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Abstract: In biology molecules and macromolecules like sugars, proteins, DNA, and RNA are of 10 
utter importance. Detecting their presence as well as their conformation is still a challenge in many 11 
cases. It is well known that the vibrational states of such molecules lie from the infrared to the 12 
TeraHertz range. Spectroscopy can be used to detect such compounds and probe their 13 
conformation. Still, terahertz spectroscopy on biosample is a challenge for two main reasons: water 14 
absorption; and the small size of the samples. The sample volume is smaller than the cube of the 15 
TeraHertz wavelength; the light matter interactions are thus extremely reduced. In this paper, we 16 
present the design, fabrication, characterization and the first typical uses of a biophotonic device 17 
aiming at increasing light matter interaction to enable terahertz spectroscopy of minute samples on 18 
a broad band (0.2–2 THz). We demonstrate time domain spectroscopy experiments on few µl 19 
samples showing the validity of our approach. 20 

Keywords: biophotonic; Terahertz; time domain spectroscopy; absorption enhancement; laser 21 
cutting 22 

 23 

1. Introduction 24 
Confining light in a small volume increases light-matter interactions as described in Purcell’s 25 

theory. Such enhancements are useful for nonlinear optics, laser and for detection purpose especially 26 
when one wants to make light interact with a small object as molecules or bio samples. In these latter 27 
cases, the refractive index of the samples and their environment (substrates, matrices, solvents …) 28 
are often relatively low. In material with high refractive index, light confinement is now accessible 29 
using, for instance, photonic crystals. However, confining light in a low refractive index is still a 30 
challenge in several spectral ranges. In the visible or near infrared, dielectric structure had been 31 
proposed [1, 2, 3] showing interesting results but the achieved volumes remained at the order of 32 
magnitudes of the cube of the wavelength. The main approaches to reach smaller sizes are to use 33 
metallic structures using plasmonic effects [4, 5, 6] and lead to several breakthrough but with the 34 
intrinsic drawback of bringing additional losses. 35 

Terahertz technology has shown an increasing development in the last years. If almost the entire 36 
electromagnetic (EM) spectrum is being used, one spectral range has still to be harnessed and 37 
exploited, namely, the Terahertz band. Because of its application in security and healthcare, THz 38 
domain is nowadays one of the most appealing spectral ranges. There, many materials and living 39 
tissues are semi-transparent, and can be imaged, identified, and analyzed. THz range is, extremely 40 
promising in spectroscopy especially for biologic systems since the energy of the photon in the THz 41 
range is around the one of [𝑘𝑘𝐵𝐵 × 𝑇𝑇] at room temperature (~6 THz) and to the one of the fundamental 42 
vibrational modes of molecules, molecular crystals and macromolecules like carbohydrates[7], DNA, 43 
RNA, proteins [8] … To summarize, if spectroscopy in the mid infrared range of the spectrum probes 44 
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mainly vibrations associated to localized atom-atom stretches in molecules, THz frequency probes 45 
mainly collective vibrational modes in heavy and/or long molecules. However, there are still many 46 
hurdles to jump over to fully and practically enable THz spectroscopy on actual biosamples. One of 47 
the major ones is that they are very small compared to the THz wavelength, which is typically in the 48 
range between 0.1 and 1 mm. It is then mandatory to enable subwavelength confinement of the THz 49 
electromagnetic field in the sample. 50 
Such confinement has been a subject of interest in the community. To our knowledge, all the 51 
approaches take the benefits of the relatively good quality of metals in the THz compared to visible 52 
or near infrared ranges. There are two different approaches. The first one is using near-field 53 
microscopy set-up and enabling THz spectroscopy on it [9]. The second one is using subwavelength 54 
waveguide structure. One can for instance uses a metallic wire [10] around which the THz wave will 55 
propagate ant then deposit on it the substance to probe. There, the light matter interaction is not fully 56 
enhanced, because higher confinements can be achieved using full metallic boundary conditions. The 57 
most natural approach to confine in one direction is to use a parallel plate metallic waveguide 58 
(PPMW) [11]. Indeed in such a waveguide the lower frequency mode (Transverse Electro Magnetic : 59 
TEM) shows no frequency cut-off, relatively low losses and, importantly, a very weak dispersion only 60 
linked to the metallic material dispersion, which is ideal for time domain spectroscopy (TDS) [12, 13] 61 
experiments. However, a specific coupling scheme is needed to properly excite the mode of interest.  62 
The first method uses silicon cylindrical lenses [11] with the drawback of introducing a coupling 63 
highly dependent on the waveguide geometry and additional reflections due to the high refractive 64 
index of silicon. Still, this technics was used even inside a cryostat [14]. To overcome these limitations, 65 
tapered coupling antennas were used [15] and allowed to improve the coupling and the ease of use 66 
of such a device. However, the main limitation of the PPMW is that it assumes a quasi-infinite height 67 
with a major consequence that there is no vertical confinement. There are two drawbacks to this; first, 68 
the light matter interaction on small samples would be smaller than in the case of 2D confinement; 69 
second, no vertical confinement means that during the propagation inside the waveguide, the mode 70 
will expand in the vertical direction resulting in a strong astigmatism probably explaining the high 71 
losses experienced in [15]. 72 

