green fluorescence protein 

(Hela-GFP) and the Pseudomonas with blue fluorescent (Oulu Biotechnology, China). Fig. 2(b) 

and (c) depict biological samples culture process. For the Hela-GFP cell culture process, the cells 

were thawed to room temperature first. Thereafter, the cells were placed into a T25 culture flask 

containing Dulbecco's modified eagle's medium (DMEM) supplemented with 10% fetal bovine 
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serum (FBS). The flask was stored in an incubator with a temperature of 37 °C and filled with 5% 

CO2 gas. At the same time, the Pseudomonas was grown in a petri dish for 48 h at 25°C on beef 

exact peptone AGAR medium (pH=7.0). After biological sample culturing, the biological samples 

were washed with phosphate buffer saline (PBS) (Solarbio, China) firstly. And then, the samples 

were centrifuged to remove waste and subsequently resuspended in medium with related 

concentrations. 

Three concentrations of biological samples were measured in this experiment, and the 

concentration gradient was set to be original concentration (C3, ~1×105/mL), 10-fold dilution (C2, 

~1×104/mL) and 20-fold dilution (C1, ~0.5×104/mL) respectively. The sample volume applied 

onto the chips is 10 μL each time. Each concentration of the biological samples was finally seeded 

onto a biosensor and air dried at 37 °C for 5 min. Fig. 2(d) shows the bright field and the fluorescent 

images of the biological samples with three different concentrations and bacterial sample with 

concentration 1 observed under the microscope (Olympus CKX53). 
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Figure 2. (a) Fabrication process of the TEB. The preprocess of culture and seeding onto the 

biosensor surface for (b) Hela cells and (c) Pseudomonas, respectively. (d) Bright field and 

fluorescent photographs of biological sample with different concentrations（C1, C2, C3）on 

TEB.

Numerical Simulations. In order to study the label-free sensing mechanism of the TEB, the 

modulated THz emission spectrum response were numerically investigated by the full-wave 

numerical simulation software integration package (CST Microwave Studio). In this simulation, a 

cylinder was modeled on the center of MM structure as biological analyte and Occupying Ratio (
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), which represented the ratio of biological sample area  to a single MM structure was OR SampleS

recognized as the variable . The  definition can be written as:MMS OR

           (1)Sample

MM

S
OR

S


The material of biological analyte was set as biological material with permittivity ε=3.67.22 The 

THz emission signals of the designed MM were simulated by changing the  accordingly. As OR

shown in Fig. 3(a), the > 65 % transmission window of single MM is located at 1.0 THz with two 

peaks which situate at 0.88 THz and 1.16 THz (red line), respectively. Meanwhile, the emission 

peak redshifted, as the  being varied from 0 % to 16 %. This indicates that the EITA-MM is OR

highly sensitive to the  variation of biological samples on the surface. In other words, with the OR

 increase of the biological sample, the THz emission peak experience a redshift. Furthermore, OR

the corresponding analysis result of the spectral shift at different  conditions is plotted in Fig. OR

3(b). From this figure, we can find that the shift frequency and the  present a positive linear OR

correlation with a maximum variation of = 120.57 GHz at =16 %. To further explore the f OR

physical characteristic of MM in label-free biosensing, the simulated electromagnetic distribution 

of MM structure with = 2 % at three specific frequencies of  0.88 THz,  1.0 THz, and OR 1f  2f 

1.16 THz was simulated, and the results are summarized in Fig.3 (c)-(h). Their corresponding 3f 

surface current simulations are illustrated in Fig.3 (c), (e), and (g), respectively. It is shown that 

incomplete half-cycle currents are formed on both asymmetric sides of the MM structure. On the 

one hand, the electric dipole resonance mode is generated at  and , respectively (see Fig. 3(c) 1f 3f

and (g)). The factor that contributes to the surface current is a weak magnetic field which is 

generated on both sides of the asymmetric MM ring as shown in Fig. 3(d) and (h). On the other 
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hand, there is a complete circulating current in the upper and lower areas of the MM ring structures 

at , and the response is due to magnetic dipole resonance in Fig. 3(e). A possible explanation is 2f

that an external magnetic field in the space surrounded by the MM structure is generated by the 

circulating current along the electric quadrupole and induces magnetic dipole resonance (Fig. 3(f)). 

