
Research Article Vol. 29, No. 12 / 7 June 2021 / Optics Express 18437

Rapid prototyping of a bispectral
terahertz-to-infrared converter
ARTHUR SALMON AND PATRICK BOUCHON*

DOTA, ONERA, Université Paris Saclay, F-91123 Palaiseau, France
*patrick.bouchon@onera.fr

Abstract: Conversion of terahertz radiation into thermal radiation is a promising approach for
the development of low cost terahertz instruments. Here, we experimentally demonstrate bispec-
tral terahertz-to-infrared conversion using metamaterials fabricated using a rapid prototyping
technique. The converter unit cell is composed of two metal-insulator-metal (MIM) antennas
absorbing independently the terahertz radiation at 96 and 130 GHz and a thin carbon nanotubes
(CNT) layer used as a thermal emitter. The converter unit cell has a typical λ/100 thickness and
sub-wavelength lateral dimensions. The terahertz absorption of the converter was observed by
monitoring its thermal emission using an infrared camera. Within the first hundred milliseconds
of the terahertz pulse, thermal radiation from the CNTs only increases at the location of the MIM
antennas, thus allowing to record the terahertz response of each MIM antenna independently.
Beyond 100 ms, thermal diffusion causes significant cross-talk between the pixels, so the spectral
information is more difficult to extract. In a steady state regime, the minimum terahertz power
that can be detected is 5.8 µW at 130 GHz. We conclude that the converter provides a suitable
low-cost solution for fast multi-spectral terahertz imaging with resolution near the diffraction
limit, using an infrared camera in combination with a tunable source.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The development of compact and efficient uncooled terahertz instrumentation is necessary
to promote the practical applications of terahertz imaging in non destructive testing [1], art
conservation [2], archaeology [3], medical diagnosis [4–6] and observation in degraded visual
environment [7,8]. These applications mainly originate from (i) the high penetration depth of
the terahertz radiation through dielectric and non polar materials, and (ii) the wide range of
chemicals exhibiting absorption features in this spectral range, e.g. explosives [9], drugs [10],
tissues [11]. In addition, terahertz radiation is non-ionizing, so it is considered safe for use on the
human body [12].

Terahertz imaging was initially demonstrated using time-domain spectroscopy (THz-TDS)
technique [13–15], which is based on the generation and detection of a broadband terahertz pulse
using two photoconductive antennas excited by a femtosecond laser [16]. This technique provides
phase, spectral, and polarimetric information on the observed samples [17]. However, THz-TDS
is a single point measurement, so pixel-by-pixel acquisition using a raster scan system is required
to record an image. This time-consuming procedure prevents the use of THz-TDS for real-time
imaging. Moreover, the observation area is spatially limited by the travel range of the raster scan.

These issues can be overcome by using broadband cameras, e.g. microbolometers [18–20],
field effect transistor (FET) - based cameras [21–23], in combination with terahertz sources,
e.g. IMPATT diodes, quantum cascade lasers, for active terahertz imaging [15]. This option
is accessible because compact and uncooled terahertz cameras and sources are commercially
available. Recently multispectral terahertz cameras based on these technologies have been
developed to demonstrate selective detection of explosives [24], pesticides and drugs [25].

Another THz detection approach consists in extending the accessible spectral range of infrared
cameras by inserting a thin terahertz-to-infrared converter between the observation area and the
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infrared sensor. In this way, the converter is designed independently from the mature infrared
detection scheme. THz-to-IR conversion has been demonstrated in multiple reports [26–30], and
frequency selective surfaces (FSS) were used to convert several spectral bands for multispectral
imaging [31]. In the latter report the unit cell of the converter was composed of four FSS made
of split-ring resonators arrays, absorbing each a radiation band at a specific polarization state.
The addition of absorption bands compromised the spatial resolution of the detection because the
size of the unit cell size was larger than the wavelength of the incident light.

