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ABSTRACT 

The Terahertz (THz) technology has now reached a level of maturation, which allows its uses beyond its core domains of 

application (telecom and imaging for security or healthcare). Vibrational spectroscopy in the THz range is employed in 

various fields and is specifically promising in (µ)biology. Indeed, the probed vibrational states extend over several 

nanometers and give a signature of the sample 3D structure at the nanoscale. This is particularly salient for macromolecules 

(proteins, DNA and RNA strands etc.) since, on one hand, their 3D structure is very difficult to probe in physiological 

condition with other techniques, and on the other hand, this structure determines their function and is consequently of 

utmost importance for the living. A major hurdle still arises when applying THz spectroscopy on biological or 

macromolecular samples. The samples are generally smaller than the THz wavelength, which requires concentrating the 

THz field in the sample. Solutions aimed at tackling this challenge by using µ/nano technology of THz field concentration 

and a proper data analysis will be presented.  
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1. INTRODUCTION  

During the XVII century, the controversy between D’Alembert [1], Euler [2] and Bernoulli [3] shined the light towards 

the study of resonant vibrations of objects. This had consequences on a wide range of scales from vibrations of violin’s 

strings to vibration of molecular bonds in infrared spectroscopy. The vibrations eigen frequencies serve as a signature for 

the size, the stiffness and the structure of a body. The size of a lot of biomolecules e.g. proteins and DNA or RNA strands 

lies roughly in the range from one to 10 nm, making them biochemical nano-objects with a relative symmetry deriving 
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from the repetition of monomers. Consequently, the vibrations supported by these biomolecules lie in the broad THz range. 

E.g., collective motion of DNA base pairs along the DNA backbone [4]. Additionally, since biological 

macromolecules(MMs) are polar, those vibrations couple to the EM-field. In other words, if spectroscopy in the mid-

infrared region probes vibrations associated to localized atom-atom stretches in molecules, THz frequency probes 

delocalized collective vibrational modes in long molecules like MMs. These resonances can serve as “fingerprint” 

signatures that reveal their internal structure and vibrational dynamics. There are both theoretical and experimental 

evidences supporting this perspective [5, 6]. 

 

Performing THz spectroscopy was a challenge for decades. Indeed, using the historical Fourier transform infrared 

spectrometer needs good sources and detectors not available in the THz spectral range. However, spectroscopy in THz 

frequency range has shown an important development in the last decades. The invention of short pulse lasers and its 

development up to industrial performances as to progress of semiconductor materials and devices lead to time-domain 

spectroscopy (TDS). The setup comes from sub-picosocond electrical sampling demonstrated by G. Mourou’s group [7], 

that D.H. Auston improved to THz range using non-linear optics [8] for THz emission and detection. Finally, 

Grischkowsky et al. [9] introduced the photoconductive antennas as in most of nowadays commercial systems. It uses a 

benchtop short pulsed (<~100 fs) lasers illuminating a semiconductor at a λ (energy) above the energy band-gap to 

generates mobile carriers. Effectively, the semiconductor changes abruptly from being an insulator into being a conductor. 

This leads to a sudden electric current across a biased antenna patterned on the semiconductor and an emission of 

broadband THz pulse. This pulse goes through the sample and is recombined with a controlled delay together with the 

original laser pulse onto a photoconductive or electro-optical material acting as detector. This allows access not only to 

the amplitude but as well to the phases of the THz pulse. This coherent technique shows a very high signal to noise ratio 

and record a spectrum from 0.2 to 5 THz with a dynamic range of 100 Db in about ten minutes, in commercial apparatus. 

 

Consequently, the use of THz spectroscopy has been proposed for a variety of medical and biological applications. In this 

proceeding, we will report on major development axes. One of the major issues to solve to enable THz spectroscopy of 

actual bio-samples is that a lot of them are very small compared to the THz wavelength. Therefore, it is mandatory to 

enable sub-wavelength confinement of the THz electromagnetic field. We will explain our approach to concentrate the 

THz field to enable THz spectroscopy of small samples. 