In this article, we present the design, the technological process, the characterization and a typical 73 
application of a device aiming at confining THz pulses into a 2D waveguide. This thick slot line 74 
waveguide (TSLW) does not show significant reflection and dispersion. We combined the curved 75 
tapered antenna approach similarly to [15] to inject properly the beam into our waveguide together 76 
with the approach of [[] using a fully planar geometry and a subsequent 2D confinement. We 77 
modified this combination with exponential grown as in Vivaldi antennas. Due to its final shape and 78 
geometry, we named our exponential tapered antenna coupled metallic waveguide as “Butterfly”. 79 

2. Design 80 

1.1. General considerations 81 
There are four aims for our butterfly device. (1) The hollow guiding part, where the THz-light 82 

will be confined and the light matter interaction enhanced should be long enough (several mm 83 
meaning several tens of wavelengths). (2) The hollow part had to remain accessible from the outside 84 
in order to enable filling the slot with an analyte. (3) One has to be able to inject and extract light from 85 
it using standard THz optical lenses or mirrors. Finally, (4) the device should not induce significant 86 
dispersion nor echo pulses resulting from any reflection. 87 

Translating these requirements in components gives: (1) & (2), we need a waveguide with a cross 88 
section at the wavelength scale, which is not closed. (3) & (4) we need one non-dispersive and 89 
matched antennas for injection and for extraction of the THz pulse. We decide to use a planar design 90 
to fulfill (2) & (3) and to fulfill (4) we limit our toolbox to the use of the transverse electromagnetic 91 
mode of a metallic quasi-coplanar waveguide. Thus, we decide to use a device made of three 92 
components: an injection exponentially tapered antenna (ETA) [17], a TSLW [18] and an extraction 93 
exponentially tapered antenna making the butterfly shown in Figure 1.  94 
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Indeed, the TSLW can be seen as the intermediate topology between the parallel plate 95 
waveguide [19, [] and the slot line waveguide [18]. In the case of absence of any substrate, both are 96 
known to support a TEM mode, and thus have a very small dispersion [20, 21] even up to optical 97 
wavelengths [22]. 98 

 
(a) 

 
(b) 

Figure 1. (a) Schematic of the butterfly showing the main parameters (the inset depicts the field in the 99 
waveguide); (b) picture of the realization of the butterfly on its holder with micrometer screws. 100 

We choose the thickness t of the TSLW (and the metallic plate) to be 500 µm, thick enough to 101 
insert a sample in and thin enough to confine the THz field and we keep the width w as the variable 102 
since we will put one of the wing of the butterfly on top of a micrometer displacement stage. We 103 
choose the length L to be 10 mm, which is a relatively large value for THz solid-state sample but will 104 
allow evaluating the losses of such butterfly device. 105 

The exponentially tapered antenna [17] was chosen to avoid reflections at the guide/ antenna 106 
interface by keeping a continuous curve with continuous derivative giving a shape following the 107 
parametric equation in s: 108 
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Where 𝜃𝜃 = − atan �𝛽𝛽
𝛼𝛼
�  to keep the curve derivative continuous at the interface with the 109 

waveguide (α and β are the two parameters for the exponential). More concretely, α is a length 110 
depicting how fast the exponential will end up following its asymptotic linear curve. In other words, 111 
the higher is α, the smoother and longer will be the exponential region. Consequently, it will 112 
introduce uncertainty on the actual length of the waveguide. Additionally 𝜃𝜃 gives the opening angle 113 
of the antenna away from the waveguide. This is how we fixed and α to 10 µm and β to 30 µm. This 114 
curve is repeated 4 times following the x and y symmetry of the butterfly.  115 