In this letter, a bi-spectral terahertz-to-infrared converter is designed, fabricated and character-
ized. The unit cell of the converter is composed of two sub-wavelength antennas absorbing the
incident light at 96 GHz and 130 GHz thus allowing diffraction-limited multispectral imaging.
At each frequency, the incoming wave is converted into heat in the vicinity of the antenna, in a
volume with subwavelength dimensions. In spite of the heat conduction in the membrane, we
show that the corresponding thermal emission remains spatially bounded up to a few hundred
milliseconds, thus limiting the crosstalk between the two frequencies. The converter is fabricated
using a low cost and flexible rapid prototyping technique based on a microplotter system.

2. Design and fabrication

Efficient THz-to-IR conversion requires high terahertz absorptivity and high infrared emissivity
in a volume as small as possible. Spectral and polarization selectivity can be achieved by
implementing metamaterial absorbers [32] on the converter side exposed to the terahertz light.
The resonances of the metamaterial absorbers can be tuned independently to match the spectral
bands of interest. However the arrangement of the multispectral converter results from a trade-off
between the number of absorption bands and spatial resolution.

Figure 1 shows the structure of the bispectral converter. The membrane is composed of
terahertz pixels made of square Metal-Insulator-Metal (MIM) antennas [33] coupled with a thin
layer of carbon nanotubes deposited under the metallic layer which acts as the thermal emitter.
The MIM antenna is composed of a metallic patch on top of an insulator layer and a metallic
layer, thick enough to be considered as infinite. This antenna acts as a Fabry-Perot resonator for
the mode propagating in the cavity formed below the metallic patch, and exhibits a nearly total
absorption at its first order wavelength, given by:

λres = 2neffw + λφ . (1)

where w is the width of the top metallic structure, neff is the effective index of the mode in the
MIM cavity and λφ a parameter depending on the phase reflections in the cavity. Other models
based on equivalent nanocircuits can accurately predict the resonant frequency of MIM structures
[34]. The absorption is insensitive to the polarization of the incident radiation because of the
square geometry of the MIM antenna [33]. The converter is arranged as a periodic 2D array
of pairs of MIM antennas, as shown in Fig. 1. The widths of the antennas inside a pair equal
w1 = 920 ± 5 µm and w2 = 645 ± 5 µm. The gap distance between the antennas equals 570 µm
in order to prevent possible coupling between the antennas.

The top metallic grating of the MIM antenna was printed using a microplotter system
(Sonoplot, Microplotter II) on a 25 µm thick polyimide film (Kapton HN) metallized with
30 nm of aluminum (Sigma Aldrich). A dispersion of silver nanoparticles in diethylene glycol
(Novacentrix JSADEV-N291) was used as the metallic ink and sintered on a hot plate for
10 minutes at 220 ◦C. The printing procedure was detailed previously [35]. A solution of
single-walled carbon nanotubes (SWCNT) in water (1 g/L, 1 wt% Triton X-100, Sigma Aldrich)
synthesized by the CoMoCat process, was ultrasonicated for 5 minutes and deposited on the
aluminum side of the polyimide film by drop casting. Figure 1(e) shows the infrared emissivity
of the carbon nanotubes layer measured by Fourier-transform infrared (FTIR) spectroscopy
(Bruker, Vertex 70v). The absorptivity α(λ) was obtained from the FTIR reflectivity spectrum
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Fig. 1. (a) Photograph of the bispectral converter. (b) Scanning electron micrograph of the
antennas. (c) Scheme of a cross section and (d) a top view of the structure. (e) Emissivity
spectrum of the CNT layer measured from FTIR reflectivity spectrum at 13◦ incidence.
w1 = 920 µm, w2 = 645 µm, d = 3000 µm, a = d/

√
2, g = 570 µm, PI: polyimide, Al:

aluminum, CNT: carbon nanotubes
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using the equation α(λ) = 1 − R(λ), and the emissivity ϵ(λ) was inferred from Kirchhoff’s law:
ϵ(λ) = α(λ). The average emissivity of the SWCNTs equals 0.95 between 1.5 and 5.1 µm (band
II), and 0.5 between 8 and 12 µm (band III).

