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Abstract

Terahertz waves correspond to the frequency band of 0.3-3 THz of
the electromagnetic spectrum. This region of the spectrum has been
considered as a gap since detecting and generating terahertz waves
have always been a scientific and a technical challenge. The interesting
properties of terahertz waves have been first applied in astronomy and
spectroscopy. This has lead the scientific community to develop and

invent new technical solutions for this frequency range.

Because of the interesting properties of terahertz waves, applications
have emerged in various domains such as medical imaging, security,
safety, quality control and communication. However, the available

solutions are bulky and difficult to integrate for portable applications.

Recently, different research groups have shown that standard silicon
technology is a potential candidate to replace existing systems for
terahertz generation and detection, enabling easy integration with

on-chip readout and control electronics.

This PhD dissertation focuses on the design and analyses of room
temperature terahertz direct detectors in different silicon technologies,
their integration in a large camera system with on-chip readout and
control electronics. The thesis addresses also the integration of control
circuits for silicon based terahertz source arrays as well as imaging

demonstrations.

The first step was to investigate single-pixel detectors in standard
65 nm CMOS bulk and 0.25 pm BiCMOS SiGe technologies. The
detectors were antenna coupled and integrated in 3x5 pixel arrays.
They made use of the non-linearity of standard devices for detecting

the captured power by the integrated antennas. Novel detectors were
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investigated and led to state-of-the-art performance in terms of oper-
ation frequency and sensitivity in comparison with other research on

silicon devices.

But, what arouses great interest in standard silicon implementations
are the large scale integration possibilities. Therefore, as the second
step of this thesis, a 1 k-pixel CMOS based terahertz camera was
implemented in a collaborative teamwork during this thesis. It was
considered as state-of-the-art device in terms of operation frequency
and system integration. Other implementation concepts were investi-
gated and analyzed in this thesis for scalable and adaptable readout

circuits.

The implemented detector systems were designed for active illumina-
tions. In fact, their sensitivity can not detect passive radiation from
the environment. Therefore, artificial sources were needed. As the
third step of this research work, a terahertz control circuit was imple-
mented in a 0.13 pm BiCMOS SiGe technology for a 4x4 source array
radiating at around 0.53 THz. Control circuits for terahertz sources
are a key feature to reduce power consumption and generate arbitrary

patterns essential for terahertz active imaging.

As a final part of the thesis, terahertz imaging were demonstrated to
show the capability of the implemented detectors, camera and sources.
Scanned objects were shown at terahertz frequencies. Real-time ter-
ahertz imaging were demonstrated with the 1 k-pixel CMOS camera
module as well as the evaluation of a monitoring application for a

laboratory terahertz source.



Contributions

This thesis aims to investigate circuit design and characterization of
silicon based terahertz detectors and sources. Parts of the circuit de-
signs, implementations and the measurements have been done in a

team work and are detailed below.

Chapter 1 Introduction

I have briefly introduced terahertz history from the 19** century to
nowadays potential applications involving the need of terahertz silicon
devices. I have reviewed the the state-of-the-art of terahertz sources
and detectors, with a focus on standard silicon based solutions that

have been published in the scientific community.

Chapter 2 Theory of Terahertz Sources and Detectors in Sil-
icon Technologies

I have presented sources and detectors theory based on literature of
the investigated devices during this research work. I have also shown
the figure of merit necessary to quantify the performance of terahertz

devices that will be used in the next chapters.

Chapter 3 Terahertz Detectors Circuit Design and Charac-
terization

The first part of the thesis was to investigate single-output terahertz
detectors in different technologies. Small 3x5 evaluation arrays have

been implemented.

In a 0.25 pm BiCMOS SiGe technology, HBT, SBD based detector

have been designed. The antennas have been designed by Dr. Janusz
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Grzyb and the layout have been implemented by Prof. Ullrich R.
Pfeiffer. I have simulated the circuits and fully characterized them

including antenna pattern in an anechoic chamber.

In a 65-nm CMOS bulk technology, CMOS based detectors have been
implemented in a team work effort with Hani Sherry. I have de-
signed the detector pixel test site and layout with Hani Sherry. I have
redesigned a folded dipole antenna with Hani Sherry. The measure-
ments were done in a team work with Hani Sherry, Neda Baktach and

myself.

Chapter 4 Terahertz Camera Design and Implementation

My contributions for the camera design implemented in 65 nm CMOS
bulk have been the active load circuit design, layout and the output
buffer circuit. I have measured the CMOS bulk camera with Prof.
Dr. Ullrich R. Pfeiffer in video and lock-in mode as well as antenna

patterns.

In a 0.13-pm BiCMOS SiGe technology, 1 have designed one HBT,
and two CMOS cameras. 1 have designed the readout circuit, im-
plemented the layout and simulated the camera system. Dr. Janusz
Grzyb has designed the antennas. The cameras are not measured at

the submission time.

Chapter 5 Terahertz Source Array Control Circuit

I did the circuit design of the digital control and the layout imple-
mentation of a single pixel control circuit, Dr. Yan Zhao the oscilla-
tor array implementation and core oscillator design and Dr. Janusz
Grzyb the redesign of the antenna used in other circuits. I have char-

acterized the source array implementation.

Chapter 6 Terahertz Imaging Demonstrations
Raster scanning terahertz imaging with CMOS based single output

detectors has been done in a team work with Hani Sherry and Neda
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Baktash. I have done the terahertz images for the 0.25 pnm HBT single

output detectors.

I have programmed and realize the real-time video setup for the ter-
ahertz camera in transmission mode imaging setup with Prof. Dr.
Ullrich R. Pfeiffer.

I have evaluated the real-time monitoring application setup with Dr.

Jean-Francois Lampin at the University of Lille.
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Chapter 1
Introduction

Terahertz waves correspond to the frequency band of 0.3-3 THz of the electromag-
netic spectrum. This region of the spectrum has been considered as a gap since
detecting and generating terahertz have always been a scientific and a technical
challenge.

Scientists started looking into the terahertz region towards the end of the 19
century. Their motivations were mainly exploratory and consisted of bringing
together the optical and the electrical waves to observe the continuity of the
electromagnetic spectrum. For that, two experimental approaches were possible,
either down-converting optical sources or multiplying electronic frequencies. The
scientists observed what Rubens called the "heat rays of great wave length” from
an optical approach in 1897 [1], or in other words what Nichols named the ”short
electric waves” from an electronic perspective in 1923 [2].

These scientific achievements have continuously improved during the 20" cen-
tury [3], but what aroused the keen interest in terahertz waves were the appli-
cations, starting with the modern astronomy [4] and later developing in medical
imaging [5], security [6, 7, 8], safety [9], communication [10], biological [11] and
pharmaceutical industries [12].

In this chapter, an overview of terahertz applications is given with a brief
review of existing terahertz solutions in section 1.1. The state-of-the-art of ter-
ahertz sources and detectors based on silicon technologies is presented as well
as available readout and control circuits for terahertz sources and detectors in

sections 1.2, 1.3 and 1.4. The scientific contribution of this research work to
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the terahertz field is described in section 1.5. The organization of the thesis is

presented in section 1.6.

1.1 Terahertz technology and its applications

Terahertz gained interest with the 20" century astronomy. It found direct appli-
cations in astrophysics to understand stars formation. In fact, observing space at
terahertz frequencies provided crucial details on the physical and chemical prop-
erties of the interstellar medium [13]. Terahertz served to observe the space gas
clouds, galaxies and planets including our own atmosphere [14]. For that, het-
erodyne spectroscopy was used to determine the spectral signatures of gas clouds
as well as nearby galaxies and reveal star formation activities. This has been
extended to study the Earth atmosphere and validate ozone depletion models for
instance [15], caused by global warming.

The scientific community have developed various technical solutions to gen-
erate and detect terahertz waves. These systems can be categorized in three

domains which are thermal, optical and electronic based systems [16].
e Thermal terahertz systems:

Blackbody radiator is a thermal based terahertz broadband source with radi-
ated power in the range of the nanowatts. It can radiate up to the infrared region
which can be problematic in a characterization setup for instance. Therefore,
terahertz filters are required for this type of sources [17]. Bolometers, pyroelec-
tric devices and Golay cell are thermal based detectors [18, 19]. They convert
the incoming terahertz radiation into a thermal energy. A thermally dependent
electric device is usually used to sense the temperature variation of the absorbing
material. These devices can be very wide-band and very sensitive. However they
have large time-constants due to thermal dissipation. As a consequence, they are

often cooled at cryogenic temperatures under very low pressure.
e Optical terahertz systems:

There is a large choice of terahertz sources based on optical systems and they

can be divided in two categories: continues-wave (CW) and pulsed sources. In the
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CW category, CO optically pumped gas lasers are one of the high power sources
available for laboratory experiments [20]. Based on the rotational frequency of a
low pressure gas excited with a high power laser source, they can deliver a power
of several hundreds of milliwatts. As a consequence, the terahertz frequencies are
discrete lines and can be selected by changing the low pressure gas. However,
within the same gas such as ethanol, several frequency lines can be found over
several hundreds of GHz. Thermal detectors are usually used with such sources
to control the beam shape and the excitation modes.

The Photo-mixer is another CW source with an output power of about few
nanowatts at terahertz frequencies [21]. Tt is based on the mixing product of two
lasers running at different frequencies. As a result, the intermediate frequency of
the mixing product is continuously tunable which is very useful in spectroscopy
application. The photo-mixers can also be used as detectors by making use of
the same mixing principle.

The quantum cascade laser (QCL) is an optical based terahertz source and
can be CW or pulsed [22]. In a QCL, electrons are injected into a periodic
structure of a biased super-lattice [23]. The injected electrons undergo inter-sub-
band transitions in a cascade process resulting in an emission of a photon at
terahertz frequencies. QCL sources are capable of delivering power in the order
of few milliwatts, but they require cooling at cryogenic temperatures.

Another pulsed sources are the time-domain systems (TDS). They are based
on very shortly pulsed lasers in the order of few picoseconds [24]. With this tech-
nique, a wide-band terahertz pulse can be generated in a very short time. Photo-
conductive sampling and electro-optical sampling detectors are usually used for

such system.
e Electronic terahertz system:

For electronic sources, Backward Wave Oscillators (BWO) and Gyrotrons are
high power terahertz sources [23]. They are capable of delivering terahertz power
in the order of the Watt. However, they require a strong magnetic field to operate.
Nowadays, electronic multiplied sources based on Gunn or Tunnel diodes are
dominating the terahertz market. They are relatively compact in comparison to

the previous technologies and are capable of delivering few hundred of microwatts
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in the terahertz region. They make use of the high cut-off frequency of engineered
diode in III-V compounds [25], and are built out of discrete components like
multipliers and power amplifiers. In the same technology, harmonic mixers based
on Gunn and Tunnel diodes constitute the major part of electronic detectors.
They usually operate at room temperature but require wave guide technology

and can not be integrated, for example, in large arrays.
e Terahertz applications:

The presented systems have found their use in civil applications because of
the interesting properties of terahertz waves. In a similar direction such as in
astronomy, material analysis make use of the interaction of mater with terahertz
waves. In fact, organic molecules exhibit strong absorption in the terahertz range
resulting in a unique signature of various material. This has been used in bio-
logical [11] and pharmaceutical industries [12] to analyze complex molecules in
the terahertz range. Mainly time-domaine spectroscopy (TDS) is used for that
in production chain for example.

Besides material analysis, imaging is one of the promising applications for
the terahertz domain. It can be applied in various fields such as quality con-
trol, security screening [6], and body scanners where the non-ionizing properties
of terahertz are safer in comparison to X-rays [7, 26]. Furthermore, terahertz
imaging may be applied for medical purposes such as skin cancer detection where
terahertz radiation is absorbed differently in healthy or cancerous cells [27].

Another emerging application of terahertz is communication [28]. The com-
munication speed rates can greatly benefit from high frequency carrier. In the
terahertz range high speed rate can be achieved with simple modulation tech-
niques [10]. However, atmospheric attenuation is a limiting factor for long dis-
tance wireless communication. Therefore, short distance communication links for
consumer electronics can be imagined for large volume data transfer.

In order to build compact and hand-held material analyzers, imaging and
communication systems, the previously presented technologies are not feasible
for high integration and large volumes. The major limiting factors of the exist-
ing terahertz systems are their size and maintenance costs. In fact, they often

require to be operated at cryogenic temperature or under vacuum which limits
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their integration capability and commercial application. With the ongoing re-
search achievements on terahertz, standard silicon technologies are becoming the
alternative to existing devices. Standard silicon technologies have the advantage
to be commercially available with reasonable investment for large production

volume.

1.2 Terahertz sources in silicon technologies

As it has been highlighted in the previous section, silicon based terahertz sources
and detectors are real alternative to existing systems. Terahertz sources based on
silicon technologies have been investigated by different research groups. With the
constant advancement of the standard silicon technology, new technical solutions
have emerged.

Electronic terahertz sources are commonly divided into two main categories:
multiplier-chains and oscillators. In a multiplier chain circuit, power amplifiers
(PA) are one of the key building-blocks to provide necessary on-chip RF power.
They are usually designed in the mm-wave region were transistors have gain.
Multiplier circuits such as doublers and triplers are then applied to reach the
desired frequency. A 260 GHz power amplifier in standard CMOS technology
could provide around 10 dB gain [29]. In the terahertz region, a x18 multiplier
chain circuit can provide an output power of about -3 dBm at 0.32 THz [30].
A 0.82 THz transmitter with few microwatts of output power have been imple-
mented in a SiGe BICMOS process technology [31]. The main disadvantage of
these solution are the DC power consumption in the order of few watts, and the
large space taken by the layout area on silicon.

Unlike multiplier chains, oscillator circuits are very compact and can generate
power in the order of milliwatts in the mm-wave region [32]. The maximum oscil-
lation frequency is limited by the transistor maximum unity power gain frequency
fmaz- To overcome the technology limits and generate terahertz frequencies, har-
monic oscillators are built. Triple-push oscillators have been implemented in a 65-
nm CMOS technology, with oscillation frequencies around 0.3 THz [33, 34, 35, 36]
and a maximum output power above 0 dBm [32]. A push-push oscillator has been

designed in a 45-nm CMOS technology and delivered an oscillation frequency of
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0.41 THz [37]. Going to an advanced technology such as 32 nm CMOS or engi-
neered SiGe HBT would benefit from a higher fr/ fi... to increase the oscillation
frequency [38, 39]. Fundamental oscillators are possible and an example has been
published, but with limited output power [40] at 0.3 THz.