Based on the simulation results, the MM structure forms a quadrupole resonance at . The charge 2f

polarity in the MM structure can change at specific frequencies.

Figure 3. CST simulation results of the designed MM biosensor structure. (a) THz transmission 

spectra from the MM structure when changing the occupying ratio (OR) of biomaterials in the 

center of a single MM unit. (b) Corresponding frequency shift   at different OR conditions. (c), (e), 

(g) The surface current simulation diagrams at three different frequency ( 0.88 THz, 1.0 1f  2f 
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THz, 1.16 THz). (d), (f), (h) The magnetic field in z-axis of MM structure with = 2% at 3f  OR

relevant frequencies.

Terahertz time domain spectroscopy. The THz emission spectroscopy setup was composed of 

four parts: a driving laser, an emitter, the optical path, and detection device.19,23 The driving laser 

was a commercial Ti: sapphire laser oscillator yielding ultrafast pulses with a central wavelength 

of 800 nm, pulse duration of 70 fs, and repetition rate of 80 MHz. The femtosecond laser pulses 

were split into two beams of a generating beam (90 % power) and a detecting beam (10 % power). 

The generating beam was implemented to pump the TEB and the modulated THz waves were 

monitored by the electro-optic sampling method in a 1 mm thick ZnTe crystal enabled by the 

probing beam. In this work, for the TEB characterization, another GaAs photoconductive antenna 

emitter (Z-omega) were employed to test the samples in a conventional THz time-domain 

spectrometer with < 5×10-9 mbar vacuum to eliminate the water vapor influence.  

RESULTS AND DISCUSSION

Far-field biosensing with a GaAs PCA and a spintronic emitter. To corroborate the feasibility 

of the integrated TEB, label-free biosensing of discrete MM biosensor was performed in a standard 

home-build THz time-domain spectrometer using both GaAs photoconductive antenna (PCA) and 

spintronic THz emitters of W/CoFeB/Pt trilayer, respectively. To investigate the THz transmission 

spectral response of the discrete MM biosensor, the same biological samples used in TEB were 

measured. As shown in Fig. 4(a), the resonance frequency peaks red shift as the cell concentration 

increases from C1 (~0.5×104 cells/mL) to C2 (~1×104 cells/mL) and then to C3 (~1×105 cells/mL). 

Furthermore, as indicated in the star symbol of Fig. 4(e), the frequency variation has a f

significant change with different cells concentration under GaAs PCA. grows to 0.09 THz under f
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Cells C1 and changes to 0.15 THz and 0.22 THz with the concentration changes to Cells C2 and 

Cells C3 respectively. when testing Pseudomonas samples. The resonance frequency peak exhibits 

a redshift as the increasing concentration gradient of bacteria concentration set up to Bacteria C1, 

Bacteria C2, and Bacteria C3 (Fig.4(b)). Correspondingly, grows from 0.07 THz under Bacteria f

C1 and changes to 0.08 THz and 0.13 THz with the concentration changes to Bacteria C2 and 

Bacteria C3 respectively shown in the positive triangle symbol of Fig. 4(f). By performing a linear 

fitting analysis on the data of GaAs PCA emitter characterization, the frequency redshifts of 

biological samples represent an excellent linearity with 0.99 and 0.92 for Hela-GFP 2R  2R 

(the red dotted line of Fig.4(e)) and Pseudomonas (the green dotted line of Fig.4(f)) respectively. 

The inset picture of Fig.4(e) and (f) presents the SEM image of Hela-GFP cells and Pseudomonas 

bacteria on the surface of MM biosensor under C3 concentration. 

The discrete MM biosensor was also characterized by measuring the transmission ratio with 

biological samples in the THz-TDS system using spintronic THz emitters of W/CoFeB/Pt trilayer. 