As a validation for our approach, we performed Electromagnetic, time domain simulations 116 
using CST software [23]. 117 

1.2. Waveguide simulation 118 
As stated before, the TSLW lie between the parallel plate’s waveguide and the slot line 119 

waveguide. In the first case, the plates are the vertical sidewalls of the wings, in the second case the 120 
slot is the void between the wings. Since we aim at using low dispersion modes, we will focus on the 121 
transverse Electromagnetic mode (TEM). As material, we used lossy metal with the DC conductivity 122 
of copper. The losses are a combination of the ohmic losses in a parallel plate’s waveguide [19]: 123 

𝛾𝛾′′ = �
𝜔𝜔𝜔𝜔
2𝜎𝜎

1
𝑤𝑤

  (2) 

, with additional losses due to finite size thickness. The results are shown in fig 2 124 
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Figure 2. (a) Theoretical losses (dashed lines) compared to simulated ones (surface conductance of 5.96 107). 125 
Difference between them for 20 and 50-µm wide waveguide are given in dotted lines (b) Electric field pulse 126 
after propagating through the 5 mm waveguide for several widths. 127 

As seen, the losses are reversely proportional to the width of the waveguide. Considering the 128 
fact that simulations of the same structure with perfect electrical conductor instead of conductive 129 
cooper were performed and did not show significant losses, one can conclude that all the losses origin 130 
from ohmic losses from the metal. One can see discrepancy between the theoretical parallel plate’s 131 
waveguide: losses with the simulated ones. The additional losses in simulation show a linear 132 
behavior with frequency. Since in infinitely thick and in infinitely thin SLW [24] are known to show 133 
a square root dependency with frequency, we attributed it to the finite nature of the thickness of the 134 
metal. One can similarly observe these losses on the time domain data (after 5 mm waveguide). In 135 
addition, these data show negligible dispersion (the pulse is not broadened). These simulations 136 
confirm the choice made for the waveguide regarding our goal. 137 

1.3. Antenna simulation  138 
Now that the waveguide fulfills our requirements, we have to couple it to free space using antenna. 139 
The additional constraints of being low dispersion, broadband and planar build our choice of antenna 140 
presented above. The two main characteristics of the antenna in our problem will how the couple 141 
THz-light into the waveguide and how they couple light into free space. Thus we looked over the 142 
reflection (S11 parameter of the dominant mode) and the far field pattern of a 1 mm long and 20 µm 143 
wide waveguide followed by a TSLW with the above mention parameter with an opening D=500µm. 144 
This value for D is rather small but we cannot perform simulations for larger D due to the amount of 145 
memory needed. Still these simulations allow to understand the behavior of the antenna and to draw 146 
the main conclusions. 147 
The S11 parameter is shown on fig 3. 148 
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Figure 3. Reflection coefficient S11 versus frequency in dB for a D=500µm w=50 µm L=1 mm. 149 
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This figure shows two different behaviors depending on the frequency range on top of which a Fabry-150 
Perot effect induces a modulation. At low frequency there is an exponential decay of the S11 coming 151 
from the size of the simulated antenna reaching saturation at higher frequency than 1.2 THz. The 152 
value for reflection at low frequency is too high for our requirements. However, the value is fully 153 
compatible when it reaches the saturation. This means that for the simulated size of antenna 154 
(D=500µm) an important part of the spectrum could not be use. However since this value of D is only 155 
limited by the memory needed in the simulations and since all the simulations are scalable, we will 156 
have this cut-off value around 12 GHz for D= 5 cm.  157 
To go a step further we computed the far field of the described antenna. Due to memory limitation, 158 
the ratio between the aperture D and the wavelength was limited to 8 which is small compare to the 159 
realization (ratio between 30 and 300). We plotted the results in fig 4. It is important to notice that the 160 
width of the waveguide did not change the far field pattern since we feed the guide always with the 161 
same mode of interest. 162 
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Figure 4. Far field radiation patterns in power (linear scale). (a) 3D view at 2.6 THz (λ/D=0.23) (b) E-plane 163 
radiation pattern (horizontal cross section) at 0.2, 2.6 and 5THz (λ/D=3; 0.23; 0.12) (c) H-plane radiation 164 
pattern (vertical cross section). The golden areas depict the geometric asymptotic opening angle of the 165 
metal plates. 166 