2. BROADBAND TERAHERTZ CONCENTRATORS 

Although the sensitivity of THz-TDS systems are very high, it is not enough to enable the spectroscopy of a single cell 

and even more a single virion or protein. To enable the performance of THz spectroscopy on subwavelength samples one 

needs to concentrate the electromagnetic field in a small volume compared to the wavelength. Such confinement has been 

a subject of interest in the THz community. To our knowledge, all the approaches exploit the relatively good response of 

metals in the THz range compared to the visible and infrared. This field enhancement can be achieve using scanning 

µscopy or integrated photonics. 

 

Scanning THz near-field microscopy set-ups can be classified in two different kinds. The scattering Scanning Near-field 

Microscopy (s-SNOM) [10, 11], uses the oscillating tip of an Atomic Force µscope (AFM) to concentrate the incident light 

on its nm-sized apex enabling to probe  the dielectric constant of a material at a resolution similar to the apex radius 

(today’s record ~ 15 nm [12]). It can be used as a nano-spectroscopy system [13], for instance in the recent report of the 

characterization of lactose [14]. Although, in this case, due to a relatively low signal to noise ratio, the resolution is ~2 µm 

using complex experiments and very long integration time. The laser scanning THz emission or detection µscope (LSTEM 

or LSTDM) [15] is a TDS system where the sample to probe is directly in contact with a THz non-linear optics detector 

or emitter. The laser gating this emitter or detector scans the surface of the sample. In this configuration, the spatial 

resolution is defined by the size of the laser spot on the surface of the non-linear crystal and is ~ 1 µm. Since this setup is 

built around a TDS setup, the near-field spectroscopy is included. Using this configuration the group of A. Markelz recently 

demonstrated THz near-field spectroscopy of µcrystal of MM, namely lysozyme, photoactive yellow protein and RNA 



 

 

 

 

[16, 17]. These results are clearly the most convincing in the frame of biosamples, however, the recording of a spectrum 

lasts 6 hours, according to the team. 

 

THz integrated photonics achieved light matter interaction enhancement by confining light or EM radiation by two 

different ways, broadband or resonantly. A broadband concentrator only uses spatial confinement while resonant devices 

recycle the light in time, building a stronger field enhancement but on a smaller spectral range. 

 

Most of the broadband approaches use a metallic waveguide such as a parallel plate metallic waveguide [18] because the 

lowest frequency mode (transverse EM) has no cut-off, is low-losses and low-dispersion. However, this is a 1D waveguide, 

and besides the drawback of only confining in 1D, using it with a beam induces dispersion and coupling losses. It enabled 

spectroscopic measurements of thin polycrystalline film of deoxycytidine. The group of E. R. Brown overcame this by 

setting the sample transversally to the beam. This allowed smaller sample size with a nanofluidic integration enabling the 

recording of a signature between 850 and 950 GHz of both DNA & RNA molecules in µL samples [19]. Furthermore, we 

recently demonstrated that the combination of tapered antenna [20] and a planar geometry [21] overcames the losses 

dispersion and enables a 2D-confinement. The design is presented in Figure 1: 

 

Figure 1: Schematic of the ‘butterfly’ device showing the waveguide where the sample is to be inserted. The exponentially 

tapered antenna to couple with the incoming and outgoing THz field and the farfield of the antenna to show the potential of 

this coupling. 

The device, that we named butterfly due to its shape, is designed to fulfil three requirements: (i) An accessible hollow part 

to insert an sample; (ii) the waveguide should be broadband, low losses and low dispersion (iii) THz-TDS beam should be 

easily injected & extracted in it. The thick-slot waveguide fulfils (i) & (ii) and the tapered antenna - (iii). We improved the 

first technology based on laser etching of copper plate to a more rigid and technology compatible material: silicon covered 

by gold [22, 23]. Thanks to this new technology[24], we succeed in making 20-µm-wide, 300-µm-thick and 1-cm-long 

waveguide going from a factor 5 [21] in field enhancement to a factor 30 [22, 23]. Consequently, we were able to perform 

TDS spectroscopy of small amount of powder samples. The first example on α-Lactose is shown in Figure 2. 