These oscillators are single cells and have a limited available power at ter-
ahertz frequencies. In order to increase the radiated power, power combining
techniques are used to design oscillator arrays [41]. The power consumption of
large oscillator arrays would increase by the number of on-chip elements. There-
fore, control circuit are needed to overcome this problem and build compact and

strong terahertz power sources in standard technologies.

1.3 Terahertz detectors in silicon technologies

Electronic detection methods in the terahertz range are commonly divided into
two main categories: coherent (heterodyne) detection and incoherent (direct)
detection methods. Recently, sub-harmonic heterodyne room temperature detec-
tors have been demonstrated in standard SiGe BiCMOS technology [31, 42]. The
detector circuits were driven by a local-oscillator (LO). The LO circuit consisted
of multiplier chain built with power-amplifiers (PA) and multiplier circuits capa-
ble of up-converting an RF source in the range of 10 GHz to higher frequencies.
The high-harmonics are then used to mix the incoming terahertz waves to an
intermediate frequency (IF). Like electronic mixers, the heterodyne detectors are
characterized by their noise figure (NF) and conversion gain (CG).

Although they operate well beyond the technology fr/ fmas, these detectors
have shown good performance in comparison with other detectors (around 45 dB
NF and 20 dB CG), enabling easy integration with on-chip readout electron-
ics. However, LO driven detectors are DC power hungry solutions (around
0.4 W/pixel) [42]. As a consequence, the number of pixels is substantially lim-
ited. Therefore, direct power detectors without LO are preferable because of their
lower power consumption and their ability to be integrated in large arrays.

Below the technology fr/ fimae, the performance of direct power detectors is
boosted by low-noise amplifiers (LNA). Power detectors with LNAs have been
demonstrated in CMOS technologies up to W-band (110 GHz) for passive ra-
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diometers [43, 44]. Such detectors are characterized by their noise equivalent
power (N EP) which is defined as the incident signal power required to obtain a
signal equal to the noise in a 1-Hz bandwidth [45].

These detectors have achieved NEPs as low as 36 fW/v/Hz with about
110 mW DC power consumption [43]. For the same application, heterojunc-
tion bipolar transistor (HBT) square-law power detectors with LNAs have been
used up to D-band (170 GHz) [46, 47, 48, 49]. They have shown NEPs as low as
14 fW/v/Hz and a DC power consumption of about approximately 90 mW [49].

Beyond the technology fr/ fimaz, it is not possible to design LNAs. As a con-
sequence, antenna coupled direct detectors are implemented. A very common
solution is to use the non-linearity of a diode detector to directly down-convert
the terahertz signal to DC. For this reason, silicon-based Schottky diodes have
been applied with cut-off frequencies up to terahertz in CMOS [50] and SiGe
[51] process technologies. Other type of detector based on bolometer has been
implemented in a microelectromechanical systems (MEMS) silicon process tech-
nology [52]. The detector consisted of an antenna-coupled bolometer, where the
terahertz radiation captured by the antenna was converted into heat in matched
termination resistors on a thermally insulated platform. This can be achieved by
a MEMS post processing step where all silicon is removed by etching.

Devices without additional process options are, however, preferred because of
their lower fabrication cost. Low DC power consumption and room temperature
terahertz power detectors in standard CMOS technologies have been recently
demonstrated for active imaging [53, 54], with minimum noise equivalent power
(NEP) down to 55 pW/vHz [55] at 0.65 THz. A detector based on an HBT
device, which have been recently implemented in BICMOS SiGe technology, have
shown NEP of about 34 pW/v/Hz [56] at 0.32 THz. These detectors are very
interesting because of their low power consumption, as low as few pW /pixel,

which makes them especially suitable for large terahertz imaging arrays.

1.4 Readout and control circuitry

Terahertz source and detector arrays in silicon technology benefit from the avail-

able devices to build integrated analog readout and digital circuit which is not
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possible in discrete waveguide based technologies. These circuits are necessary
for integrating large array systems. Their purpose is to amplify analog outputs in
the detector array case, to cut-down the power consumption by switching-off cer-
tain elements and reduce the pad count to simplify the packaging and eliminate
additional off-chip readout electronics.

One of the first integrated pixel in CMOS technology included an in-pixel
analog amplifier to drive capacitive load with 43-dB open-loop gain [53, 57]. An
implementation with an integrator circuit of a 4x4 terahertz array have been
shown in the literature [54]. The circuit included a digitally controlled readout
scheme to serialize the signal of the array. Another implementation of such array
with Schottky detectors has shown the integration of analog multiplexers and row
buffers [50, 58]. A recent implementation of HBT based detectors in BICMOS
SiGe technology has shown good performance in power consumption over the
array [56].

On the source side, a major effort is underway in the scientific community to
implement high-power sources. A 4x4 source array with 820 mW of DC power
consumption delivering 10 dBm isotropic radiated power (EIRP) at 0.3 GHz has
been implemented [41]. The array was based on power combining with beam
steering capabilities and injection-locked oscillators techniques. A digital cir-
cuit controlled the phase of the injection-lock frequency triplers to enable beam-
forming and beam-steering. This has shown the great potential and the need to

implement large arrays for active imaging application.

1.5 Scientific contribution to the terahertz field

Research on terahertz is a multidisciplinary field where various technical and
scientific solution are still to be discovered and invented. It is a great opportunity
to do this research work in a very dynamic community. The thesis focuses on
silicon based solution for detecting and generating terahertz waves. The scientific
contributions of the thesis are on detectors, cameras and sources implementation,
as well as imaging demonstrations.

On the detection side, the first step of the thesis was to investigate various

devices across two technologies:
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e HBT in 250 nm BiCMOS SiGe technology [59],
e NMOS in 65 nm CMOS Bulk technology [60],
e SBD in 250 nm BiCMOS SiGe technology.

At the time of results publication, the HBT and CMOS circuits represented
the state-of-the-art in terms of frequency of operation and performance. The
SBD was an experimental implementation and therefore has not been published
yet.

As a second step on the detector research, a camera system implementation

has been investigated:

e world’s first CMOS based 1 k-pixel terahertz camera in 65 nm CMOS Bulk
technology [61, 62],

The 1 k-pixel CMOS terahertz camera is the fruit of a collaborative work with
Hani Sherry, Dr. Janusz Gryb, Dr. Yan Zhao, Wolfgang Forster, Prof. Dr. Ull-
rich Pfeiffer and myself. I have contributed to the buffer and analog switches of
the readout chain, the full characterization of the camera including the antenna
patterns. It represented the state-of-the-art of terahertz detector implementation
in terms of pixel-count, frequency of operation and system integration. A novel
characterization method for large terahertz cameras operating in video mode has
been introduced.

On the source side, a control circuit for a scalable terahertz source has been

implemented:
e 4x4 terahertz source array in 250 nm BiCMOS SiGe technology [63].

The measurement results have been submitted and accepted for publication
at the ISSCC. The implementation represent state-of-the-art results in terms of
total radiated power, frequency of operation and pixel count. I have design the
control circuit for the source array capable of powering on and off any pixel in
the array at run time.

Finally, imaging demonstrations have been achieved with the implemented
circuits to demonstrate cost-effective alternative to existing active terahertz sys-

tems.
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1.6 Organization of the thesis

This manuscript is divided in six subsequent chapters following this introduction.

They are organized as the following:

e Chapter 2 reviews the theory of terahertz power detectors, oscillators and
their figure of merit. Diode based power detector DC response is explained
by the quasi-static equation. Frequency behavior of bipolar transistor di-
rect detector is explored by Voltera series derivation. CMOS based terahertz
detector are analyzed from the non-quasi-static approach in different tech-
nological nodes. The theory of terahertz oscillators is briefly reviewed in

view of controlling source elements in large arrays.

e Chapter 3 discusses the design methods and shows the implementation of
silicon based terahertz direct detectors. Three devices are explored in two
different technologies. Heterojunction bipolar detector (HBT) and Schottky
barrier diode (SBD) are implemented a 250 nm BiCMOS SiGe technology.
NMOS is integrated in a 65 nm CMOS bulk technology.

e Chapter 4 presents the first 1 k-pixel CMOS terahertz camera. The circuit
design challenges for large terahertz array system will be discussed, then
implementation will be detailed. A novel characterization technique for the
terahertz camera in video mode will be introduced. A pixel characterization
is also shown for comparison with state-of-the-art detectors. An improved

readout circuit for scalable terahertz arrays is presented and implemented.

e Chapter 5 describes and discusses the design of the control circuit of a

reconfigurable 4 x4 terahertz source array and its characterization.

e Chapter 6 will present imaging setups in transmission-mode. Rester scanned
object and real time terahertz imaging results are presented. An evaluation
of beam monitoring application is successfully presented for a high power

terahertz.

e Chapter 7 will summarize and conclude the work of this thesis. This

chapter will also give a perspective on future work.

10
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Chapter 2

Theory of Terahertz Sources and
Direct Detectors in Silicon

Technologies

Terahertz silicon based source and detectors are very promising alternatives to
the existing terahertz technologies. The sources can be based on multiplier chains
or oscillators and the detectors may use the non-linearity of different devices to
operate as square-law power detectors.

In this chapter, section 2.1 is dedicated to the analysis of a possible control
circuit for oscillator based terahertz sources. In section 2.2, analyses of tera-
hertz diode, bipolar and CMOS detectors are reviewed by quasi-static, Voltera

expansion and non-quasi-static analyses.

2.1 Terahertz silicon based sources

As it has been presented in the introduction of this manuscript, it is possible to
realize electronic terahertz sources in silicon technologies. Two type of sources
can be distinguished, multiplier chains [1] and harmonic oscillators [2]. Despite
the fact that multiplier chain sources may be used for coherent detection, they
have two disadvantages which are the DC power consumption and the large layout

area on silicon.

18



2. THEORY OF TERAHERTZ SOURCES AND DIRECT
DETECTORS IN SILICON TECHNOLOGIES

Harmonic oscillators are however very compact and present an advantage
for large array integration. Two type of harmonic oscillator designs exist: the
feedback design and the negative-resistance design. The design of silicon based
oscillators is out of the scope of the thesis. Therefore, only a theoretical system
analysis is given here in the perspective of controlling large array sources in silicon

technology.

2.1.1 Control circuit of array sources in silicon technolo-
gies

A transistor in a specified technology can be characterized by the transistor short
circuit current gain at unity gain frequency fr, and the maximum unity power
gain fy,... These two limits are defined by the technology process and are im-
proved by device engineering.

Beyond fr/ finae the transistor does not have gain. However, as it will be seen
in the section 2.2 dedicated to power detectors, a transistor can still respond to
an excitation with an attenuation behavior.

Bellow fr/ fimaz, it is possible to build active circuits. To overcome the tech-
nology limitations, harmonic generators are therefore built. These generators
consist of a combination of fundamental oscillators operating below the tech-
nology fr/fmaz- The harmonic component of the designed combination can be
extracted at high frequencies.

To achieve high power sources a large number of such oscillators can be inte-
grated on the same chip. But increasing the number of elements would increase
the power consumption by the same factor. In such a system, the total power
consumption is a key element that limits the array size for example. Therefore,
to achieve large pixel count which favors diffused illumination, a control system
is needed.

In such oscillators, stability conditions criterion applies to maintain oscilla-
tions [3]. Now modifying the stability conditions would bring the oscillator to
operate in a different mode or to stop the oscillations. The control system would
impact a specific oscillator in the array by modifying its stability. In a ring type

of oscillator, this can be made by modifying or breaking the feedback loop. In a
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negative resistance based oscillator, the control circuit would modify the stability
criterion by inverting the resistance sign of the active element for instance. In
both cases, the frequency of operation can be changed or the oscillator can be
turned off to minimize power consumption.

For terahertz oscillator sources, the oscillation conditions are sensitive to the
designed passive elements, and active components such as switches can be difficult
to implement. For this reason, it is more favorable to implement the control

circuitry to impact the biasing conditions of each oscillator.

2.1.2 Terahertz sources figures of merit

A terahertz source can be characterized by:
e Prx the total radiated power,
e Fzr the frequency of operation and
e the DC power consumption.

At terahertz frequencies, the lack of on-wafer measurement equipment such as
prob stations makes free space method the only possibility to characterize high
frequency sources. Therefore, an electronic terahertz source is usually equipped
with an antenna. It is characterized by its directivity Drx at a specified frequency.
In a free space system, Pry, Frr and Dryx are verified optically. As it will be
seen in the next chapters, these measures are very critical for the characterization
of a terahertz system.

The DC power consumption is often referred to the efficiency of the terahertz
source and defined as the ratio Prx/Ppc where Pp¢ is the DC power consump-

tion.
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2.2 Terahertz silicon detectors

2.2.1 Detectors theory

It is possible to analyze terahertz direct detectors by different methods. In this
section, quasi-static analysis is first applied to diode based power detector. Then
a bipolar detector is analyzed from Volterra expansion. As a third method, non-

quasi static analysis is applied to CMOS based direct detectors.

2.2.1.1 Diode based detector

Terahertz direct power detectors are usually built with nonlinear devices. Such
detectors provide a square-law rectification of the signal resulting in a DC output
current or voltage proportional to the RF input power. This type of power

detector can be a diode device for instance as shown in figure 2.1 (a).

RF Path DC Path

_— - -
a) b)
—O—
RF | & o £ RF| 5
i .| @ |RL @ i
£ R &
| N

Figure 2.1: (a) Single-ended and (b) differential diode based square-law power
detector. The bias circuit is omitted for the clarity of the figure.

To isolate the RF and the DC path, an RF filter with a DC block has to be
implemented at the input of the detector. At the output, an RF block is needed
in order to avoid leakage of the RF power into the output load. For example,
the RF filters can be implemented with tuning stubs, and could contribute to the
impedance matching. A differential topology as shown in figure. 2.1 (b) has the
advantage to eliminate the RF block by creating an AC ground at the output.
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The rectification of the input RF power can be derived from the quasi-static
equations of the diode. In forward bias conditions, the current can be expressed

as a function of the bias voltage:

I(V) = Iy(eV/®sT) _q) (2.1)

Iy:  is the reverse saturation current,
q: is the elementary charge,
kp: Boltzman constante,

T: the temperature in Kelvin.