First, one can see on fig 4a that the radiation pattern has a single main lobe pointing along the 167 
waveguide axis. To be quantitative figure 4 b and c show two sections of the radiation pattern, 168 
respectively the E-plane and the H-plane. These two graphics show that at very low frequency (λ > 169 
D) the radiation pattern is too wide and has several lobes, making it unusable. However, for higher 170 
frequencies (λ < D) the radiation pattern is more directive and corresponds to the needs. More 171 
precisely the 3 dB half beamwidth for λ =0.12 D is 3° in the E-plane and 2° in the H-plane which is 172 
not perfectly axisymmetric but still usable for our application. 173 
We decided to fabricated the butterfly with the following parameter, t=500µm, D=50mm and L=10 174 
mm. This gives a λ =0.12 D frequency around 50 GHz which is far below the lower frequency of the 175 
TDS system (200 GHz) granting that the full pulse spectrum will be inside the butterfly bandwidth.  176 

3. Technological process 177 

3.1 Laser cutting  178 
The fabrication of the butterfly assembly was realized by cutting each wing separately in a 500 µm 179 
thick copper plate. As shown in Fig. 1, one wing is mounted on a fixed stand while the second one is 180 
attached to a linear micrometre displacement stage to adjust the slot width. To properly achieve wing 181 
cutting, several demanding prerequisites must be fulfilled: i) first, the cutting process must be capable 182 
to describe complex curved trajectories, in particular the tapered exponential profile of antennas; ii) 183 
secondly, the cut sidewalls must be vertical to match the TSLW geometry; and iii) finally sidewalls 184 
must be burr-free and with a roughness level well below the working wavelength to avoid ohmic 185 
losses and propagation scattering effects. Over the past decade, short and ultra-short pulse lasers 186 
have gained widespread acceptance for industrial use ranging from micromechanics to 187 
semiconductor dicing, engraving or drilling [25]. When compared to blade dicing, laser ablation 188 
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brings more accuracy with a micrometre-sized spot resulting in extremely narrow and low roughness 189 
kerf lines. It furthermore does not require a cooling fluid during operation. Another distinctive 190 
advantage of laser cutting ensues from being a maskless technology suitable for complex cutting 191 
patterns and fast prototyping cycles, thus reducing complexity and cost. Among pulse laser sources, 192 
femtosecond ablation offers the additional merit of being a quasi athermal process that involves local 193 
sputtering instead of melting, boiling and evaporation. This results in much cleaner process with a 194 
negligible heat affected zone (HAZ). The laser setup used to cut wings in copper plates leverages a 195 
Tangerine laser source from Amplitude-Systèmes that generate ~350fs pulses at an infrared 196 
wavelength of 1030nm. The laser beam trajectory is controlled using a galvanometric scanning head 197 
followed by a final telecentric focusing lens featuring a focal distance of 100mm. The focused spot 198 
diameter is estimated around 10 µm at the considered wavelength. An optical attenuator comprising 199 
a half-wave plate and a polarizer allows fine tuning of the beam power independently from the laser 200 
source parameters. After crossing the entire optical path, the maximum available average power 201 
amounts to 12W at a repetition rate of 200 kHz. Copper cutting was performed under the following 202 
conditions after optimization: i) average power set to 100% (12W), ii) scanning speed adjusted to 20 203 
mm/s, iii) repetition rate of 200 kHz and iv) 150 laser beam passes. 204 