Fig. 4(c) shows that close to 50% transparent window is located at 1.02 THz with two dips, which 

situates at 0.88 THz and 1.15 THz for the fabricated MM biosensor. What’s more, the resonance 

frequency peak also redshifts as the cells concentration increases from Cells C1 to Cells C2 and 

then to Cells C3, which is consistent with the results obtained by changing in the simulations. OR

Furthermore, as indicated in the round symbol of Fig. 4(e), the  has a significant variation for f

different cells concentrations. Compared with MM biosensor with no biological samples, grows f

to 0.08 THz under Cells C1 and changes to 0.16 THz and 0.21 THz with the corresponding 

concentration changes to Cells C2 and Cells C3, respectively. Besides, the increase of has a f

strong consistency with the results under spintronic THz emitter with 0.98 (the yellow solid 2R 

line of Fig.4(e)). For bacteria measurement, the results of transmission curve are shown in Fig. 
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4(d). grows from 0.07 THz under Bacteria C1 and changes to 0.10 THz and 0.14 THz with the f

concentration changes to Bacteria C2 and Bacteria C3, respectively, shown in the inverted triangle 

symbol of Fig. 4(f). In the orange solid line of Fig. 4(f), the linear fitting of these results shows a 

better linearity with 0.96 than the results under GaAs PCA emitter. In the experiments, the 2R 

similarity of same biomaterial results under spintronic THz emitter and GaAs THz emitter is 

defined as:

                   (2) Spin

PCA

Slope
Similarity

Slope

where  and  represent the fitting line slopes of spintronic THz emitter and GaAs SpinSlope PCASlope

THz emitter respectively. The cells sensing results of  and  is 77.31 and 76.30 SpinSlope PCASlope

separately (Fig. 4(e)), while the results of  and  is 51.31 and 46.04 for bacterial SpinSlope PCASlope

detection (Fig. 4(f)). The far-field THz biosensing comparison results manifest a good consistency 

with  of 1.01 and 1.11 for Hela-GFP and Pseudomonas, respectively. This result shows Similarity

that the biosensor has good consistency in sensing under different sources, at the same time, it can 

be seen from the difference of fitting line slopes that the measurement results under spintronic THz 

emitter are more sensitive than the results from GaAs PCA emitter.
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 Figure 4. The transmission THz spectra of discrete MM biosensor with biological samples 

interacting with THz waves from the GaAs PCA emitter (a) (b) and Spintronic THz emitter (c) (d). 

The EITA transmission window moves to low frequency with different concentrations of Hela 

cells (a) (c)and of Pseudomonas bacteria (b) (d). The measurement errors of these experiments are 

analyzed in (e) and (f) (N=5). The frequency shift behaviors as functions of Hela cell (e) and 

Pseudomonas (f) concentrations, respectively. The insets in (e) and (f) are the SEM images for 

Hela cells and Pseudomonas on MM surfaces, respectively.
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Near-field THz biosensing using TEB. To demonstrate the THz biosensing characteristics of the 

TEB, the fully integrated device with the bacteria sample were systematically measured in the THz 

emission spectrometer. The THz emission spectra for various concentrations are shown in Fig. 

5(a). When comparing with the device without biomaterials, the THz response of the bacteria-

adhesive samples preserved the spectrum shapes and exhibit an EITA resonance frequencies 

redshift. These responses originate from the variation of the local dielectric environment as 

discussed in the above-mentioned simulation section. When the sample concentration was 

increased, the resonance frequency redshifted to 0.95 THz, 0.94 THz and 0.86 THz for the three 

concentrations, respectively. The fabricated TEB shows the capability of a strong near-field 

interaction between THz radiation and biological analyte in one device with a maximum frequency 

response of 0.16 THz, as shown in the inset picture of Fig. 5(a). It indicates that a higher 

concentration introduces stronger modulation of the local environments, and the experimental 

results agree very well with the theoretical predictions. 