The resonance frequencies were computed using a two-dimensional rigorous coupled wave
analysis (2D-RCWA) method. The model was successfully used to predict the resonances of
MIM gratings printed by the microplotter in our previous work [35]. A Drude model with the
parameters of Ordal et al. [36] was used to describe the metallic layers of the antenna, while
the dielectric constant of the polyimide equals ϵ = 3.1 + 0.05i [37,38] between 0.2 and 2.5 THz
[39,40]. Figure 2(a) shows the calculated absorptivity spectrum of the designed structure. Two
absorption peaks are present at 92.5 GHz and 131 GHz. Dotted lines show the absorptivity
spectrum of each MIM antenna. They indicate that the two antennas have little influence on
each other. The peak absorptivity of antennas 1 and 2 reach 68 % and 55 % respectively. The
total-absorption predicted for MIM antennas could not be reached because of the dissipation in
the polyimide layer which broadens the absorption profile and lowers the peak absorption. To
reach a higher absorption, the thickness of the film should be increased, but it would be at the
expense of the thermal behavior and time response of the THz to IR converter. Figure 2(b) shows
the dissipation maps in a cross section of the structure at the two resonance frequencies. At both
resonance frequencies, 40 % of the absorption loss is located in the top metallic grating, 57 % in
the polyimide insulator, and 3 % in the 30 nm thick aluminum layer.

Fig. 2. (a) Calculated absorptivity of the bispectral converter. Dotted blue and red lines
show the contribution of individual MIM antennas 1 (w1) and 2 (w2) respectively. (b)
Normalized dissipation maps in a cross section of the structure at the resonance frequencies
of antennas 1 and 2 at F1 = 92.5 GHz and F2 = 131 GHz respectively. (c) Zoom of the
dissipation map around the 30 nm thick aluminum layer.
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Figure 3 depicts the experimental setup used to investigate the bispectral conversion of the
sample. An IMPATT diode (Terasense, Pout = 96 mW at 96 GHz), and a Schottky diode
pumped by a tunable amplified microwave synthesizer (Lytid, Pout = 50 mW at 130 GHz) were
alternatively used to illuminate the sample at 96 GHz and 130 GHz respectively. A set of two
polytetrafluoroethylene (PTFE, Teflon) lenses collected and focused the terahertz radiation on the
converter inserted in a vacuum cell equipped with polymethylpentene (3.5 mm thick, TPX) and
potassium bromide (3 mm thick, KBr) windows on the teraherz and infrared sides respectively.
The infrared thermal radiation between 1.5 and 5.1 µm was collected by an infrared camera
(FLIR systems, SC7600) equipped with a 25 mm objective.

Fig. 3. (a) Schematic and picture of the optical setup used to investigate the bispectral
conversion. The terahertz radiation from an IMPATT diode is collected and focused on
the THz-to-IR converter using a set of two PTFE lenses. The converter is placed inside a
vacuum cell. An infrared camera collects the thermal infrared radiation on the other side of
the converter. (b) Photograph of the experimental setup.

3. Results and discussion

The infrared response of the converter to a terahertz beam at 130 GHz focused on the antennas is
shown in Fig. 4. The infrared image depicts hot spots corresponding to the local temperature
increase due to the terahertz absorption of the MIM antennas. The background was substracted
from the images in order to visualize accurately the temperature increase of the MIM antennas.
The normalized profile along the x-axis shows that the shape of the beam is approximately
gaussian. Using a calibrated uncooled microbolometer (Fluke, Tir), the maximum temperature
increase at the center of the beam was estimated to be 19 K. Taking into account the transmission
of the PTFE lenses and TPX window, the total power received by the antennas equals 13.6 mW.
Assuming a gaussian beam profile, the power captured in the cross section d2/2 = 4.5 mm2

of the central antenna equals 4.1 mW, so the temperature increase of the converter per unit of
incident power equals 3400 K/W. The noise equivalent temperature difference (NETD) of the
infrared camera used here equals 20 mK, so the minimum terahertz power that can be detected
using the system equals 5.8 µW at 130 GHz.
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Fig. 4. Terahertz beam profile recorded by the converter at 130 GHz. (a) Infrared image of
the converter after background substraction. (b) Intensity profile along the x-axis fitted with
a gaussian. (c) Infrared image recorded with an uncooled microbolometer.