3.2 Characterization of the laser cut surface  205 
To evaluate the perpendicularity of the laser cut copper plate, a dedicated design integrating spacers 206 
at each wing extremity was processed simultaneously with the exponentially profiled antennas and 207 
the TSLW central waveguide. Fig. 5-a attests of an observable slot-opening for a 30 µm slot design 208 
after abutting the spacers regions shown in the inset. Fig. 5-b provides a scanning electron microscope 209 
(SEM) view of the laser cut surface topography. The first important observation is that structural 210 
defects like rounded and beaded edges after matter flowing as well as ejected, re-solidified and 211 
welded molten material particles are not observed, contrasting with the use of continuous wave and 212 
pulsed lasers down to nanosecond range. Fig. 5-b also reveals two zones of different edge roughness: 213 
the upper part labelled ‘1’ in the area of laser beam entrance and the lower one labelled ‘2’ in the area 214 
of laser beam exit. Fig. 5-c and 5-d correspond to magnified views of the upper and lower zones, 215 
respectively. The upper part reveals a finely micromachining work resulting from material ablation 216 
in the so-called regime of optical ablation depth [26]. The lower part exhibits more peaks and pits 217 
suggesting that more thermal losses take place as the beam penetrates deeper into the kerf line as a 218 
result of hydrodynamic plasma expansion and incoming beam shielding [27]. Although the 219 
femtosecond regime does not favor thermally activated matter removal, heat accumulation resulting 220 
from a high repetition rate at the bottom of the kerf line can partially activate this ablation mode [28]. 221 
The latter regime is consistent with the formation of a crater-like rougher surface as shown in Fig. 5-222 
d. Nevertheless, the overall surface roughness alongside the cutline depth remains in the micron 223 
scale, well below the range of terahertz wavelength and is therefore not expected to negatively impact 224 
propagation through wave scattering. 225 
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Figure 5. Characterization of the laser cut process (a) test of assembly of the two wings showing an 226 
observable TSLW slot giving evidence of sidewall perpendicularity. The slot width of 30 µm is determined 227 
by two integrated spacers cut at each extremity of the wings as shown in the inset (b) SEM view of the laser 228 
cut sidewalls, (c) magnified view of surface roughness around region 1 (d) magnified view of surface 229 
roughness around region 2. 230 

4. Characterization 231 
To characterize the device we performed TDS experiments using a Terasmart system from Menlo 232 
systems gmbh [16]. We aligned the system (four 50 mm lenses) without any sample or device, and 233 
then the collecting lens was moved 10 mm toward the detector to compensate the propagation in the 234 
waveguide part and then optimized for the signal. Finally, we aligned the butterfly in order to have 235 
the focal plane of both lenses at the entrance and exit of the waveguide. All the system is set in a box 236 
flowed by dry nitrogen to avoid parasitic water vapor lines. The raw results are presented in fig 6. 237 
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Figure 6. Signal recorded from TDS experiments on the butterfly for several w (from 31 µm to 215 µm), the 238 
reference is the recorded data without butterfly, the ISO curves are recorded with isopropanol meniscus in 239 
the slot (a) Time domain signal (b) corresponding spectra 240 
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From these results, one can see a small delay (~0.5 ps) between the pulses traveling through the 241 
butterfly and the reference one. This delay corresponds to 0.15 mm; that is below to the precision of 242 
the lenses positioning. Additionally, the injection/extraction into the Butterfly is shown to be efficient 243 
since for low frequencies (below 0.7 THz) the compensation of the diffraction overcome the losses 244 
and thus the signal is more important for high w than for the reference. To ensure that the measured 245 
signal is actually going through the waveguide of the butterfly, we soaked the waveguide with 246 
isopropanol making a meniscus between the two wings (curve denoted ISO in the figures). This 247 
shows that most (> 90% for 31 µm and > 98% for 215 µm) of the energy is going through the 248 
waveguide, especially for higher frequency as one can see on the spectrum (> 40 dB). Still a parasitic 249 
pulse that does not interact with isopropanol can be detected. 250 

4.1 Losses and dispersion 251 
To analyze further our device we calculate the power losses and the dispersion (phase shift with the 252 
reference removing the linear term representing the small delay), and show it in fig 7. 253 
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Figure 7. (a) Power losses for several w, the negative values are due to diffraction; (b) dispersion curves for 254 
several w. 255 

As stated previously, the compensation of diffraction increases the signal at lower frequency 256 
resulting in artificial negative losses. This effect vanishes at frequencies higher than 700 GHz. Thus, 257 
the actual losses account for few inverse centimeters, increases with frequency and decrease with the 258 
w. The losses shape matches the one computed and shown in fig 2. We attribute the additional losses 259 
compared to simulation (a factor ~4) to imperfections in the copper skin depth (< 100 nm @1 THz) 260 
leading to additional current path compared to the lossy-metal model. This factor is typical in the 261 
THz range [[]. 262 
The dispersion is relatively low on the whole spectrum (below π/4). Still the curves show a bump at 263 
low frequencies (below 0.7 THz). We attributed this small change to the same effect of diffraction. 264 
This has been already seen in similar structures [11]. It is clear from the temporal data that the 265 
dispersion is bearable and thus easily reaches the specifications for TDS.  266 