When a small signal AC voltage (vgr(t) = Agrpcos(2mft)) is applied to the
diode (V' = vrp(t) + Viias) as shown in figure 2.1 (a), a square-law rectification
results from the non-linearity of the diode. The DC component of this rectification
can be derived from the current-voltage quasi-static expression in equation 2.1.

The Taylor series expansion of the diode current can be developed as

vV 1 ,qV 5, 1,4V 4
Wt Tl Tal, ) )

where the V' can be replaced with the expression:

I(V) = Io( (2.2)

(vrRF + VbiaS)Q = A%F/Z + AQRFCOS(th)/Q + beas + ViiasArpcos(wt). (2.3)

The harmonics of the resulting equation 2.2 will be filtered by the output RF

block. As a result, the remaining DC component of the current is

QQ IO A%%F ‘/b%as

I= (kBT)2( 4 5 ) (2:4)

and it is directly proportional to the RF input power

Agr
4

This analysis is valid for GHz range power detector, and breaks down at tera-

I x (2.5)

hertz frequencies because of parasitic elements that are not taken in consideration.
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Therefore, other models should be used to determine the frequency response of

the detector.

2.2.1.2 HBT based terahertz detector

In a bipolar technology, a single diode can be build out of a transistor by connect-
ing the collector and the base terminals as presented in figure 2.2 (a). However,
with the transistor third terminal, three basic single-stage topologies can be ex-
plored. The common emitter, common base, and common source topologies are
presented in figure 2.2 (b) (c) and (d). For the same isolation reasons explained
for the diode topology, RF filters and DC blocks are needed to avoid leakage of

the RF power into the output load and vice versa.

RF Path DC Path

—_— > - - - >

a) b)

RF RF

RF Filter
<

RF Block
o]
e
RF Filter
RF Block
o]
e

RF RF

RF Block
o
e

RF Filter
C T
I Y
RF Block
o]
e
RF Filter

Figure 2.2: Possible HBT based direct power detectors. Diode connected tran-
sistor (a), common-emitter(b), common-base(c) and common-collector (d) stage
configurations.

To analyze these detector stages, the same quasi-static analysis developed for
the diode detector can be done and would lead to the same result I o A?%.
However, it would only give a DC analysis of the detected signal and would not
give any information about the frequency response of the detector. Therefore,

a Volterra series can be derived to incorporate the frequency dependent effects
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of the detector. In this section, the common-emitter stage is reviewed. The

large-signal model is presented in figure 2.3.

RF Path DC Path

a) b)

RF RF

RF Filter
RF Block
]

e
RF Filter
RF Block
]
la

Figure 2.3: Common-emitter direct detector (a) and its large-signal equivalent
circuit (b) for frequency analysis.

This analysis has been explored in the literature to study the nonlinearity
effects of mixers and amplifiers [4]. It has been applied to square-law detectors
[5] and is revisited here to underline the frequency dependence of the detector.
From the small signal model of figure 2.3, the base voltage can be expressed as

I,

Vo = (sCse Vi + 5T + 5_)(Zb(5> + Z.(8)) + 1.7 + Vg, (2.6)
0

where:
Cje:  is the base-emitter junction capacitance,

Cyp:  is the base charging capacitance,

Tr: is the forward transit time,

Bo:  low-frequency current gain with I, = Gy,
Zy: is the base impedance,

Z,. is the emitter impedance.
The current can be expressed as Volterra series in frequency domain as

Ic = Hy(s) o Vg + Hy(sy,82) o Vi + ... + Hy(51, 89, ..., 8,) o VI, (2.7)

where:
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Io: s the collector DC current,
H,(): is the Volterra series n coefficient,
Vg: is applied base voltage,

sn: is Laplace variable jw,,.

The operator o indicates the multiplication of the each frequency component
by |H,()| and the shifting by its phase. For the common-emitter configuration
the Volterra kernel coefficients have been solved in [4] and are:

H,(s) (2.8)

N Im
sCjeZ(8) + staupZ(s) + gm Zﬂ(j) +1+ gmZe(s)

Hy(s1,82) = Hi(s1+ s2)H1(s1)H (s2) V

%(1 + (51 =+ SQ)C]'@Z(S:[ + 82)), (29)
Q

with:
Z: is the sum Z, + Z,,

Ig: is the total current of the transistor,

gm: is transconductance term Ig/Vr.

The square-law rectification happens at the even order harmonics resulting in
a DC response as described in Taylor expansion for the diode detector. Neglecting
the high harmonic effects and low frequency gain, the resulting response can be

calculated using the Volterra series coefficient Hs(s1, S2) assuming s; = —sy = s

[5],

B gmVy
V(14 gmR) (1 + gmRe)? + R2 (22 + Cj)?))

Ic (2.10)

The resulting equation has been used to estimate the current response with
bias condition at 94 GHz [5]. For that, the device estimated SPICE parameters
may be used from a Design Kit to evaluate the detector response. In this sec-
tion, the frequency characteristics are of interest and HBT SPICE parameters
from THP SG13G2 design kit have been replaced in equation 2.10. The resulting

characteristics are shown in figure 2.4.
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Figure 2.4: Caluculated DC response for an HBT direct detector to an RF input
for common-emitter configuration of figure 2.3. 1.6 ps and 0.45 ps transit time
were used for the calculation.

In the figure 2.4, two different transit time parameters have been used to
underline the importance of the device speed impact on the DC response. The
forward bias transit time given in the SPICE model of the design kit is approxi-
mately 0.45 ps.

At low-frequencies, the common-emitter configuration amplifies the input
voltage resulting in a large second harmonic effect on the DC response. Be-
yond the transistor limits, the response is attenuated, however it is not negligible
and in the fraction of the microamp of amplitude. The roll-off happens around
at the transistor limits and is 20 dB/dec.

The comparison between a short and long 7 for the same device bring the

conclusion that fast transistors are in favor of a more efficient terahertz detector.
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2.2.1.3 CMOS based terahertz detector

For a CMOS technology, the same analysis can be developed with similar detector
configurations as presented for a bipolar technology in the previous subsection. A
diode can be built out of a CMOS transistor by connecting the gate and drain as
shown in figure 2.5 (a). Three other topologies are presented in figure 2.5 (b), (c),

(d) and correspond to common-source, common-gate, and common-drain detector

circuit.
RF Path DC Path
_— - — — >
a) b)
RF| & T % RF| & T %
i ! 5| R i |: ! s | R
e R o |k
c) d)
X I -
RF| & % RF| & A
ic o | R iC [ ! o | R
™ w T ! L
o« o 1 I o

Figure 2.5: Possible CMOS based direct power detectors. Diode connected tran-
sistor (a), common-source(b), common-gate(c) and common-drain (d) stage con-
figurations.

Quasi-static and Volterra series analysis can be applied to understand the
power detection mechanism of the CMOS transistor. The methods used to ana-
lyze the DC response of a diode and HBT based detector are also valid for CMOS
devices and would lead to the same conclusion drawn in the previous sections of
this chapter. The output DC response is proportional to the input RF power and
is strongly dependent on the frequency response of the transistor.

In this section, another method is reviewed to give a millimeter-wave design

perspective to the CMOS based power detector. This method is based on the
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non-quasi-static analysis of the transistor channel.
To conduct this analysis, the transistor can be seen as a non-linear transmis-
sion line according to figure 2.6 (a). This transmission line can be divided into

small RC portions as shown in figure 2.6 (b).

a) L
G : : Low Freq.
) E E )1 / Coupling
Hu(z)
VRF : ( ) : Cemt
: o B D0
'.: A
b) o o
High Freq.
::/ Coupling
L4 L
Z!

Figure 2.6: Transmission line model of the device (a) that can be divided into
small RC' portions (b) [6].

The received RF signal by the transistor will create a time-harmonic excita-
tion of the gate-to-channel voltage u(z,t) = u(z)e’*?, where u(zx) is the phasor
function of the time-invariant amplitude and phase information along the chan-
nel. Transmission-line theory can be applied according to figure 2.6 (b), to derive

the first-order differential equation (DE) for the voltage and current

du(z)

T = —Z"i(z) (2.11)
di(r) .,
e —Y'u(x), (2.12)

where 7' = R' + jwL’ and Y’ = G’ + jwC’. Gate leakage currents (G’ = 0)

and inductive effects (L' = 0) are neglected. For strong inversion, in the linear
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region of the transistor, the channel resistance per-unit-length R’ is given by the
channel conductance 1/R'(z) = uC'(u(x) — vy,), where C" = C,,, W is the gate
oxide capacitance per-unit-length, W is the transistor width, and vy, is the tran-
sistor’s threshold voltage. The two mixed first-order differential equations 2.11
and 2.12 can be combined into one second-order differential equation for u(z) by
solving equation 2.11 for i(x) to eliminate i(x) in equation 2.12. This leads to
the following differential equation for u(z)

d du(z)

() = - fu(u(w) = va) S,

(2.13)

For a time-harmonic excitation, jwu(z) is equal to %u(z,t). This leads to the

following partial differential equation (PDE) for time and space derivatives as

ou(z,t)
oz -

2u(a:,zf) = g[,u(u(x,t) — V) (2.14)

ot ox

The primary use of the above PDE is to investigate the inner behavior of the
transistor channel in order to understand the mixing procedure. There is no ana-
lytic solution to solve this PDE and numerical approach is necessary. Numerical
solution of the PDE is shown in figure 2.7. The gate-to-channel voltage is calcu-
lated for device size of 250 nm, 130 nm and 65 nm for a small signal excitation
at 1 THz.
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Figure 2.7: Numerical solution of the PDE 2.14. The gate-to-channel voltage
is calculated for device size of 250 nm, 130 nm and 65 nm for a small signal
excitation at 1 THz.

At the source terminal of the transistor the voltage excitation is exponentially
attenuated and converts to a DC current. For a small channel device, the same

behavior is calculated in 65 nm channel length. This brings the conclusion that
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the square-law properties can be implemented in any CMOS device. However,
going to a smaller channel length would benefit from the noise reduction of the
non-used portion of the transistor.

Despite the fact that the PDE model gives information about the inner be-
havior of the channel, it is gradually invalid at higher frequencies. Therefore,
the Boltzmann’s transport equation [7] or the Wigner-Boltzmann [8] equation
should be considered in the future to take realistic deep-sub-micron structures

into account.

2.2.2 Terahertz detectors figures of merit

The responsivity (R) and the noise equivalent power (NEP) are a measure of
the performance of terahertz direct detectors. The responsivity is a measure of
the electrical output strength per input power (F;,). The output response of a

direct detector can either be measured in current-mode

IO’lL
R, = Pmt, (2.15)
or voltage-mode
Vou
Ry = Pm’f. (2.16)

The resulting unit of the responsivity can be expressed in [A/W] or [V/W]
depending on the measurement mode.

The NEP corresponds to the measured detector spot noise at a specific fre-
quency for a 1-Hz bandwidth divided by the responsivity. The noise can be

measured in current mode I,, such as

1
NEP = =~ 2.17
=, (2.17)
or in voltage-mode V,,
Va
NEP = — 2.18
Rn’ ( )

which leads to an NEP unit of [W/V Hz|.
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From a characterization point of view, three physical parameters have to be

measured in order to determine the performance of a direct detector:

e the output voltage or current,
e the output noise,

e the input power.

Depending on the readout mode, the output DC voltage or current can be
estimated by the analysis of the device behavior at terahertz frequencies and has
been reviewed in the previous subsections of this chapter.

However, the only measure of responsivity will not give any information about
the SN R in presence of a terahertz signal. In fact, if an amplifier is used, the
signal is multiplied by the gain and also the noise. Therefore, the noise measure-
ment will be used to calculate the NEP of the detector and give an information
about the SN R behavior of a detector for a specified amount of power.

In an on-wafer setup, it is convenient to measure the electrical input power
injected to the detector circuit by the probes. However at terahertz frequencies,
this is not possible due to the lack of suitable terahertz on-wafer equipments and
optical measurement is needed. As a result, optical based devices are the only
possibility to build terahertz detectors. The sources are equipped with antennas
as well as the detectors.

For an antenna coupled setup, the available optical input power to the detector

Py, can be calculated by Friis transmission equation is then given by:

_ PTXGTX

Py,
42

Aety, (2.19)
Prx: is the source output power,
Grx: source antenna gain

r: the distance between the detector and the source,

Acpp: the detector effective antenna area.

32



2. THEORY OF TERAHERTZ SOURCES AND DIRECT
DETECTORS IN SILICON TECHNOLOGIES

The Ac.¢y can be calculated from the receiver antenna directivity Drx such

as:

sy = Dix A2/ (47). (2.20)

An accurate measurement of the optical responsivity and N E P requires an ac-
curate measurement of the electrical response, the noise and the available power.
This will be discussed in the next chapter where measurement results will be

shown.

2.2.3 Readout circuit utility

As it has been described in the previous section, terahertz detector are possible
in silicon technologies by using standard devices. However, the different theories
around the detection mechanisms have led to the conclusion that the expected
responsivity are very low. Therefore, efficient readout circuit is needed in order
to extract with a small noise contribution the detector response to an incident
terahertz power. This is more valid for large terahertz arrays where multi-pixel

implementation can be achieved.

2.3 Chapter summary and conclusion

Terahertz sources and detectors can be implemented in silicon technologies be-
yond the frequency limitations fr/ fimaz-

Harmonic oscillators are used for terahertz source and control circuitry is
needed for large source array implementations. To simplify the design of control
circuits, they can be applied to the DC nodes of a harmonic oscillator.

Analyses through different methods of terahertz power detectors have shown
that devices beyond the technological frequency limits can respond to a terahertz
excitation. The responsivity of such device is very small and readout circuits are
necessary to implement large detector arrays.

These two conclusions will be verified in the following chapters by imple-
mentation and characterization of detectors and sources operating at terahertz

frequencies.
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Chapter 3

Terahertz Detectors Circuit

Design and Characterization

As it has been presented in the previous chapter, terahertz detectors can be
built out of standard devices beyond the technology frequency limits fr/ fae-
A quantitative analysis of different detectors has led to the conclusion that best
results can be expected from advanced technologies. As it will be described in
this chapter, this is only possible if an optimization design approach is applied.

In this chapter, terahertz direct detector design methodology is first presented
in the perspective of implementing antenna coupled detectors in different tech-
nologies. The design guidelines are drawn from the the previous chapter analysis
and the matching condition necessary to build sensitive terahertz detectors as
well as low noise optimization. Implementation results and analysis are then
presented for HBT, CMOS and SBD based detectors.