 



 

 

 

 

 

Figure 2: Left - spectrum of a powder of α-Lactose monohydrate. The sample volume is ~ 15 nL corresponding to a mass of 

~ 23 µg. Right - schematic view of the lactose molecule. 

Here one can see the two well established lactose peaks (e.g. [25]). We continued our study with less usual samples. 

Amino-acids are the brick from which the proteins are built. We performed the spectroscopy of crystal powder and dried 

solution of glutamine [C5H10N2O3] as shown in Figure 3. 

 

Figure 3: Spectrum of glutamine [C5H10N2O3] samples. Left - 6.8 µg of powder (volume of about 5 nL), right - 250 ng of 

dried solution (volume of dried solution of about 200 pL). We cut the spectrum at 2.5 THz for the dried solution because of 

the lower signal-to-noise ratio. 

On the left figure, one can see four peaks, known for Glutamine molecular crystal, for the sample volume as small as 5 nL, 

and on the right - only the peak around 1.7 THz is distinguishable, due to losses consequent to scattering. This last spectrum 

was performed on a 200-pL-volume sample corresponding to a cuboid of about 20 µm by 100 µm by 100 µm. To our 

knowledge, this is the smallest sample from which a THz spectrum has been extracted. Still, this volume is much larger 

than the one of a single molecule and one needs to implement better confinement to go towards this goal. 

3. THZ RESONATORS 

 

By essence, resonators have a smaller bandwidth but show better concentration. In the THz range, resonators often take 

the form of metamaterials or metasurfaces coming from radar field and build-up periodic arrangement of sub-λ elements. 

Typical examples are the dipoles or the split-ring resonator (SRR) [26, 27], where the strong confinement (V<λ3) of the 
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electric field of the resonant mode inside the gap leads to strong field enhancement accordingly to Purcell law [28]. These 

structures are very sensitive to any change in the dielectric constant inside the gap. Thus, sensing based on resonant 

metamaterials has been studied. THz SRRs enable the detection of extremely small amounts of chemicals [29, 30] and 

biological substances as spore bacteria and viruses [31, 32]. Recently, the group of M. Tonouchi proposed to combine 

metasurfaces with µfluidic circuitry to set the analyte in a gap sizing ~ 2mm x (10 µm)2, together with LSTEM to select 

only a few meta-atoms [33]. 

 

SRRs are metallic structures with inductive and capacitive area, thus exhibiting a LC resonance at a wavelength larger 

than the structure itself. The simplest example is a single metallic loop with a small gap, where the loop itself is the 

inductive part, and the gap is the capacitive part (see Figure 4). When excited at its resonant frequency, the magnetic field 

in a SRR is located in the inductive area, while the electric field is confined into the capacitive area. This makes the SRR 

an excellent tool to confine THz radiation in space (in the gap) and extends the light-matter-interaction time through the 

resonance. 

 

For our application, we choose the design illustrated in Figure 4. This design has only one capacitive area, allowing for 

the sake of a better electric field confinement, and two inductive loops. At resonance, the current flows in the two inductive 

loops in opposite directions, so that the magnetic radiation cancels out in the far-field. This reduces the radiative losses of 

the device and therefore increases its quality factor. However, we do not want to completely cancel the radiation losses, 

seeing as they define how the resonator couples with the far-field excitation and measurement. Since we want to test the 

limit of the field confinement with those resonators, the width of the gap, which defines the final confinement volume, 

should be an adjustable variable of the design. We therefore use a tapered design that allows to decrease or increase the 

confinement volume while keeping a constant capacity and thus keeping a constant resonance frequency (see Figure 5). 

   

 

Figure 4: Left: simplest example of SRR with its equivalent circuit, the resonance frequency is given by 𝜔0 = 1/√𝐿𝐶. 