4.2 Benchmarking 267 
Since our primary goal is to measure thin film sample precisely, we benchmarked the butterfly by 268 
introducing in the gap a 50 µm-thick Kapton® film. We made this choice due to the highly calibrated 269 
thickness and because the refractive index of Kapton had already been carefully measured [29]. The 270 
results are shown in fig 8 271 
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Figure 8. Results of the experiments when inserting a 50 µm thin film layer in the slot of the butterfly. The 272 
distance in the legend is the measured slot width w (a) Time-domain results (b) Corresponding frequency-273 
domain delay calculated by dividing the dephasing from the reference by the frequency. 274 

First, one can see on the time-domain results (fig 8a) that the pulse is delayed when interacting with 275 
kapton®. However, a parasitic pulse appears exactly at the same time as the reference pulse. As 276 
explained above (see 4.1), this corresponds to the parasitic part of the beam that does not travel 277 
through the slot. Then, it is clear from the figure that the wider is the slot the smaller is the delay, this 278 
is simply due to the effective index effect in the waveguide. To be quantitative, we extracted the delay 279 
(fig 8b) by taking the dephasing of the delayed pulse (by time-domain filtering the parasitic pulse) 280 
and divided by the frequency. The results show a very little dispersion, only a small kink in the 281 
middle of the band. Since this kink is around a frequency corresponding to a λ/2 for the 282 
corresponding thickness, we attributed this kink to the appearance of the first higher order mode 283 
[30]. 284 
To confirm our interpretation, we calculated the delay from an effective refractive index model. 285 
Considering the capacitor like geometry the effective refractive index can be calculated as: 286 

 287 

𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒−2 = 𝜀𝜀𝑒𝑒𝑒𝑒𝑒𝑒−1 =
1
𝑤𝑤
�
𝑤𝑤𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝜀𝜀𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

+ �𝑤𝑤 − 𝑤𝑤𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘��  (2) 

   

The calculated results are compared to the measurements on fig 9-a. The w error-bars correspond to 288 
the uncertainty on the width measurements, the delay error-bars correspond to the propagation of 289 
the width’s uncertainty on the calculus. 290 
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Figure 9. (a) Comparison of the calculated delay (red dots) versus w with the measured one (back squares). 291 
(b) Losses calculated from experimental data at w=60µm fitted with a Lorentz peak function. 292 

This shows a good agreement confirming the interpretations; only the points for higher w are out of 293 
the error bars. We attribute this discrepancy to the fact that for lower delays, it was difficult to ensure 294 
proper time filtering since the delayed pulse is very close to the parasitic one. To go a step further 295 
towards our spectroscopy goals we also show the losses for w = 60 µm on fig 9 b. Since we are probing 296 
10 mm long of a 50 µm thick sample we are able to retrieve extremely low losses at the cm-1 level 297 
where experiments from the literature were done on 125 µm or 250 µm thick kapton® thin film and 298 
this did not allow to measure losses below 10 cm-1. The sensitivity we reached allows us to see the 299 
shape of the losses in the spectral range between 0.3 and 1.3 THz showing a super-linear shape as it 300 
is often the case. Since this shape could be due to scattering or to the tail of a higher frequency peak, 301 
we fitted with four different functions (f2, f4, Gaussian and Lorentzian bells) and the best fit we got 302 
was for a Lorentz curve centered at 1.95 THz, a width of 0.95 THz and a height of 22 cm-1. These 303 
results are fully compatible with the ones in [29] and shows that low absorption peaks can be 304 
measured in thin-film. To conclude on Kapton® experiments, the butterfly device enables 1 cm length 305 
interaction with a 50 µm thick thin-film sample. As a result, we confirmed the refractive index 306 
published in [29] (1.85 +- 0.5). In addition, we were able to measure more precisely the absorption in 307 
the spectral range between 0.3 THz and 1.3 THz demonstrating the interest of the butterfly device to 308 
measure small absorption features on thin-film sample. 309 