3.1 Direct power detector design methodology

3.1.1 Responsivity and matching conditions

In the previous chapter, the detection mechanism have been reviewed leading to
the conclusion that power detectors can be built with standard devices beyond
the technology limits fr/ fiae. From an electrical point of view, the detector can

be modelled as a coupled antenna receiver equivalent circuit. As it is presented in
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figure 3.1, the antenna can be seen as a voltage source V4 with internal complex
impedance Z4 = R4 + jXa. The detector circuit would be a complex load

Z1, = Ry, + 7X, connected to the antenna.

Antenna Detector
———————— |- - - -
Za
1 o
L T O
—_—
1

o

Figure 3.1: Equivalent circuit of an antenna coupled direct detector.

In this circuit, the maximum power transfer theorem is satisfied with the
conjugate matched condition Z; = Z7j. The maximum power available to the

load can be written as

Vi
1R,

As it has been seen in the previous chapter, the responsivity is defined as

(3.1)

PL,maac =

the electrical output strength per input power. For a square-law power detector,
the electrical response of a periodic excitation results in a square-law dependency
(Vicos*(wt) = V2 /24 Vicos®(2wt)/2), where the DC component of this response
is proportional to the input power (Taylor expansion in chapter 2).

Now, for a defined power at the antenna, a large voltage swing can be obtained
by a large resistive load at the matching conditions of equation 3.1.

However, this impacts directly the noise performance of the detector. In
fact, the thermal noise generated by the large resistance would degrade the noise
performance of the detector. Therefore an optimized design conditions can be
found. The matching have to be found in the same time for best electrical response
and best noise performance which results in an optimum value.

As it will be seen in the sections dedicated to the implementation of different
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detectors, this condition can be found by optimizing the size and bias conditions

of the detectors for a given antenna.

3.1.2 Low frequency noise

As it has just been described, the noise performance are very important for direct
power detectors. Since the power detector down converts the received RF power
to DC, the responsivity will be measured relatively to the noise floor at low
frequencies. The noise sources of a semiconductor device can be divided into

three main categories for 1 Hz bandwidth:
e thermal noise v, = \/4kgTR,

e shot noise i,, = v/21q,

e flicker or 1/f noise.

With:

is Boltzman constante,

is the temperature in Kelvin.

is the resitance of the device,

is the DC current of the device,

is the elementary charge,

S o~ NS

The thermal noise will always impact the measurement of any electronic sys-
tem. However, it is directly proportional to the equivalent resistance of the device.
Therefore, optimization of the detector is necessary to match the device for low
noise performance and keeping the responsivity as high as possible.

The shot noise corresponds to the fluctuation of the charge carries through
the semiconductor device. This noise can greatly effect the performance of the
terahertz detectors. Therefore, low current density devices are preferred to reduce
its effect. In the HBT detectors case, low-frequency noise matching can be applied
to mitigate the contribution of the base-emitter shot noise. Concerning CMOS
detectors, non-biased channel operation is preferred. This mode is also named
"cold” operation and benefit greatly to the transistor by eliminating the shot

noise.
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Unlike thermal and shot noise, flicker noise can be difficult to mitigate from a
design perspective. However, modulation techniques have been used to measure
the different devices and overcome the 1/ f noise.

In the next sections, detailed analyses of the different implementations are

presented.

3.2 HBT based terahertz detector

The recent advancement in SiGe HBT technologies has enabled new design pos-
sibilities starting from 60 GHz circuits [1]. The technology evolution has been
constant during the last years. European projects such as ”dotfive” and ”dot-
seven” have contributed to join efforts and develop fast technologies by improving
the process and demonstrating circuits at very high frequencies [2].

In this section, an analysis and implementation of an HBT based terahertz
power detector in a 250 nm BiCMOS SiGe is presented. Design considerations,
implementation and measurement analysis are presented in the following subsec-

tions.

3.2.1 Design considerations of an HBT based terahertz

detector

As it has been presented in the previous chapter, terahertz detectors are com-
monly built with non linear devices such as diodes. The non-linearity of the
device provides a square-law rectification of the signal resulting in a DC output
current or voltage proportional to the RF power.

A diode can be build out of a bipolar transistor by connecting the collector
and the base. The differential structure has the advantage to create an AC ground
at the output and interface readout circuit as it is shown in figure 3.2 (a). The
RF signal is injected at the base-collector shared terminal. For a vertical device,
where the collector is very large in comparison with the emitter, diode connected
detector might have reduced performance. In fact, the capacitive coupling to the
substrate through the collector region reduces the RF power being injected into

the device, while being dissipated in the substrate. A first solution to reduce the

38



3. TERAHERTZ DETECTORS CIRCUIT DESIGN AND
CHARACTERIZATION

substrate coupling is to use a common-emitter circuit topology. In this case an

RF block would be required as shown in figure 3.2 (b).

RF Path DC Path

()
NG
RF Filter

RF Filter
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/
RF Filter
RF Block

[

|

|

©

</

Figure 3.2: Possbile differential HBT based terahertz detectors. Diode connected
(a), commun-emitter (b) and commun-base (c) are presented.

To better isolate the RF to substrate coupling, a differential common-base
circuit can be used where the base and the collector are AC ground as shown in
figure 3.2 (c). This differential configuration gives three advantages. The first
advantage is an output AC ground where no extra RF block is required. This
makes the design easier to interface to conventional readout circuitry and avoid
any potential losses from RF blocks. The second advantage is an extra degree
of freedom of the bias operating point, in comparison with the diode connected
device. This extra freedom can be used for detector optimization. The third
advantage is the isolation to the relatively large substrate.

To support the choice of the differential common-base detector of figure 3.2 (c),
a simulation has been done in the IHP 250 nm BiCMOS SiGe technology to

investigate its performance as shown in figure 3.3. Ideal RF filters and blocks
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have been used for the presented simulation. Furthermore, the input port always

provides a conjugated impedance match to the detector at all frequencies.
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Figure 3.3: Simulated maximum responsivity of the differential detector topolo-
gies shown in in figure 3.2(a,b,c). A conjugate matched port and ideal RF fil-
ters/blocks have been used for this simulation. Same bias conditions are applied
for comparison.

The differential diode connected transistor of figure 3.2 (a), with the signal fed
at the base-collector shared terminal, has shown the lowest responsivity. Below
fr/ fmaz, where the transistor can provide gain, the differential common-emitter
topology of figure 3.2 (b) has the higher responsivity. Above fr/fna: Where the
transistor attenuates the injected signal, this benefit is lost and the differential
common-base circuit configuration of figure 3.2(c) has shown better performances
and has been implemented with respect to the highest expected responsivity.

This can be further clarified by looking into the charge carriers. They are
driven back-and-forth through the small base-emitter junction as indicated in the
cross-sectional view in figure 3.4. The DC down-converted charges are collected

and extracted through the large collector region. As a consequence, the RF does
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not leak into the relative large collector and substrate region.

Charge Carriers DC Charges
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Figure 3.4: Simplified cross-sectional view of the differential common base HBT
terahertz detector [3].

The detector benefit clearly from the transistor high cut-off frequencies (f7/ fiaz)
as it as been demonstrated by Volterra series in the chapter 2. This has been
possible by continued device scaling and parasitic capacitance and resistance re-

duction, which is beneficial for the signal injection into the transistor [2].

3.2.2 HBT detector circuit implementation

The implementation choice of the detector has been the common-base topology
with respect to the highest expected responsivity. The common-base detector
circuit design makes use of the base-emitter diode of the SiGe HBT as a non-
linear element to directly down-convert a terahertz power to DC. A differential
ring antenna capturing the terahertz power is connected to the emitters of the
differential pair as shown in 3.5.

The antenna has been designed to radiate through the silicon substrate and
a silicon lens. In view of known device model uncertainty which have not been
verified at terahertz frequencies, the antenna design approach was to provide a

broadband 100-Ohm port impedance to the detector. The simulated detector real
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Antenna Detector

Figure 3.5: Differential common-base HBT terahertz detector pixel schematic [3].

and imaginary impedance are shown in figure 3.6 and compared to the antenna
impedance. This approach makes the design more robust against device model
variations. Due to this approach, the matching conditions discussed earlier are
not satisfied which results in a return-loss and reduced output response.

The HBT terahertz detector has been implemented in a 3x5-pixel array. Fig-
ure 3.7 shows the circuit schematic of the array. All pixels share the same base
DC bias. A DC ground is provided to the emitter through the antenna. Each

pixel is connected to an output to be read separately.
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Figure 3.6: Simulated real and imaginary parts of the input impedance of the
implemented differential common-base detector in comparison with the antenna
impedance.
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Figure 3.7: Schematic of the differential HBT based detector array. A current
readout of the detector response has been performed for each pixel separately [3].
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The chip has been manufactured in an experimental 250 nm BiCMOS SiGe
technology from THP Microelectronics. A micrograph of the manufactured chip
is shown in figure 3.8. The die thickness is 150 pm. It has been glued to the back

of a 3-mm diameter silicon lens and mounted on a low cost printed circuit board.
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Figure 3.8: Micrograph of the manufactured HBT detector array chip. The
detectors have been arranged in a matrix of 3x5 pixels.

In the next subsection, the characterization of the detector is presented. As
mentioned above, the design choice of the antenna impacts the detector respon-
sivity since the matching conditions were not satisfied. Therefore, the optical
performance of the HBT detector can be further improved with an optimized

antenna design.
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3.2.3 Measurement results and analysis of the HBT tera-

hertz detector

The implemented HBT based terahertz array has been characterized in free space.
An accurate measurement of the optical responsivity requires an accurate mea-
surement of the available optical input power P;, available to the detector pixel.
A terahertz source with a measured total output power Prx and a specified an-
tenna gain Grx was used to illuminate the detector placed at a distance r as
shown in the measurement setup of figure 3.9. Current readout with a low-noise
1000-V/A transimpedance amplifier has been used. Its gain has been deembed-
ded from all data. The output signal and the spot-noise have been read at the

chopping frequency with a spectrum analyzer.

Isolated
. i gnd
Multiplied Source 3 mm Diam.
24.3 dBi Horn Antenna Silicon PCB
at 700 GHz Lens :|
x54 Mult. —~ 0.3m C )
. Chip
Chain N\ Pathlossof -78.9 dB ] |
4.8 pw —Qut
12.93 GHz 1000 VA —— [ —
CW Frq. Spectrum I/Vl
Synthesizer Analyzer | +
(;,ffp';'i":g Stabilized
Bias Voltage

Figure 3.9: Free-space characterization setup for R; and N EP measurements of
the detector. The current readout has been performed with a transimpedance
amplifier [3].

In this measurement section, the available power to the detector is first verified
by the measurement of the terahertz source total power and the verification of
the detector directivity. Then, current responsivity and spot-noise measurement

are shown in details.
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3.2.3.1 Power calculation and antenna pattern

As presented in figure 3.9, the terahertz multiplied source is equipped with a
specified 24.3-dBi horn antenna at 0.7 THz. It has been characterized with an
absolute power-meter between 0.6-1 THz. Figure 3.10 shows the variation of the
directivity Grx in this frequency range as well as the measured peak power Pryx
in dBm and in pW.
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Figure 3.10: Characteristics of the terahertz multiplied source used in firgure 3.9.
The directivity is calculated from the manufacturer specification. The total power
is measured with an absolute power-meter.

The available input power to the detector according to Friis transmission

equation is then given by:

_ PrxGirx
42

where A.rp = DpxA?/(47) is the effective antenna area and Dry the receiver

P, Aesy, (3.2)

antenna directivity. The Dgx of the on-chip antenna can be measured by placing
the packaged sample in an anechoic chamber and measure its pattern. A similar
setup shown in figure 3.9 has been used for this measurement. The relative
variation of the output detector current has been measured while the center-pixel
detector is rotated over its antenna E-plane and H-plane. These variations have

been measured for a source frequency of 0.65 THz. They have been normalized
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and plotted in figure 3.11 and figure 3.12 with simulation results.
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Figure 3.11: Measured and simulated normalized radiation pattern in E-plane
cut at 0.6 THz [3].

The measured main lobe has shown a good correlation to the electromagnetic
simulations provided by Dr. Janusz Grzyb. This measurement has been repeated
over the 0.65-1 THz frequency band. To extract the directivity of the integrated
antenna from the radiation pattern, an approximation formula has been used. For
a narrow beam patterns, the directivity can be calculated from the Pereira and
the Kraus approximations [4]. It is estimated from the half-power-beam-widths

0, and 65 of the E-plane and H-plane such as

4m
Dgraus = 7 3.3
K 50 (3.3)
32in2
Dpereira = 2575+ 3.4
v 0 + 62 (34)

These two formulas are only approximations to estimate the directivity from
the measured patterns. The ideal directivity can be calculated from the collecting

aperture of the lens such as

4 Aperture
A2 '

The result of the measured directivity is compared to the ideal directivity

Drgear = (3.5)
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Figure 3.12: Measured and simulated normalized radiation pattern in H-plane
cut at 0.6 THz [3].

calculated from the collecting aperture of the 3-mm silicon lens and are shown in
figure 3.13.

The calculated directivity from the collecting aperture of the 3-mm silicon
lens corresponds to the physical upper limit. As it is presented in the results
figure 3.13, estimated directivity from the measured data correlate the increasing
behavior of the ideal value with the frequency. However, at the lower frequency
range, the estimations are slightly higher than the physical limit. This can be
explained by the inaccuracy of the formulas. Therefore, in the following sections,
calculated directivity from the physical aperture will be used as a conservative

estimate for characterizing the different detectors.

3.2.3.2 Optical Responsivity and NEP Measurements

As previously described in this chapter, the detector needs to be biased at an op-
timum point where simultaneously high responsivity and minimum output noise
is achieved, in other words, where the NEP reaches its minimum. This opti-
mum bias point depends on the RF operation frequency. Below the technology
f1/ fmaz, the optimum detector bias may be seen as a class-B amplifier, where the
detector circuit still provides some gain while being almost switched off for low

noise contribution [5]. Above fr/ fiaz, the class-B configuration does not provide
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Figure 3.13: Ideal directivity calculated from the collecting aperture of the 3-mm
silicon lens in comparison with the measured directivity approximated by Krau
and Pereira formulas.

any gain, therefore, the non-linear operation point will at a higher bias point.

