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ABSTRACT  

Recent innovations in photonics and nanotechnology are now enabling terahertz (THz) research to be applied in many 
industrial fields such as homeland security, information and communications technology (ICT), biology and medical 
science, non-destructive tests or quality control of food and agricultural products. Still many challenges are to be 
addressed, the main one being to provide THz systems with sufficient signal to noise ratio when operated in real 
industrials conditions. In addition, cost is a key lock that hampers the spread of this technology but it is clear that cost-
effective sources and detectors compatible with standard microelectronics will drive down the overall cost, and in 
particular will make THz imaging accessible for industrial use. 

In order to bring THz imaging to industry, Leti has been developing over the past decade complementary CMOS-
compatible uncooled imaging 2D-array technologies: antenna-coupled bolometers and Field Effect Transistor detectors. 
In addition, CEATech built a test platform dedicated to the development of industrial prototypes of photonics 
technologies. In particular, in collaboration with i2S, this platform includes the TZCAM camera equipped with Leti’s 
320×240 bolometric pixel array and gives access to a full industrial THz imaging chain that is essential for maturation of 
this emerging technology. This paper gives an overview of these developments and illustrates industrial applications 
with examples of uncooled THz imaging tests, e.g. opaque object 2D inspection or 3D tomography. 
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1. INTRODUCTION  
Terahertz (THz) radiation refers to the portion of the electromagnetic spectrum which lies between the microwave 

and infrared frequency bands, typically from 100 GHz to 30 THz. THz radiations combine quite uniquely a few 
remarkable properties. A wide variety of non-conducting materials (clothing, paper, cardboard, wood, masonry, plastics, 
ceramics…) are semitransparent. THz light interacts with materials in ways that are different than other electromagnetic 
radiation: it reveals many specific spectral signatures, permitting them to be imaged, identified and analyzed. In 
particular, THz waves are also extraordinarily sensitive to water content, and so enable the characterization of water 
content in materials like plants or paper. Due to its low photon energy (1 THz = 4.1 meV), which is a million times 
weaker than X-ray photons, it does not have any ionizing effects and is considered as biologically innocuous.  

Historically, THz has long been studied in astronomy and analytical science. Recent technological progresses in 
photonics and nanotechnology result in a growing offer of commercial THz components, such as sources, cameras, 
spectrometers, and optics (lenses, mirrors, polarizers …). In addition, more and more demonstrations of applications are 
shown by academic and company research labs. Hence the context is now enabling THz research to be applied in many 
industrial fields such as homeland security, information and communications technology (ICT), biology and medical 
sciences, non-destructive tests or quality control of food and agricultural products. 
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THz transistor-based direct detection received a lot of attention for the last 10-15 years with many studies and 
demonstrations of antenna-coupled detectors implemented on CMOS or III-V technologies. Leti’s researches in this field 
[6] are currently focused on innovative CMOS read-out-integrated circuit designs: proposed architectures (Fig. 4) take 
advantage of the large pixel pitch to enhance the flexibility and sensitivity through an embedded in-pixel configurable 
signal processing chain that reduces thermal and 1/f noises. A 31×31-pixels array has been demonstrated at 200-375 
GHz in CMOS 130 nm technology (Fig. 1, b). The pixel size is 240×240 μm2 and the total chip size is 8.5×8.5 mm2. The 
power consumption is 210 μW per pixel. Video sequences at a rate of 100 frames per second have been achieved with a 
responsivity of 5-39 kV/W and a MDP of 128-1000 nW. 

Heterodyne THz detection is an alternative development leveraging on Leti’s strong experience in millimeter-wave 
transceiver developments for high data-rate wireless communications. Heterodyne terahertz receivers are equipped with 
mixers, usually pumped sub-harmonically, to convert the terahertz signal down to a low-frequency intermediate 
frequency (IF) with highly sensitive amplitude and phase detection capabilities. 

In contrast to direct detectors which can be easily integrated in large arrays thanks to their small pixel size and low 
power consumption, heterodyne receivers are limited today to single-pixel or small array chips but they exhibit better 
sensitivities by several orders of magnitude. Single-pixel heterodyne source and detector circuits have been designed and 
prototyped (Fig. 1, c). Highly sensitive raster-scanning THz imaging at 278 GHz has been demonstrated with an 
equivalent NEP of 0.2 fW/Hz and a power consumption of 47 mW [7]. Such sensitivity that can be achieved at high 
frame rate makes this heterodyne sensor suitable for industrial in-line fast detection by a 1D-linear sensor, for example 
imaging objects carried by a conveyor. 

3. A THZ PLATFORM TO TEST INDUSTRIAL APPLICATIONS 
The investigation of THz imaging applications for industrial use-cases requires to combine state-of-the-art detectors, 
sources and optical components with rigorous experimental methodologies. CEA and i2S developed a THz experimental 
platform to address industrial needs in THz imaging and spectro-imaging for a variety of applications including, but not 
limited to, non-destructive control, material characterization or detection, THZ beam characterization, security, etc. 