4.3 Test with lactose 310 
In order to show the full capabilities of our device especially regarding biosamples, we performed 311 
THz spectroscopy on alpha-lactose monohydrate from sigma Aldrich. This was done in two steps, 312 
(1) on a powder sample and (2) on an evaporated lactose solution. For the powder sample we simply 313 
fill the slot (w=150 µm) of the butterfly with the purchased powder (volume < 1 µl and a measured 314 
mass < 200 µg). For the evaporated liquid sample, we made a saturated solution of lactose in 315 
deionized water (200 g/l). Then we filled the slot of the butterfly using a 10 µl micropipette leading 316 
to a mass of crystal inside the slot below 2 mg (estimation ~ 200 µg since most of the lactose remained 317 
on top of the wings of the butterfly). The spectrum and the reference we obtained are given in fig 10. 318 
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Figure 10. TDS results of experiments on lactose with the butterfly (a) time-domain results; (b) associated 319 
calculated losses and effective refractive index. 320 

First, one can see for the powder and evaporated liquid experiments, that a delayed and broadened 321 
pulse (damped oscillation) is recorded. This damped pulse is a signature for spectroscopic lines since 322 
it corresponds to the Fourier transform of a Lorentz bell curve (or a sum of Lorentz bell curves). This 323 
means we are able, not only, to retrieve the refractive index with the delay, but the absorption lines 324 
from our sample. In addition, similarly to the kapton® experiments a parasitic pulse that does not 325 
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travel through the sample is recorded (around 2 ps). Thus, to avoid any fake interferences effect we 326 
removed the entire signal before 6 ps, before performing the Fourier transform, only keeping the 327 
actual data from the sample. From the spectrum, we extracted the effective refractive index and the 328 
losses (fig 10 b). First, one can see that the effective refractive index found is slightly below the 329 
published one. This is because the slot is not fully filled with lactose. In addition, six peaks with 330 
corresponding resonance in the refractive index are pointed out using dotted lines at 0.53, 0.64, 1.03, 331 
1.17, 1.37 and 1.53 THz. From these peaks, the one at 0.64 THz is only seen in evaporated liquid 332 
sample and the one at 1.03 only in the powder sample. The peaks at 0.53 THz [10, 31], 1.17 [32, 33] 333 
and 1.37 THz [34, 35] are characteristic absorption peaks of for alpha lactose monohydrate. These 334 
remarks suggest that the peaks at 1.53 and the one at 1.03 THz may be due to other effects than 335 
absorption in material. It could be for instance Mie resonances in crystallites. In fact, there are many 336 
other tiny peaks in the spectra, especially in the evaporated liquid one, which we interpreted as such. 337 
To conclude, the use of the butterfly allowed us to perform THz spectroscopy on minute powder 338 
sample (< 1µl) and evaporated liquid sample (<10µl of liquid) and we were able to find back the peaks 339 
from literature. However, we will need to repeat the experiments to make the difference between 340 
absorption peaks and Mie resonance peaks. 341 

5. Conclusion 342 
In this paper, we designed a butterfly device made of two antennas and a slot waveguide with the 343 
goal to concentrate the field from a TDS experiments in the small volume. To follow the specific 344 
constraints of being low-losses, low-dispersion and to have the slot of the waveguide accessible, we 345 
used a 2D geometry device fabricated thanks to laser cutting of copper plates. Then, we characterized 346 
the butterfly using TDS and showed that their properties fulfilled the requirements for spectroscopy 347 
on biosamples in the 0.2-2 THz range. Consequently, we were able to perform broadband TDS 348 
spectroscopy of a 50 µm-thick Kapton® film and to detect small absorption feature up to 2 THz. 349 
Finally, we used the butterfly on simulated biosamples (lactose powder and lactose solution). In both 350 
cases, we measured the typical peak at 0.53 THz on µl sample. Still, several improvements or 351 
modifications are possible like changing the length of the waveguide or improving parallelism to 352 
reach waveguide width as thin as 10 µm. We think that the already demonstrated performances of 353 
the butterfly device open the path to many future experiments on other biosamples such as proteins, 354 
DNA, RNA, or other macromolecules and thus consist on a step forward for THz Biophotonics 355 
spectroscopy. 356 
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