For the integrated TEB, spin current is only generated at the femtosecond laser irradiation 

position in the W/CoFeB/Pt heterostructure, which is closely related to the THz radiation area. 

This leads to the fact that only the MM units of the integrated sensor covered by the THz irradiation 

can be activated and be monitored. Therefore, the effective area of the THz biosensor is only 

limited by the femtosecond laser irradiation area, implying a much higher spatial resolution for 

trace detection applications. In Fig. 5(b), two different positions were selected on one TEB device, 

which was coated with the same bacteria sample for the THz emission measurement. The results 

show a 0.02 THz frequency variation of the two measurement positions, which can be attributed 

to the inhomogeneous distribution of the biological sample on the MM surface. To rule out the 

heat effect introduced by femtosecond laser illumination onto the biomaterials, we repeated the 
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measurements for a time interval of 10 minutes and obtain consistent experimental results as that 

from short time THz radiation. These results demonstrate that TEB has the ability to spatially 

resolve the non-uniformity of concentration distribution of biological samples, which has potential 

significance in small scale near-field THz biosensing detection.

Figure 5. (a) THz transmission spectra of different bacteria concentrations (Bacteria C1, C2, C3) 

obtained with the TEB. The inset curve shows the values of frequency shifts with different 

concentrations. (b) For different positions on the same TEB device with the bacteria concentration 

C2, the THz emission spectra manifest differential behavior with a frequency redshift  = 13 f

GHz and a 4.6 % transmission amplitude variation, showing TEB has the ability to spatially resolve 

the non-uniformity of the surface biological sample concentration.

Table 1 summarizes the biosensing performance comparison between the fully integrated TEB, 

Discrete spintronic THz emitter and Discrete GaAs antenna emitter with the Pseudomonas 

biological samples. It is clear that the fully integrated device exhibits high frequency response to 

concentration variations with a maximum frequency redshift of 0.16 THz under Bacteria C3. At 

the same time, due to the near-field interaction of biological samples and terahertz waves, TEB 
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has the highest sensitivity of 15.68 compared to other devices (Supporting Material Table S1). 

Table 1. Summary of the performances of EITA metamaterials with discrete spintronic THz 

emitter or discrete GaAs PCA and integrated TEB.

 TEB Discrete spintronic 
THz emitter

Discrete GaAs 
PCA emitter

f for C1 0.07 THz 0.07 THz 0.07 THz

f for C2 0.08 THz 0.10 THz 0.08 THz

f for C3 0.16 THz 0.14 THz 0.13 THz

Spatial resolution ~500 μm ~3 mm ~3 mm

Number of effective MM 
units ~25 ~900 ~900

Concentration ratio Low High High

CONCLUSION

In conclusion, a novel terahertz emission biosensor based on the monolithic integration of a 

spintronic terahertz emitter with EITA metamaterials have been firstly demonstrated for near-field 

biosensing application. Comparison studies employing Hela cells and Pseudomonas with different 

concentrations have been conducted to benchmark the proposed integrated device. Discrete device 

schemes were initially compared, and frequency redshift behaviors are observed in both GaAs 

PCA and spintronic emitter scenarios, which agrees well with the Multiphysics numerical analysis. 

The designed MM perform excellent frequency response linearity of 2R  0.99 and 2R  0.92 for 

Hela-GFP and Pseudomonas respectively with the GaAs PCA emitter. With the spintronic THz 

emitter, the frequency response linearity fitting slope is similar to the GaAs PCA emitter scenario 
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with the Similarity of 1.01 for Hela-GFP, and 1.11 for Pseudomonas. Eventually, the fully 

integrated TEB shows a strong near-field interaction between the THz radiation and the biological 

analyte with a maximum frequency redshift of 0.16 THz and Sensitivity of 15.68. The metamaterial 

design and the spintronic nanofilms stacks can be further optimized according to specific 

applications. Owing to the compact integration of the spintronic THz emitter with the 

metamaterials, the proposed TEB has superior characteristics as a promising low-cost near-field 

THz biosensor option with high sensitivity under small-scale spatial resolution.
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