For this analysis, the optimum non-linear bias point of the base-emitter diode
is first shown in figure 3.14 from the DC bias conditions. Then, the effect on the
output noise by the bias is presented in figure 3.15 and indicates the shift of the
1/f noise corner and the noise floor at higher bias current densities.

The output DC current of a single pixel is shown in figure 3.14. As can be
seen in the figure, the nonlinear behavior of the detector appears to be at its
maximum between a 0.8-0.85 V base-emitter bias.

The output noise spectrum of two different bias points is shown in figure 3.15.
The detector has been biased with a low impedance voltage generator at the
shared base terminal. Therefore, most of the shot-noise base current is shorted
through the external voltage generator. Through the base resistance some of this
current noise converts to a voltage noise which still creates a much reduced noise
floor at the collector shared terminal as opposed to a high impedance current
bias, used to characterize the device corner frequency in [6, 7, 8, 9].

In the following measurements, the modulation frequency Foy has been fixed
to 125 kHz to characterize the detector performance for a sweep of bias points.

The R; and the NEP versus the source chopping frequency are shown in
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Figure 3.14: Measured DC output current of the pixel under test for different
base-emitter bias voltages [3].

figure 3.16. This measurement has been done at a bias point of Vg = 0.83 V
and Vop = 1 V. With a transimpedance amplifier of 1 MHz bandwidth, the
R; is constant for the different chopping frequencies. The NEP decreases to
50 pW/ V' Hz from 100 kHz chopping frequency.

Figure 3.17 and figure 3.18 shows the measured variation of Ry and NEP for
a sweep of base-emitter voltage (Vzg) and collector-emitter voltage (Vog).

To better represent the variation of R; and N EP, the optimized bias points
are shown in figure 3.19 and figure 3.20. A maximum R; of 1 A/W is found for
Vpe=0.83 V and the minimum NEP of 47 pW/v/Hz is found at Vg = 0.81 V.
For Vo > 0.1 V, the Ry is higher that 0.9 A/W for an NEP between 48-
55 pW/v/Hz. A harmonic-balanced simulation of the VBIC transistor model
has been added for comparison to the measurement results. Unfortunately, low-
frequency 1/f noise effect were not modeled for the used device.

The RF frequency characteristic of the detector has been verified between
0.65-1 THz. The source delivers a measured power of 1.7-11.2 ptW. The NEP
variation from 0.65-1 THz is shown in figure 3.21.

Ideally the square law detector circuit should respond with a 20 dB roll-off
versus frequency, however, the antenna is a tuned element of the detector circuit
and has a lower frequency cut-off as shown in the simulated NEP in figure 3.21.

Reflections between the antenna and the detector have been estimate with a
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Figure 3.15: Measured output current noise spectrum of the HBT based pixel at
different bias point [3].

conjugate matched detector. Simulation values rely on the device model accuracy

at terahertz frequencies.

3.2.4 Section conclusion on HBT SiGe based detectors

In this section a terahertz detector based on HBT devices has been implemented
in a 250 nm BiCMOS SiGe process technology. The choice of the common-base
detector has bee motivated by the simulation results. The detector have been
optimized to operate beyond the technology fr/fma: Where the nonlinearity of
the HBTs base-emitter junction is used as the main detection element.

My contributions were on the characterization of the detector and the bias
optimization for a high frequency operation. The minimum measured N EP was
of about 50 pW/vHz at 0.7 THz with a bandwidth of about 200 GHz. The
measurement results are summarized and compared to other detectors in table 3.1
at the end of this chapter.

The analyses of the HBT measured detector has led to consider the low fre-
quency noise matching at the base-emitter junction to reduce shot noise and
optimize the NEP.
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Figure 3.16: Variation of measured NEP and R; of the HBT detector versus
chopping frequency Fepy at a bias point of Vpp=0.83 V and Vop=1V [3].
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Figure 3.17: Measured R; of the HBT detector at 0.7 THz and 125 kHz chopping
frequency for a sweep of bias points [3].

o2



3. TERAHERTZ DETECTORS CIRCUIT DESIGN AND
CHARACTERIZATION

Noise Equivalent Power

§ 10
S 10°
Z.10
Q,
&)
2,
10°
0.7 0
Ver [V] 1 0.9 VO'S[V]
BE

Figure 3.18: Measured NEP of the HBT detector at 0.7 THz and 125 kHz
chopping frequency for a sweep of bias points [3].
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Figure 3.19: Measured Ry and N E P of the HBT detector at 0.7 THz and 125 kHz
chopping frequency for base-emitter sweep and an optimized collector-emitter bias
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Figure 3.20: Measured R; and N E P of the HBT detector at 0.7 THz and 125 kHz
chopping frequency for collector-emitter voltage sweep and an optimized base-
emitter bias [3].
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Figure 3.21: Measured optical NEP of the HBT detector at 125 kHz chopping
frequency for a sweep of the terahertz source frequency from 0.65-1 THz. The sim-
ulated NEP with the antenna impedance and efficiency and an ideally matched
detector are also shown [3].
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3.3 CMOS based terahertz detector

The last decades CMOS technologies have been driven by various applications
such as mobile phones, computers and almost all consumer electronic products.
This demand is exponential and contributes to the evolution of the CMOS process
to create faster, smaller and power efficient devices.

The terahertz field could greatly benefit from the CMOS process. The high
integration level and the large volume possibilities are missing ingredients to the
existing terahertz technologies.

As it has been presented in the introduction chapter, it is possible to build
terahertz direct detectors in standard CMOS process. The non-quasi-static study
of chapter 2 has shown that going to a smaller technology node would potentially
improve the responsivity of such detector. In this section, an implementation of a
CMOS based terahertz detector in a 65 nm CMOS bulk technology is presented.

3.3.1 Design considerations of CMOS based terahertz de-

tector

The choice has been made to use CMOS detectors as ”cold” non-biased devices
to reduce 1/f and shot noise contributions. The design approach of an NMOS
detector starts from the gate driven differential topology of figure 3.22 (a). To
improve the mixing efficiency of such a detector and define the high frequency
condition, a RF short can be introduces by an external capacitance as shown in
figure 3.22 (b). In this section, it is proposed to connect the RF source directly
to the drain of the detector pair as shown in figure 3.22 (c).

In contrast to the gate-driven approach, the proposed circuit detector of fig-
ure 3.2 (c) has the advantage eliminate the need of an RF block at the output.

To further demonstrate the validity of this design a simulation results of the
different topologies is shown in figure 3.23. At low frequencies, where the transis-
tor could potential have gain, the gate driven topology has the best responsivity
performances. In contrary, at high frequencies, the device is attenuating the sig-
nal. Therefore, the gate driven circuit is not efficient. To simulate the circuit

with the capacitance between the drain and the gate, a realistic value of 20 fF
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Figure 3.22: Possible differential terahertz detectors based on NMOS device.
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composed of metal capacitance has been used. The drain driven approach has

shown the best performance in terms of responsivity at high frequencies.

3.3.2 CMOS terahertz detector implementation

Minimum length devices have been implemented with gate dimensions of 1 pum
and width of 65 nm. At the design time, the width of the devices was selected as
a trade-off between high responsivity (small width) and low thermal noise voltage
(large width) .

An on-chip folded dipole antenna has been implemented using the top metal
layer. The antenna provides a relatively large bandwidth the high input a impedance
for best responsivity results. The physical length of the dipole is 56 pum, which

corresponds to a resonant frequency of 1 THz.
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Figure 3.23: Simulated maximum responsivity of the differential detector topolo-
gies shown in in figure 3.22 (a,b,c). A conjugate matched port and ideal RF
filters /blocks have been used for this simulation.
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Figure 3.24: Implemented NMOS detector with dipole antenna and chip micro-
graph.
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3.3.3 Measurement results and analysis of CMOS based
terahertz detector
Different packaging condition have been explored and are illustrated in figure 3.25.

The idea behind this measurement is to verify the need of the silicon lens for the

designed pixel.

a) Front-side illumination b) Back-side illumination
Radiators Chip
- = <— Wirebond Bumps
\ I
Metal gnd Glass carrier
\ [
Metal gnd
c) Back-side illumination

with silicon lens

Silens

—

Glass carrier

Metal gnd

Figure 3.25: The detector chip mounted for a) front-side radiation, b) back-side
through-substrate radiation, and c) coupled to an integrated lens.

The sample has been measured in back-side-illumination at 1 THz and the
result is shown in figure 3.26.

The result indicate a minimum NEP of about 66 pW/v/Hz. This value is
dependent of substrate mode and therefore, a verification of the antenna pattern

would be need.
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Figure 3.26: Responsivity and N EP in back-side illumination of figure 3.25 (b).

0

-10f

3.3.4 Section conclusion on CMOS based detectors

In this section, an experimental packaging conditions of the CMOS based detector
with folded antenna have been shown. The front and back-side illumination have
confirmed the need of a silicon lens for the designed antenna. This was one of
the first implemented circuit during this thesis and therefore not optimized. My
contributions were on the design, implementation, packaging and characterization

in a team work with Hani Sherry. A comparison to other detectors is presented

in table 3.1.

29



3. TERAHERTZ DETECTORS CIRCUIT DESIGN AND
CHARACTERIZATION

3.4 Schottky diode based detector

Commonly Schottky diodes are used for direct detection because of their high
cutoff frequencies in comparison to standard devices [10]. The advancement in
silicon technologies has enabled many semiconductor manufacturers to offer a
Schottky diode in their process options with additional costs.

During this research work, an experimental Schottky diode has been offered
in THP 250 nm BiCMOS technology and has been investigated to demonstrate
the functionality of the diode. It is an experimental process and design choices

have been taken to evaluate the offered device.

3.4.1 Design approach of a Schottky diode detector

The differential based diode detector has been introduced in the previous chap-
ter 2. It has the advantage to create an AC ground at the output of the detector
which makes it easy to interface with conventional readout circuitry. Two pos-
sible diode connected detectors are presented in figure 3.27 (a) (b) and are the
cathode and anode fed detectors. RF filters are needed in order to isolate the RF
and the DC path as it has been explained in the previous analysis of this chapter.

RF Path DC Path

RF Filter

()
O/
RF Filter

Figure 3.27: Possible differential terahertz detectors based on Schottky diode.
Cathode(a) and anode (b) fed detectors are shown.

Best performance are achieved when the maximum power is injected into the

diode junction. In the investigated vertical Schottky diode, the cathode is formed
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by the isolation layer in contact with the substrate. On top of the cathode, the
Schottky junction is processed and the anode is built. Therefore, the cathode fed
circuit might have reduced performance in comparison with the anode fed. In
fact, the capacitive coupling to the substrate through the cathode region reduces
the RF power being injected into the Schottky junction, while being dissipated
in the substrate.

To back this design choice, simulation results are shown if figure 3.28, where
ideally matched devices have been used in order to compare the frequency current

response of both topologies at the same bias conditions.

10! =

[+ -« Anode Fed | .
— Cathode Fed|

1072

102 10°
F . [GHz]

Figure 3.28: Simulation results of the two differential terahertz detectors based
on Schottky diode of figure 3.27 with ideally matched devices.

The anode fed detector topology has show the best current responsivity. It has
confirmed that, in the cathode fed topology, a part of the RF input power is being
lost in the substrate. To further clarify this effect, a simplified cross-sectional view
of the anode fed detector of figure 3.27 (b) is illustrated in figure 3.4 where charge
carriers are indicated. The DC down-converted charges are extracted from the
cathode.
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Figure 3.29: Crossectional view of the detector.

3.4.2 Implementation of a Schottky diode direct detector

From the previous design considerations on the differential diode detector, the
anode fed Schottky based detector has shown better performance than the cath-
ode fed topology because of the reduced substrate coupling. It has been selected
with respect to the highest expected responsivity and implemented. The design
consists of a ring antenna coupled to the anodes of the diodes and is shown in
figure 3.30.

D1
Va ‘ Ve
© l -
/. Lo
D2
Antenna
Detector

Figure 3.30: Pixel schematic of the differential anode fed Schottky terahertz
detector.
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With the available model in the design-kit, the simulated input impedance of
the differential Schottky detector has shown a real part between 400-50 €2 and a
capacitive imaginary part of 1000-300 €2 from 0.3-1.2 THz as shown in figure 3.31.
Since it was an evaluation device, the choice has been made to use a ring antenna
with a broad-band 100-) port impedance. This design choice would impact the
responsivity of the detector since the matching condition were not satisfied. The

detector and the antenna impedances are presented in figure 3.31.

2500 1 1 1 S S S 600
-- Ant. Sim. — Det. Sim.|: |
2000 1 ‘ ‘ ... 400
200
1
=) =)
< 1000 -200
£ 100
— =S
500
-600
o —800
~500 —-1000

10
F,» [GHz]

Figure 3.31: Simulated real and imaginary parts of the input impedance of im-
plemented Schottky detector.
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The pixel has been integrated in a 3x5 test-site array and fabricated in 250 nm
BiCMOS technology. The chip micrograph is shown in figure 3.32 and has occu-
pied 1times0.8 mm? silicon area. The pixel size is 150times150 pm?. Each pixel

has been connected to a separate output.

1mm

0.8 mm

|
y i | . & :
| 1 | 1
. | | -
’ | 1 i
= =1 — | = |

Figure 3.32: Micrograph of the manufactured chip. The detectors have been
arranged in a matrix of 3x5 pixels

The chip has been glued to the back of a 3 mm diameter silicon lens.

3.4.3 Experimental results and analysis on Schottky diode

terahertz detector

The diode based detector have been characterized in a free space configuration
using the setup of section 3.2. For this measurement, the objective was to validate
the functionality of the Schottky diode for future implementations. Therefore, it
has been only characterized at 0.65 GHz. The results are shown in figure 3.33.
The peak R; is about 0.07 A/W and the minimum N EP is around 2 nW/v/Hz.
In comparaison to the simulated results, the responsivity has shown good correla-
tion. However, there is a large difference between the simulated and the measured
NEPs. This can be explained by the noise behavior of the Schottky diode and
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Figure 3.33: Measureed R;

the modeling. The model did not include 1/f noise at that time and therefore
showed only the contribution of the shot noise.

In the literature, experimental results have shown that Schottky diode 1/f
noise corner is around few MHz, and systematically high modulation frequencies
have been used to characterize the implemented detectors [10].

In this case, better performance can be expected from the implemented de-
tector at higher modulation frequencies. For instance around 1 MHz modulation
frequency, the N E P can achieve one order of magnitude better than the presented
values of figure 3.33 leading to N EP values below 200 pW/ VHz.