Right: the design we have chosen for our study, the magnetic field inside each loop is oriented in opposite direction. 



 

 

 

 

 

Figure 5: Left: based on the parallel-plate capacitor model, the capacitance is kept constant by keeping the same ratio A/G. 

Right: variation of the SRR shape with the two independent parameters (size and gap width). 

 

0. The resonators are made of gold on a 150-µm-thick quartz substrate, which has the advantage of being transparent 

in both the visible and the THz range. They are fabricated using electron beam lithography according to the 

following steps (illustrated in Figure 6):Cleaning of a bare quartz substrate using piranha solution to ensure a 

good hydroxylation of the surface and thus a good adhesion of the resist 

1. Coating with a double positive resist layer (PMMA) 

2. Deposition of 10 nm Ge layer by electron-beam evaporation to make the sample electrically conductive 

3. Electron beam writing of the SRR shape 

4. Ge removal using hydrogen peroxide and resist development 

5. Deposition of 20 nm of titanium for the adhesion, 200 nm gold 

6. Attack on the remaining resist to remove the unwanted and keep only the SRRs (Lift-off) 

 

Figure 6: Step by step illustration of the fabrication process. 

 



 

 

 

 

Using a double resist layer leads to an undercut profile after the development (see Figure 7), resulting in a clean lift-off.  

 

Figure 7: SEM picture of the resist after development (step 4). 

 

As can be seen in the SEM images of the final result in Figure 8, we were able to obtain an excellent agreement with the 

desired shape and to reach large aspect ratio and very small gap size, down to 30 nm for a total metal thickness of 220 nm. 

   

Figure 8: SEM image of a SRR (left) and close up view on a 27 nm gap (right). 

The fabricated resonators are characterized with THz-TDS setup, by measuring the transmission of a broadband THz beam 

through an array of identical resonators. To get a good indication on the resonance frequency of a single resonator, the 

period of the array must be large enough so that the evanescent near-field of each resonator does not interact with its 

neighbors. A 50-µm period is large enough according to our simulation, and the array is dense enough to be easily detected 

with our TDS setup. Although the precise spectral response of a single resonator is not strictly identical to the one measured 

in an array due to far-field coupling between resonators [34], it still allows us to measure the resonance frequency 

depending on the two parameters of our resonators (the size and the gap width). Using the frequency response of the quartz 

alone as a reference, we observe a clear resonance with a quality factor Q ~ 15, which is quite high considering the 



 

 

 

 

deliberately high radiation losses of our device. One can see from Figure 9 right that the tapered shape is very effective in 

keeping a constant resonance frequency for variable gap width. The spectral characteristics of an array of resonator is in 

perfect agreement with our expectations. 
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Figure 9: Relative transmission of different arrays of SRR divided by the transmission of a bare quartz substrate, for 

different resonator sizes (left), and for different gap widths (right). 

In order to evaluate our resonator as a way to probe single macromolecule, the next step will be to characterize 

experimentally the spectral characteristics of a single resonator, and the electric field distribution with SNOM 

measurement. 

4. CONCLUSION 

 

In this proceeding, we briefly presented the methods we are developing to tackle the issue of small-size samples in 

Terahertz spectroscopy. First, we showed the use of the butterfly device, made of two tapered-antennas to interface a thick-

slot metal waveguide toward free space, to enable spectroscopic measurement of sub-nanoliter-volume samples. Then, we 

explained our strategy and technology to go even further in enabling measurements of samples inside the gap such as of a 

single split ring resonator. 

 

Still, even when the described technology is mature it will not be enough to be directly useful for biology or biochemistry. 

First, it will be important to analyze properly the time-trace from the TDS similarly to what was done for free-space 

experiments such as the metasurface ones [36] for the butterfly. Second, life intrinsically needs water and we need to 

enable THz spectroscopy in aqueous environment [35] in our device to fulfill this requirement. 
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