3.1 Uncooled THz bolometric camera for active imaging 

CEA and i2S jointly developed a THz camera, named TZCAM, based on Leti’s micro-bolometer array sensor presented 
in section 2.1 and fabricated in Leti’s facilities (Fig. 1a). The camera system is developed by i2S and includes a 
dedicated electronics to supply and control the THz imager, an optics and the camera software. The supply chain 
includes also several subcontractors implementing standard industrial activities such as packaging, PCB manufacturing, 
mechanical machining. 

Great efforts were carried out in order to achieve a cost-effective and high-performance vacuum sealed package that 
is compulsory for high performance sensitivity. Some of the challenges involved in the package design are to minimize 
the package size as well as processing/assembly operations; such developments were aiming at reducing the cost and 
embedding passive devices close to the FPA chip to minimize parasitics (capacitances, losses) that may increase the 
response time and noise.  

Specifically, studies were conducted to optimize the radiometric budget of the optical path that encompasses the 
lenses and the vacuum packaging window. A 0.75-mm thick High-Resistivity Float-Zone Silicon (HRFZ-Si) plate is 
used as the package window with double-sided anti-reflection (AR) processing. Such AR coating minimizes reflection 
losses and in-band transmission ripples due to the optical index contrast between silicon and air or vacuum. Two main 
solutions were demonstrated for this purpose. The first one consists in coating the silicon window with a material such as 
Kapton having an optical index close to the square-root of the silicon index (i.e. n ~ 1.8) and a thickness of a quarter 
wavelength at the targeted frequency band. The second solution is to structure the silicon surface with sub-wavelength 
apertures of quarter-wavelength depth in order to obtain an equivalent optical index material close to the optimal value. 
Such micro-structuration can be done by sawing or deep etching, the latter being preferred at THz and above frequencies 
where a high aperture resolution and moderate depths are needed. 
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Figure 5. TZCAM i2S THz camera integrating the 320×240 

bolometer array with a specific terahertz objective lens. 

 

 

Table I: optical characteristics of the 
TZCAM camera optics. 

Focal length 50mm 
F/number F/0.8 
Useful bandwidth  100GHz-5 THz 
Magnification  x-0.25 @196mm 
Optical distortion <1% 
MTF10% frequency > 7.6 cy/mm  
Transmission > 83% @120µm 

 

 

The camera (Fig. 5) is equipped with silicon optics optimized for the 120µm (2.5THz) wavelength in order to give 
priority to high spatial resolution imaging. The pixel size of 50µm is well adapted for this wavelength, assuming possible 
F/number lower than 0.9. According to the preferred identified applications, the lens was designed to have 0.2-mm pixel 
resolution on objects, which leads to a ×0.25 (1/4) magnification (50µm pixel size). At F/0.8, the objective lens has a 
theoretical cut-off frequency of 10cy/mm (for 120 µm wavelength), which is exactly equal to the Nyquist frequency of 
the focal plane array. This condition leads to well sampled imaging systems, i.e. imaging systems that give higher 
possible resolution without aliasing. 

The optical design work showed that the F/0.8 objective was achievable with two HRFZ Silicon lenses leading to 
good imaging quality at a distance of 196 mm. Lenses are coated with parylene as an antireflection layer. The pupil was 
chosen to be placed on the front lens to minimize the size and cost of the lenses. Since more than one aspherical surface 
leads to high alignment sensitive objective lenses, only one surface is aspherical. The image quality was optimized using 
a MTF criteria at 5 cy/mm (half cut-off frequency) better than 90% of the diffraction limit at 120µm wavelength for all 
field positions of the focal plane array, even when taking into account manufacturing and misalignment tolerances 
(Monte-Carlo analysis for more than 80/100 systems). The distortion is lower than 1% over the whole field of view. 

Due to the wide transmission range and the constant refractive index of materials, this objective lens exhibits a very 
wide spectral bandwidth of 100 GHz – 5THz. If high transmission is needed, antireflection coatings of the lenses and the 
image sensor should be optimized for the selected frequency. Although optically optimized for 120µm (2.5THz), this 
objective lens is still very good for wavelengths down to 60µm (5 THz). The table I summarizes the optical 
characteristics of the lens. 

3.2 THz test platform 

In partnerships with academics and industrial companies, a comprehensive ecosystem was established to provide 
industrials with full development capabilities going from feasibility studies, proof-of-concepts up to prototype 
fabrication and tests. Addressing the industrial needs with THz imaging solutions requires not only a high performance 
camera but also high power and compact sources capable to deliver mW-range power levels with good temporal 
stability. Moreover, a THz beam engineering is frequently required to optimize the illumination of the scene. CEA Tech 
has set up a THz platform on its Bordeaux (France) site to address actual industrial use cases and provide industrials 
with a unique site to evaluate this new imaging technology. 

The platform is equipped with two TZCAM THz cameras from i2S, both having broad detection range between 300GHz 
and 5THz. Several THz sources are available from 300 GHz up to 4.66 THz: solid-state sources (Virginia Diodes Inc) 
cover between 750 and 1mW between 300 GHz and 1THz, while quantum cascade lasers (QCLs) from Lytid deliver 
beams at 2.5, 3.36 and 4.66 THz with power from 1 to 3mW power depending on the operation mode (multi-mode or 
single mode). The three QCL chips are integrated in a single equipment giving the possibility to easily shift between 
frequencies and then perform multicolor spectro-imaging for material identification. 
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