3.5 Section on SBD detector

My contribution to this section was the verification of the functionality of the
implemented SBD terahertz detector. The measured current responsivity at
0.65 THz has been of about 0.07 A/W. The NEP has been measured at 1 kHz

modulation frequency , and therefore, the NEP can be further improved to at
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higher chopping frequency and could potentially be below 200 pW /v Hz

3.6 Chapter summary and conclusion

In this chapter, HBT, NMOS and SBD based detectors have been explored to
demonstrate terahertz detectors beyond the technology frequency limits fr/ fiaz-
The performance of different detectors are summarized in table 3.1 and compared
to other implementations. This chapter has also highlighted the possibilities to
make use of the silicon technology for future implementation in large number and
scale.

My contributions on the HBT and SBD detectors have been the device sim-
ulations and the characterization results. Experimental results have shown that
HBT bias conditions are very important to overcome certain noise contributions
such as shot noise. On the CMOS process, I have contributed to design of the
source fed device with Hani Sherry and the characterization.

The presented implementations can further be improved by an optimized an-

tenna design.
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Chapter 4

Terahertz Camera Design and

Implementation

Terahertz direct detectors based on silicon technologies are feasible and their
performance are approaching the non-silicon based devices as it has been demon-
strated in the previous chapter. However, what arouses great interest in stan-
dard silicon implementations are the large scale integration possibilities. Until
now, non-silicon based terahertz detectors are more sensitive than the previously
presented silicon solutions. However their production is limited in number and
external discrete readout components are necessary. Unlike that, standard silicon
is a commercially available and reliable technology with high integration possi-
bilities in large scale. In other words, it is possible to integrate on the same chip
the previously presented detector in a large number and make use of the tech-
nology possibilities to design a compatible on chip analog and digital circuits,
with repeatability guaranty by the process for a large production volume. This is
precisely what other terahertz technologies suffer from and limit their commer-
cial development targeting hand-held devices for applications such as terahertz
imaging.

This chapter is about bringing forward single detector to a highly integrated
camera chip, with multi-pixel readout feature, control circuitry and implementing
it in a hand-held camera device. The design challenges of such a system are

numerous and described in sections 4.1. The Wold’s first terahertz 1 k-pixel
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camera implemented in a 65 nm CMOS bulk technology is presented in section 4.2.
The circuit architecture and details on the readout electronics are given as well as
the full characterization of the camera. A novel measurement method of terahertz
cameras performance is also introduced. In section 4.4 an improved readout
circuit with switched-capacitor in-pixel-amplifier is presented. Three different
cameras have been implemented in a 0.13-pm BiCMOS SiGe technology. The
presented readout circuit has the advantage to be usable for any type of terahertz

direct detector offered in this technology.

4.1 Design challenges of a large terahertz cam-

era in silicon technologies

The design challenges of a terahertz camera system are multiple and start with the
pixel response to the terahertz waves. At terahertz frequencies, the responsivity
to an input power is very limited. In fact, the efficiency of such detractor requires
additional components to amplify the converted signal and distributed over the
readout network.

To achieve this, in pixel amplifiers are required with low noise contributions.
Further more, in a camera system, the readout path of the signal is also sensitive
to noise contribution from the switching elements such as the analog multiplexers.

In order to overcome these issues, the design of a terahertz camera requires

low-noise, high-gain to buffer and multiplex the collected signals over the chip.

4.2 First 1 k-pixel CMOS terahertz camera

The first 1 k-pixel CMOS terahertz camera chip has been design and implemented
in a teamwork effort. The following subsections describe the camera circuit design

in a 65-nm CMOS process technology from STMicroelectronics in detail.
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4.2.1 Circuit architecture

The readout circuit scheme of the NMOS terahertz detector makes use of the
detector circuit to reset itself at a reference voltage. It has the advantage to

reduce the number of elements connected to the detection node.
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Figure 4.1: Block diagram of the camera chip. Externally required components
are indicated as appropriate [1].

The imager architecture follows a global shutter readout scheme as indicated
in the array block diagram in figure 4.1. Each active pixel consists of a detector,
a reset circuit, an integration capacitor and a blind pixel for offset compensation,
both followed by a differential amplifier.

Each row of the array is biased up at a time and columns are selected by
a row/column decoder, which is controlled by an external programmable logic

device (CPLD) located inside of the camera module. The multiplexed signals
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of the array can either be read differentially before an on-chip buffer amplifier
or single-endedly. The camera chip is packaged in a compact module with an
external analog-to-digital converter (ADC) powered via a universal serial bus
(USB). The digital video stream may be displayed on a computer by a dedicated

video capture software.

4.2.2 Detector front-end and reset circuit

The detector consists of an on-chip ring-antenna as shown in figure 4.2, feeding
a differential NMOS detector pair with a minimum gate length of 60 nm. The
detector transistor may be seen as a current source in parallel with the channel
conductance of M1 and a Cj,; integration capacitor. The integration/reset time
constant, therefore, can be controlled by the voltage level of the reset signal
applied to the gate of M1. The camera was designed for 25 fps. Although, this
leaves sufficient time for integration (40 ms per frame), the required integration
capacitor would be too large to be integrated on chip. The available pixel area
only fit an integration capacitor Cj,; = 8 pF with an integration time constant

of about 0.1 us.

Ring Anntenna THz Mixer Circuit Global Reset
(common circuit)

[

1 vdd
Vout Vgate © Reset
© ij Vbias —©
T M1
c'nt

Figure 4.2: Single pixel terahertz mixer schematic with its ring antenna and reset
circuitry [1].
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4.2.3 Readout circuit

In terms of the readout circuit design, the key challenge is to achieve low power
consumption levels without scarifying the responsivity and noise equivalent power.

An active pixel circuit provides noise immunity and in-pixel amplification.
In order to lower the average power consumption per pixel, only the in-pixel

amplifiers of a single row are activated at a time.

Vdd
Row Selec.
V:qate V;mt
M3 M4 —O
M1 T T M2
C int Cint
V;m/, V;m‘
Col+ Col-

Figure 4.3: Pixel circuit with detector, blind detector circuit and differential
cascode stage [1].

Figure 4.3 shows the circuit schematic of the active part of a pixel circuit.
The row select signal is being shared among a row of pixels, whereas the Col+
signal is shared among a pixel column. The detector transistor M1 is followed by a
readout transistor pair M3/M4 acting as a differential pair with an attached offset
compensation circuitry (blind reference pixel). The blind reference pixel circuit
is not connected to an antenna, and therefore, is used to produce a reference
potential for offset compensation of the differential pair stage operated in open-
loop. The gate bias of the transistor pair M3/M4 is provided by Vg, This
voltage is applied either through the active pixel or through the blind reference
pixel. In the case of M3, this bias voltage is further applied through the common
node of the antenna.

An operational amplifier with DC-offset compensation is designed to drive

capacitive load at the output such as ADC or an additional buffer.
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4.2.4 Array implementation and circuit layout

Figure 4.4 shows the block diagram of the digital selection unit. The row and
column selection is realized by using 5-bit addresses for row and column selection.
Two auxiliary enable signals switch decoders off during the charging period of the
integration capacitors. A single row is biased up at-a-time and the differential
pairs in each column share a common active load (M6-MT7) providing a simulated
open-loop gain of 50 dB per pixel. A digitally controlled multiplexer selects a
single pixel to be further buffered by a unity-gain amplifier. This readout scheme
enables parallel operation of 1024 pixels, while the readout circuitry activates

only a single row (32 elements).

textfh2.9 mm

80pm

2.9 mm

Hz Mixer

Ring Antenna

Integration Cap.

under Ground Plane

LN U AU

Column Shared
Active Loads

Current Sources Decoders OpAmp.

Figure 4.4:  32x32 FPA chip complete die micrograph (2.9%2.9 mm?) and a
single detector topography (80x80 pm?).

The array micrograph is presented in figure 4.4. The die size is 2.9x2.9 mm?.

4.2.5 Camera module design

The terahertz camera, shown in figure 4.5, is packaged in a 5x5x3 cm?® metal

box to demonstrate low-power and low-cost packaging solutions for hand-held
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applications. It is connected to the data acquisition board via a single 8 wires
RJ45 cable. It consists of a silicon lens attached to the chip back-side, a readout
controller (ROC) implemented in a complex programmable logic control device
(CPLD) driven by a clock generator (CLK), a low noise variable gain amplifier
(VGA) and a regulated power supply as presented in figure. 4.6. All components
are mounted on four assembled printed circuit boards (PCB) as shown in fig-
ure 4.5. The total power consumption of the camera module is 280 mW and the
VGA gain was set to 5 dB with a 500 kHz video bandwidth for all measurements

reported in the next section.

Figure 4.5: Picture of the terahertz camera module with and without its housing.
A 1 Euro coin is placed in between for size comparison [1].

The analog output of the compact terahertz camera was sampled with up to
2 MSPS by an external 16-bit ADC and was sent to a computer via a USB to
be displayed on a screen. The developed software displays a three dimensional
graphic in real time of the streamed data as shown in the demonstration setup
figure 4.7. It enables basic image processing of the video stream starting with a

dark calibration frame for fixed pattern noise reduction.
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| cPLo ROC [+ cLK | Camera
3| @ = Housing

2 2 mutter |

{ Column
R

USB
ADC Link

Connector

Figure 4.6: Camera module block diagram indicating the cameras readout con-
troller (ROC) and the analog buffer circuitry. The VGA was set to a 5-dB gain
followed by a low-pass filter with a 500-kHz video bandwidth. Note that all
results described in the next section are based on this camera hardware [1].

Figure 4.7: Camera module operating in active illumination setup. The analog
output of the camera is sampled by the external ADC and sent to the computer
where the 1024 pixel video stream is displayed [1].
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4.2.6 Characterization results of the first 1 k-pixel tera-
hertz CMOS camera

The 1 k-pixel terahertz CMOS camera can be operated in video mode or single
pixel output. In video mode, switching noise and other operation artifact should
be characterized. Therefore, a direct method of camera characterization is pro-
posed in the first part of this subsection. However, for comparison with other

terahertz devices, a single pixel performance is shown in the second part.

4.2.6.1 Characterization in video-mode

A direct method of camera characterization at video-rates is shown in figure 4.8.
A continuous-wave (CW) source without modulation illuminates the camera. A
Polytetrafluorethylen (PTFE) lens, with a focal length (f) of 10 c¢m, is placed in
the center distance between the source and the camera (S=15 cm). The terahertz
beam is focused onto the silicon lens in order to ensure that all the available source
power is projected onto the silicon lens aperture. At 0.86 THz, a 6 uW of power
was measured with an absolute-power after the PTFE lens and in front of the

camera module.

S S
26dBi Horn Antenna /=) I Camera Module

at 850GHz PIEE S A Tt~ :
x54 e T T Dit e T U~
Multip. O P i I - r—— =
Chain _|< Tt~ el DI L--""X

* Te Dot ’, --" 7

cw 11.2 pW Output ’ !

Frequency g(,wer P 1 6 pW

Synthesizer - - >

Figure 4.8: Characterization set-up for video-mode. The readout controller
(ROC) is active and the terahertz source is operated in continuous wave mode

[1].

In this setup, the beam splits over some, but not all, pixels of the FPA. The

camera responsivity R, can be calculated as the sum of the array response divided
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by the total available input power as

1024

> Vi

piz=1

R,
P,

(4.1)

In this video-mode, the noise is integrated over the full 500-kHz video bandwidth.
The NEP,,q is calculated from the measured RMS image noise Vi jo1q divided

by the camera responsivity from equation. 4.1 as

NEPyy — Litotal. (4.2)

R,
The NEP,,q presents an average over more than one pixel, and therefore, in-
cludes pixel-to-pixel variations. The NEP per v Hz can be calculated from the
analog video bandwidth (BW) of the camera module as NEP=NFE P11/ BW.

However, this supposes a flat noise power spectral density.

1000

100 -

Rv [kV/W]
[Aw] 93e)[0A 9sTON

10

1 10 100 1000
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Figure 4.9: Measured Ry at 856 GHz and the measured RMS image noise Vi total
of the camera module versus frame rate. The data includes a VGA gain of 5-dB

1].

Figure 4.9 shows the measured camera R, at 0.86 THz including the measured
RMS image noise Vy 1oa; for 1-1000 fps. Note, that in this measurement R, stays
about constant up to the video bandwidth limit. Beyond 500 fps R, increases and

the Vi totar drops down which is a measurement artifact because the fame rate is
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Figure 4.10: Measured N FE P,y at 856 GHz of the camera module versus frame
rate [1].

beyond the video bandwidth. From 1-500 fps the camera’s R, is about constant
within 100-200 kV/W. Note that this data includes a 5-dB VGA gain and was
taken for a detector bias at minimum N EP. The camera NE Py, measured at
0.86 THz for 1-1000 fps is shown in figure 4.10. From 1-500 fps the camera’s
NEP, 4, is about constant within 10-20 nW and drops down beyond the video-
bandwidth which is again a measurement artifact. At 25 fps the R, is 115 kV/W
and the NEP, ;. is 12 nW.

This measured N E P, refers to the integrated noise over the camera band-
width and can not be compared to the single pixel operation where the terahertz
source would be modulated. However, a correlation between the two operation
modes exists. In other words, a design leading to the best single pixel performance

would lead to an enhanced NE P, in video mode.

4.2.6.2 Single pixel characterization in lock-in-mode

In this second part of the characterization subsection, pixels are measured by
lock-in technique. The readout controller (ROC) is switched off and the pixel
under test is permanently selected.

Unlike the total N E P, method presented in the previous subsection, this

method requires accurate specifications of the source antenna gain, the receiver
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directivity and further requires precision alignment in the far-field of the high-gain
receiver antenna.

The source antenna characteristics has been covered the the previous chapter.
The antenna directivity study has led to the conclusion that the lens area should
be used as a conservative estimate of the antenna directivity. This corresponds
to a Dgx of 40.2-44.2 dBi for a 15 mm diamiter silicon lens between 0.6-1 THz.

The measurement setup is similar to the one used in the previous chapter
and is shown in figure 4.11. A frequency synthesizer (12-19.4 GHz) was AM
modulated with a 100Hz-to-5kHz square-wave. The signal was then multiplied
by 54 to generate a pulsed 650-to-1028 GHz signal with an output power in the
range of 1.7-11.2 uW. A spectrum analyzer was used to observe the pixel output

voltage and the spot-noise at the modulation frequencies.