Figure 5(a) shows infrared images on a gray scale recorded at 50 Hz during a terahertz pulse
at 96 GHz and 130 GHz. The acquisition parameters are the same for both series of images. The
images depict the local temperature increase at the location of the terahertz MIM antennas whose
resonance frequency matches the frequency of the incident light. Figure 5(b) shows the intensity
profiles of each image along the x-axis (shown on the top left image). The sum of the profiles
recorded at the two operation frequencies is also plotted in order to retrieve the experimental
conditions where the two sources are superimposed on the converter. The graphs show that at the
beginning of the terahertz pulse, the infrared signal successfully represents the terahertz response
of each MIM antenna. However, beyond 100 ms within the terahertz pulse, the cross-talk between
antennas becomes dominant. The origin of the cross-talk can be explained as follows: heat
generated by the absorption of the antennas is partially transferred by thermal conduction towards
the neighbouring antennas. These neighbors, when heated, emit a IR flux that does not originate
directly from the terahertz flux incoming on these antennas. This effect makes difficult the
extraction of spectral terahertz information from the images acquired at timescale above 100 ms.

In order to reduce the cross-talk, one should note that the thermal conductivity of carbon
nanotubes is extremely variable, i.e. from 0.1 to 6600 W−1m−1K−1, [41] depending on the
number of walls, the orientation and the density of the CNT layer. Here, the SWCNTs form
randomly oriented mats, so the thermal conductivity equals about 18 W−1m−1K−1, [42] which
is two orders of magnitude higher than the thermal conductivity of the polyimide insulator, i.e.
λth = 0.13 W−1m−1K−1. Patterning the metallic mirror and CNT layer would strongly reduce the
lateral heat conduction flux and thus the cross-talk. In this configuration, the thermal diffusivity
D of the converter in the gap between two pixels can be reduced to the diffusivity of the polyimide
insulator. Therefore, the thermal diffusion time constant τ = D/g2, across the gap g = 570 µm
between two antennas equals about 4.2 s. On the other hand, reducing the lateral dimensions of
the metallic mirror would reduce the terahertz absorption. Therefore, there is a trade-off between
the efficiency of spectral conversion and the reduction of the cross talk effect.
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Fig. 5. Temporal dynamic of the bispectral converter. (a) Infrared images of the sample at
various times t after turning on the terahertz source at 96 GHz and 130 GHz. (b) Infrared
intensity profiles along the x-axis at 96 GHz (black) and 130 GHz (red). The sum of the
profiles is also plotted (dashed blue). Exposure time = 2 ms, acquisition rate = 50 Hz,
single shot.

4. Conclusion

In summary, we have demonstrated bi-spectral terahertz-to-infrared conversion using MIM
antennas coupled with a CNT layer. The unit cell of the converter is composed of two MIM
antennas absorbing independently the terahertz radiation at 96 GHz and 130 GHz. The antennas
were fabricated with a low-cost rapid prototyping method which allows a fine adjustment of the
terahertz bands that need to be captured, without the need of photomasks or molds. Infrared
imaging shows that the thermal emission profile fairly reproduces the terahertz beam profile.
From the thermal emission, the terahertz response of each MIM antenna can be recorded
independently at the early stage of a terahertz pulse (< 100 ms). At this stage, bi-spectral terahertz
imaging can be performed with a resolution near the diffraction limit. However, beyond 100 ms,
thermal diffusion across the CNT layer overlaps the responses of the neighboring antennas. This
cross-talk effect prevents the use of the converter for steady-state multispectral imaging. One way
to minimize the cross talk would be to pattern the metallic mirror and CNT layer, but additional
efforts are required to achieve this by rapid prototyping. The converter efficiency may be further
improved by (i) using other geometries of antennas in order to reach total terahertz absorption
[43,44], and (ii) implementing the infrared detector in the near-field of the CNT emitters in order
to enhance the radiative heat transfer [45]. We conclude that the multi-spectral converter is a
flexible and low-cost system that can be used in combination with pulsed terahertz sources for
multispectral imaging using mature infrared cameras.
Funding. Agence Nationale de la Recherche (ANR-10-LABX-0035, ANR-10-LABX-0039-PALM).
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