26dBi Horn Antenna . © . cameraModule
at 850GHz S ‘ : : :
x54 Pathloss of -91.1dB at 856GHz
Multip. -—__ s
Chain ‘r=1m
11.2uywW | . H ; ; : :
at856GHz = - 1 : : Single Pixel
‘ ‘ Selected
Permanently
Frequency Funct. Low Noise
Synthesizer | .| Generator Lock-In Amp. OpAmp.
0.1 to 5-kHz
Spectrum
AM Modulation Apnalyser

Figure 4.11: Characterization setup for pixel by means of lock-in techniques
according to Friis transmission equation The ROC is off and the terahertz source
is modulated (none-video mode) [1].
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The R, and N E P were measured at various detector bias points and chopping
frequencies across the 0.65-1 THz frequency band. Figure 4.12 and figure 4.13
show the R, and the N E'P data at 0.856 THz for V};,s from 0.8-1.8 V and chopping
frequencies from 100-5000 Hz (including a 5-dB VGA gain).

180 Ry VS Vy,, at 856 GHz
: : +— 100Hz
160 gt O~e T %— 200Hz |]
140 g Wb +—+* 500Hz [
©—> 1000Hz
g 120p N N o—o 2000Hz||
S LOOF R == 5000Hz |
2 ogobo N
S 80 :
GO e R
QOf-oooeeomessenmseonsenesecenenes R o VIR TR
DO ,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,
8 8 1.0 1.2 1.4 1.6 1.8

Figure 4.12: Measured camera R, at 0.856 THz versus gate bias and at 1 meter
distance from the source for different chopping frequencies. The data includes a
VGA gain of 5-dB.

At a 5-kHz chopping frequency, the minimum N E P is 100 pW/ VHz at a1.25-
V Viias and the maximum R, is 140 kV/W. The R, includes 5-dB gain of the
camera module and the NEP includes thermal detector noise, additional noise
from the in-pixel cascode stage, the active load and current sources, however,
they are not representative of the camera in operation.

From 0.65 THz up to 1 THz the maximum R, and the minimum NFEP are
presented in figure 4.14 and figure 4.15 for different chopping frequencies. The
-3 dB bandwidth is about 200 GHz. The pixels can operate beyond the character-
ization frequencies. The shown results are limited by the available measurement

equipment to go at higher frequencies.
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Figure 4.13: Measured NEP at 0.856 THz versus gate bias at 1 meter distance
from the source for different chopping frequencies.

4.3 Section conclusion on the CMOS terahertz

camera

In this section, the world’s first 1 k-pixel CMOS based terahertz camera module
has been presented. It demonstrates a real implementation of a hand-held tera-
hertz device. My contributions are mainly on the charcterization of the camera
module and the system implementation. I have also participated to the design of
the camera circuit more specifically on the readout amplifier, the active load and

analog switches.
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Figure 4.14: Measured maximum Ry versus frequency at
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Figure 4.15: Measured minimum N E'P versus frequency at 1 meter distance from

the source for different chopping frequencies.
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4.4 Readout circuit improvement for scalable

terahertz cameras

The previously presented terahertz camera circuit was the World’s first terahertz
CMOS implementation. It has been considered as state-of-the-art device in the
scientific community. However, it has been designed for CMOS based detectors
and can not support other detector device such as Schottky diodes.

In this section, a camera chip circuit in 0.13 pm BiCMOS SiGe technology
is presented. The readout circuit has the advantage to be compatible with the
available detector implementations in this technology. Three variations of the
terahertz camera chip have been designed. The cameras are based on CMOS and
HBT square-law direct detectors. One camera chip consists of a bipolar detector
array with a tuned antenna center frequency around 0.6 THz. The two other
designs are based on CMOS detectors with a variation on the antenna center

frequency.

4.4.1 Circuit architecture and readout

The readout circuits of the three arrays have been designed in the CMOS part
of the technology. The main target of the design was to build a compact readout
electronics that can be compatible with both types of detectors (CMOS and
HBTs) and can be adapted to other type of detectors such as Schottky diodes
for instance. The other important design challenge was to build the arrays as a
building block with the pixel count as a parameter. This would give the flexibility
to build any array pixel count, without the redesign of the digital or analogue
parts, within the limits of the readout circuit speed.

Therefore, a synchronous shift-register control logic has been implemented for
rows and colums to select a specific pixel. Figure 4.16 shows the circuit block
diagram of the implemented array. One row is selected with the vertical shift
register while one column is connecting one pixel at the time to the analogue
output buffer. The row digital circuit controls the biasing network of the in-pixel
amplifier.

The in-pixel readout circuit is show in figure 4.17. As mentioned before,
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Figure 4.16: Scalable terahertz camera block diagram.

the circuit has been designed in the perspective to interface any terahertz direct
detector delivering a DC voltage or current proportional to the detected RF
power. The circuit is based on switched-capacitance integrator. It is necessary to
have a reference or blind pixel for minimizing DC offsets. Since the core circuit of
the detector without the antenna is very small (a pair of minimum size device), it
is very convenient to integrate a reference detector per pixel. However, it would
be possible to have one reference pixel per row. This solution would reduce power
consumption if the detector has to be biased with a current for instance. The
reset of the pixel happens at the amplifier circuit and do not effect the detector
bias.

The readout and amplification of the detector happens at the pixel amplifier.
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Figure 4.17: In pixel switched capacitance amplifier for scalable terahertz camera
chip.

It consists of two capacitances, an amplifier and five analog switches. Before going
through the analysis of the amplification process, the capacitance are assumed to
be discharge and all switches open.

The capacitance (] is first charged by closing the switches s1. In switched
capacitance circuits, this step is often called sampling. After sampling the DC
voltage at the pixel, the switches s1 are open again. At that time, the charges
on the capacitance are invariant. Then switches s2 are closed. At that moment,
charges are transfered from the capacitance C} to Cy. The amplifier will deliver
the necessary charges to bring the circuit to a new stable position. Now if the
capacitance Cy happens to be smalled than C;, and the amplifier would have
enough gain to compensate the charges on Cs, the voltage gain of this circuit can

be write as

_G
-z

Now, if the previous step is repeated without switching on the reset Rst, the

Ay (4.3)

charges would accumulate on the capacitance C5 resulting in an amplification
of the pixel response. A low-pass filter is then needed in order to mitigate the
switching effects.

To clarify that, a simulated response of a 5x4 pixel array is shown in fig-
ure 4.18. This time domain simulation validate the functionality of the pixel
amplifier and the digital control circuit. Pixel (2,1) and pixel (3,2) being active

emulated to be active.
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Figure 4.18: Simulated time diagram of a 5x4 array. The analogue output is first
shown, then row and column digital control simulated results are presented.
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4.4.2 Circuit implementation

The circuit implementation has the advantage to be re-used without the redesign
of the pixel readout and is compatible pixels as small as 80x80 m2.

The antenna area is the most space consuming component of the design. The
active detector is located in the center of the pixel and feed by the differential
antenna. The reference pixel is shared by one row and located at the beginning
of the row (at the left of the corner pixel). The choice to share the reference pixel
has been motivated by the reduction of the array power consumption. The biased
detector has a power consumption of about few hundred of micro-amperes. The

flexibility of the readout circuit has enabled easy re-design of the array.

4.4.3 Chip packaging and camera module design

The chip layout of the different cameras has been chosen to implement several
chip in the same package. Since the integrated antennas of different detectors
have to radiate through the substrate and a silicon lens, up to four camera chips
can be packaged on the same lens as presented in figure 4.19. With the CMOS
implantation layout, this packaging option can achieve up to 2.5 kpixel resolution.

The control circuit of the module would control simultaneously four chips.

4.4.4 Section conclusion on improved readout circuit

In this section, an implementation of a novel terahertz camera with in-pixel am-
plifier has been presented. The design can be adapted to various detectors. Three
implementations have been realized in a 0.13-pm BiCMOS technology. The pre-
sented packaging solution can combine several chips with a 2.5-kpixel resolution.

This implementation has not been measured at the submission of this thesis.
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Figure 4.19: Combination of four camera chips in one packaging configuration.
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4.5 Chapter summary and conclusion

In this chapter, the world’s first CMOS terahertz camera module have been pre-
sented. The camera has been packages in a hand-held low-power device. Another
implementation in BICMOS technology present the advantage to be flexible and
can support a high number of pixels.

My contributions to the first CMOS camera is on design of analog switches and
the output amplifier. I have contributed to the integration and characterization
of the full camera module including visualization software.

As it will be seen in the imaging demonstration chapter, the need of a real-time

camera for active terahertz system is a great advantage.
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Chapter 5

Terahertz Source Array Control

Circuit

Terahertz sources are necessary for active terahertz systems in silicon technologies
as it has been presented in the previous chapters. Electronic terahertz source are
currently dominated by waveguide based technologies with a limited radiated
power per element. To overcome the power limitation, a combination of sources
can be imagined. However, the current technologies are expensive to produce
and their size can be a limiting factor for a large number of elements. Recently,
terahertz sources with an output power approaching the milliwatt have been
demonstrated in standard silicon technologies [1, 2, 3, 4]. They are based on
compact harmonic oscillators and make use of standard devices. They could
benefit from the large scale properties of the silicon technology to integrate a
large number of elements. In such a system, a control circuit is necessary to select
different elements in large arrays. This would lead to save power consumption
and control lightning condition for imaging system for instance.

In this chapter, the control circuit of a 4x4 terahertz source designed in a
0.13-pm BiCMOS SiGe technology is presented. The architecture of the source
array and details about the control circuit design and implementation are given in
section 5.1. Then, characterization results and analyses are presented in section
5.2.
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5.1 Control circuit of the terahertz source array

5.1.1 Source array architecture

Terahertz sources based on compact harmonic oscillators are very promising for
delivering high power radiation at terahertz frequencies for imaging application[1,
5, 6]. Their compact size in comparison with multiplier chains is their main
advantage [7]. The challenges of such systems are the total radiated terahertz
power, the frequency of operation and the DC power consumption.

Power combining techniques [3] have been used to increase the total radiated
power of such oscillator, and harmonic frequency generation to achieve terahertz
oscillation frequencies. However, the power efficiency of such oscillators are in the
order of 1.4 %o [5]. To achieve reasonable power consumption for large arrays,
a control circuit is mandatory to reduce power consumption over a large circuit

and offer programmable diversity for active terahertz imaging systems.
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Figure 5.1: Terahertz source array block diagram [8].

To address these challenges, a scalable source array have been implemented in
a 0.13 pm SiGe BiCMOS technology. The architecture includes control circuitry

and in-pixel memory to configure the terahertz lighting conditions in real-time as
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indicated in figure 5.1.

The core of a pixel consists of a differential ring-antenna driven by two triple-
push oscillators locked at 180° out-of-phase. Each oscillator is built-out of three
Colpitt oscillators which are locked at 120° out-of-phase and operating at a fun-
damental frequency of 177 GHz. These combinations of locked phases allow the
structure to radiate the third harmonic at 0.53 THz through the differential an-
tenna.

To control the array, each pixel can be powered down independently such that
arbitrary pattern configurations can be loaded. For that, one control circuit is
integrate per pixel modifying the bias condition of the Colpitt oscillators and

turning them on or off according to a received command.
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Figure 5.2: Simulation of the startup time.

The important parameter of such a structure is the start-up time of the os-
cillators. As it has been seen in chapter 2, this process is a statistical event and
can vary with the temperature and the biasing conditions. To estimate this time,
a transient simulation of the triple push oscillator is show in figure 5.2. In this

simulation, part of the passive elements have been replaced by ideal blocks.
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The starting time is in the order of the nanosecond and essentially based on
the settling of the bias condition necessary to bring the structure to oscillate. This
estimation indicates that the start-up time can be negligible with the targeted
terahertz illumination condition for producing 25 fps imaging for example and

will not be effected by the control circuitry.

5.1.2 Shift register circuit design

The array control circuit is implemented in the CMOS portion of the technology.
It consist of a common non-overlapping clock driven by an external 1.2 V clock
signal, and a 16-bit synchronous latched shift register spread across the array.
The non-overlapping clock circuit schematic is presented in figure 5.3. It is
based on crossed NAND-flip-flop circuit with time delay generated from cascaded
buffers. The input of this circuit is driven by an external clock signal, and gen-

erates two 180° out-of-phase clocks ¢; and ¢, with the same frequency.

P1

Clock
o_

b2

Figure 5.3: Non-overlapping clock circuit schematic.

In each pixel, a shift register cell circuit is implemented and consists of two
synchronous edge-triggered D-flip-flop with set and clear inputs. The first D-flip-
flop is the data carrier and serves to shift the input data to the next-pixel. The
second D-flip-flop drives the oscillator switch. Upon receipt of a rising edge of
the write signal, the state of the first shift register is copied into the 16 output
registers of each pixel and drive each oscillator power-down switch. A detailed
schematic of the pixel control circuit is presented in figure 5.4 and the transient

simulation results is shown in figure 5.5.
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Figure 5.4: Pixel control circuit schematic and layout.
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Transient Simulation of the Source Array Contol Circuit
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Figure 5.5: Transient simulation of the control circuit of the terahertz source
array.
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5.1.3 Source array circuit implementation and packaging

The chip was fabricated in a 0.13m SiGe BiCMOS technology and is shown in
figure 5.6. The total array size is 2x2.1 mm? with a pixel size of 520x520 pm.

20 pads have been implemented with ESD protection to prevent the control circuit

from damage.

2.1 mm

\j

A

2 mm

Figure 5.6: Chip micro-graph of the terahertz source array [8].

The chip have been glued to the back of a 15 mm hyper-hemispherical silicon
lens. To demonstrate low-cost packaging solutions for hand-held applications, the

overall assembly was mounted and wire-bonded onto a FR4 PCB as presented in

figure 5.7.
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Silicon Lens

Figure 5.7: Terahertz source array packaging with silicon lens on low-cost PCB.
A 1 Euro coin is placed for size comparison [§].
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5.2 Terahertz source array characterization

5.2.1 Frequency and power measurement

To verify the operation frequency of different pixels in the implanted array, a
harmonic mixer have been used in a free space measurement setup as illustrated
in figure 5.8. A 18" harmonic mixer equipped with a diagonal horn antenna
capturing terahertz frequencies has been placed in front of the packaged source
array. The mixer local oscillator (LO) input was driven by a synthesizer at
around 30 GHz. This LO stage was followed by a multiplier and a diplexer stages
delivering the intermediate frequency (IF) output with a bandwidth of 3 GHz.
The IF corresponds to the mixing product of the LO 18" harmonic and the RF
signal captured by the antenna. It has been measured with a spectrum analyzer.
For alignment reasons of the harmonic mixer horn antenna and the packaged
array, a single pixel has been permanently selected by the control circuitry to

perform this measurement.

. Source
Horn. Antenna Silicon array
26 dBi at Of THz Leni‘ module
Spectrum Harmonic *r\\ PC Control
Analyzer Mixer -— and Supplies
IF [ e
Diplexer
Synthesizer Multip.
LO 1 cm

Figure 5.8: Frequency measurement setup of the silicon based source array with
a harmonic mixer [8].

To explore the tunning range of the oscillator, the source array power supply
has been swept between 0.8-2.6 V. Like a voltage controlled oscillator (VCO),
each bias point would correspond to a different radiated frequency and power.
Therefore, the radiate power has been measured with an absolute power-meter
device as shown in figure 5.9. To use the power measurement device, the source
array has to be modulated between 10-100 Hz. This could be done optically by

a mechanical chopping wheel or electronically by the modulating the bias of the
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source array. The electronic chopping has been chosen by driving externally the

source array with a function generator.
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Figure 5.9: Power measurement setup of the silicon based source array with an
absolute power-meter [8].

The results of the frequency and power measurement of a selected pixel are
presented in figure 5.10. At a supply voltage of 2.4 V, the selected pixel has
delivered up to 85 pW of total power. The tunning frequency range has been
observed between 0.536-0.519 THz for a supply voltage sweep of 1-2.4 V. The
maximum output power has been achieved at the high bias voltage.

With the same setup used in figure 5.9, all the 16 pixels of the array have been
turn on and the total radiated power has been measured at different supply bias.
In the same time, the array power consumption has been recored. Both results
are shown figure 5.11. The maximum radiated power of the array is about 1 mW
at 0.4 %o efficiency. The average radiated power was 62.5 W per pixel. The
difference between the maximum radiated power measured for one pixel and the
average value for the array can be explained be the asymmetrical distribution of

the power over the array.
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Figure 5.10: Power measurement setup of the silicon based source array with an

absolute power-meter [8].
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Figure 5.11: Power measurement setup of the silicon based source array with an

absolute power-meter [8].
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5.2.2 Pattern and control circuit capabilities

In order to verify the control capability of the array, a pattern measurement
setup has been used. The terahertz source array has been placed in an anechoic
chamber and modulated with an external function generator. The silicon based
hetojuction bipolar transistor (HBT) terahertz detector presented in chapter 3,
has been placed at a 1-m distance from the source array. A buffer and a lock-in
amplifier have been used to record the received signal at the HBT detector as
illustrated in figure 5.12. The source array module was rotated in 6 and ¢ angles,

while the lock-in amplifier signal was synchronously recored.

15 - Source
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HBT direct lens array
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Figure 5.12: Pattern measurement setup of the silicon based source array.

The resulting patterns are shown in figure 5.13. Different pixels have been
selected through the control circuit for each pattern measurement. The 16 pix-
els have covered a 30 deg. field-of-view. To further improve the operation of
this terahertz source array, a periodic pattern can be loaded at run time to avoid
chopping externally the power supply. Such operation will require real-time mon-

itoring capabilities and will be presented in the next chapter.
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Figure 5.13: Pattern measurement results of the silicon based source array with

arbitrary selected pixels [8].
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5.3 Chapter conclusion

In this chapter a system level implementation of a silicon based terahertz source
array with control circuitry has been presented and characterized. The maximum
radiated power of the array was about 1 mW at 0.53 THz with 0.4 %o efficiency.
This is the highest frequency and power measured for silicon based terahertz
sources at the time of the submission of this thesis.

My contribution to the source array module has been the control circuit de-
sign and the characterization of the array. The control circuit is based on a shift
register elements integrated in each pixel and capable of loading arbitrary pat-
terns at run time. The choice to integrate the control circuit for each pixel has
given the potential to implement larger source arrays without the redesign if the
circuit architecture. This is a key feature for a high power source array to deliver
controllable light conditions at terahertz frequencies.

Future improvement can be implemented to the control circuit such as an in-
pixel voltage controlled source. This would enable the end-user to select different

radiated frequencies and create 3D terahertz images for example.
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Chapter 6

Terahertz Imaging

Demonstrations

Terahertz waves could potentially cover a large field of application as it has been
described in chapter 1. One of the aspects of terahertz is the possibility to
create an image of a scene where objects have different transmission or refection
properties at terahertz frequencies [1]. For that, terahertz imaging may be done
in a passive or an active mode.

The concept of terahertz passive imaging relies on the high sensitivity of the
detector to capture the natural radiation emitted or reflected by objects in the
field of view. External sources are therefore not required to create an artificial
illumination. Passive (radiometric) imaging is the preferred method for outdoor
stand-off detection for example [2]. However, such imagers typically operate in the
lower frequency range (50-110 GHz), where on chip low-noise amplifiers (LNA)
are available to provide the required sensitivity and noise performance [3].

Since low-noise amplifiers at terahertz frequencies are still unavailable in sili-
con, active imaging is currently the only way to implement terahertz systems in
standard silicon technologies. In this case, one source or an array of sources may
be used to create an artificial illumination in order to capture terahertz images
with silicon based detectors.

Active imaging may be done in reflection or transmission mode. In refection

mode, like in visible light imaging, sources and detectors are placed in front of the
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scene. The detection system is equipped with optics to collimate the collected
power being reflected by the objects. In transmission mode, the objects are
placed between the source and the detector. Collimating optics are also used but
to collect the transmitted power through the objects.

In this chapter, active transmission mode imaging demonstrations are pre-
sented. They have been done with the implemented detectors during this thesis.
Raster scanned objects in transmission mode are shown in section 6.1 with HBT
and CMOS detectors. Real-time transmission mode imaging are presented in
section 6.2 with the implemented 1-kpixel CMOS terahertz camera at a frame
rate of 25 fps. The implemented terahertz source array is also imaged with the
CMOS camera and results are shown in section 6.3. In section 6.4, an evaluation

of a beam monitoring application for laboratory high power sources is presented.

6.1 Scanned objects at terahertz frequencies

Terahertz imaging have been of a particular interest in astronomy. Mapping
Space in the terahertz domain gave a complementary information to the radio
and infrared existing data about star formation [4].

However, creating such images was difficult. In fact, at that time, existing
detectors had long time-constants increasing the acquisition time from several
hours to several days. In 1995, an image of a scanned object with a readout ac-
quisition rate of about few minutes has been realized [5]. The imaging setup was
based on an optoelectronic terahertz time-domain spectroscopy system (TDS).
A femto-second pulse source was used to excite an optically gated transmitter.
Through a delay path, the same source was exciting an optically gated receiver.
The terahertz beam delivered by the transmitter was first collimated and then
focused down to a focal point by a pair of lenses. At that point an object was
placed. An other pair of lenses were used to collect and focus the transmitted
terahertz radiation through the object on the detector. The object was mechan-
ically moved at the focal point of the imaging system. A two dimensional image
was created by recording the response of the detected signal. The first scanned
objects were an integrated circuit in a plastic packaging and a leaf with different

water concentration levels. What made this experiment possible is the short time
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constant of the used detector in comparison with bolometers.

In this thesis a similar optical setup have been used to produce terahertz
images with single output detectors. Polytetrafluoroethylene (PTFE) lenses were
used to focus the beam of a modulated source to a focal point then onto the
detector silicon lens. At the focal point, an object was mechanically scanned
using computer controlled translation stages as illustrated in figure 6.1. While
the object was moved in the vertical plane, the output signal of a single output
detector was synchronously read and stored by a data acquisition system based
on lock-in technique. These signals were processed and a terahertz image of the

scanned object was produced.
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Figure 6.1: Raster scanning terahertz imaging setup [6].

The dynamic range of the terahertz image would depend on the detector
sensitivity and noise performance that have been presented in the detector design
chapter 3. In the configuration where a single detector is used, the chopping
frequency of the pixel would define the modulation rate of the source for best
SN R operation.

Figure 6.2 shows a terahertz image of hidden objects in a cardboard box. It
represent a picture of 260x120 pixels with few millimeter resolution for a total
scanning time of about 7 minutes. This image have been created with the HBT
based detector implemented in a BICMOS SiGe process technology and presented
in chapter 3.

To achieve better optical resolutions, higher terahertz frequencies can be used.
Figure 6.3 shows a transmission-mode images at 1 THz of a plastic badge and

an paper envelope in a similar setup used in figure 6.1. For these images, the
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Scanned box 7

Figure 6.2: Terahertz image of a scanned cardboard box with hidden objects
at 0.65 THz in transmission mode (260x 120 pixels resolution) created with the
HBT based detector of chapter 3 [6].

CMOS detector implemented in a 65 nm technology and presented in chapter 3
have been used. For the experiment, a source capable of delivering around few

micro-watts of power at 1.03 THz have been used.
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Figure 6.3: Transmission-mode images at 1 THz of a plastic badge and an pa-
per envelope with hidden object such as metal blade, electronic jumpers and a
memory card. This image has been created with the CMOS based detector of
chapter 3

6.2 Real-time terahertz imaging

As it has been presented in the previous section, it is possible to acquire terahertz
images of various object with a single pixel detector by raster scanning. The main
disadvantage of this technique is the image acquisition time in the order of few
minutes.

With the implemented and analyzed 1 k-pixel terahertz camera module of
chapter 4, it is possible to record in real time up to 500 fps a multi-pixel image.
However, the previously presented setup can not be used for this purpose.

To build a real-time imaging setup, the first step was to create a parallel
Gaussian beam from a conventional 0.65 THz source equipped with a 25-dBi
horn antenna. In order to achieve that, the source was placed at the focal length
of a first PTFE lens. This would constitute the object plane of the imaging
setup. The terahertz camera is equipped with a silicon lens and would require an

external lens to project the object plane onto the camera focal plane. Therefore,
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as a second step, another PTFE lens is placed in front of the camera such that the
object plane is projected onto the hyper-hemispherical silicon lens of the camera
module. The second lens almost matches the field-of-view of 46 deg of the camera.

This setup is illustrated in figure 6.4.

1.9mW Object Plane

Output Power

at 650GHz
25dBi Horn Antenna : A
at 650GHz 20 W . ™

x48 _ -
Multip. =<2 _

Chain ~ -

Camera Module

cw Image Plane at FPA
Frequency

Synthesizer

Figure 6.4: Transmission mode terahertz imaging setup. A single terahertz source
illuminates the object plane and projects it onto the camera module [7].

This basic imaging setup was designed to demonstrate imaging in video mode
at 25 fps. Digital still frames recorded with it are shown in figure 6.5. It shows a
picture of a metal wrench with a 6 mm opening and still frames from the recored

video sequence where the wrench was moving.
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Figure 6.5: Digital still frames taken from a 25 fps video stream of a 6 mm wrench
in (a) and (b), the visual image is shown in (c) for comparison. The video was
taken at 0.65 THz in transmission mode as indicated in figure 6.4
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6.3 Silicon based terahertz source array moni-

toring in real time

To demonstrate a complete silicon terahertz imaging system with the 1 k-pixel
camera module, the implemented 4 x4 silicon based source array of chapter 5 has

placed in a basic imaging setup as illustrated in figure 6.6.

Terahertz . Source

camera Silicon array

module / Lens \ module
PCvideo |USB| Foc -‘\\ D PC Control
Stream 7 Do and Supplies

1 cm

Figure 6.6: Silicon based imaging demonstration setup with the 4x4 silicon based
source array and the 1 k-pixel camera module.

The camera recorded in real-time the incident power delivered by the source.
In this particular setup, no additional optical elements were used. The 4x4
terahertz source elements were radiating in continuous wave mode (CW) without
chopping at about 0.53 THz with a total power above 0-dBm. At 0.5 THz, the
sensitivity of the camera is in the lower range, however the source array pixels
can be clearly seen with the camera module.

The camera has recorded the arbitrary pattern loaded to the source array by
the implemented control circuit. The presented system is very simple but has
shown the potential of future applications for large terahertz array systems.

To further improve such system, the optical path can be simulated and optical
elements can be used in order to project all the radiated power into the camera.
Furthermore, additional sources can be introduced in this setup to create a dif-

fused illumination source.
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Figure 6.7: Silicon based imaging results of the setup illustrated in figure 6.6.
The source array pixels were clearly revealed by the camera.

6.4 Beam monitoring application of a CO,; pumped

gas based terahertz source

From the demonstrations that have been presented in the previous sections of this
chapter, an application of a real-time terahertz imaging system has been evaluated
successfully. This application would concern high power terahertz sources, such
as optically pumped gas lasers. The purpose of the application is to monitor in
real-time the beam pattern of a source during an experiment.

The terahertz source principle is based on the optical excitation of a low pres-
sure gas such as methanol. The CO, laser beam excites different vibrational levels
of the gas molecules corresponding to different emitted terahertz frequencies. In
such system, the frequency and power are very sensitive to variation on the pres-
sure levels or the laser mechanical elements. As a consequence, the source could
have different emission modes due to temperature fluctuation which result in a
non-uniform beam pattern not desirable during an experiment.

To monitor such variations, infrared cameras are currently used to image a
terahertz absorber during the experiment. The absorber converts the terahertz

waves to heat and then temperature variations are imaged with the infrared cam-
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Figure 6.8: Image of a COy pumped terahertz source beam with the 1 k-pixel
CMOS terahertz camera. A beam-splitter is used to monitor the output beam of
the source during an experiment in real-time [8].

era. This method has the disadvantage to be dependent on the temperature time
constant of the absorber. This leads to slow observation on the beam degradation
and is very time consuming during the experiment.

What is proposed in this section, is to use the implemented terahertz camera
to monitor in real-time the terahertz source during an ongoing experiment as it
is shown in figure 6.8.

To monitor in real time the source, a beam-splitter may been used to project
a fraction of the source beam into the camera, then a lens with a short focal
length has been placed to illuminate the focal plane array.

The results of this experiment are shown in figure 6.9. The terahertz source
has been tuned to deliver around 100 mW at 2.4 THz. This frequency corresponds
to the high power ray of the excited methanol gas. The fundamental mode of the
source corresponds to a relatively circular beam shape as shown in figure 6.9 (a).
Changing the dimension of the laser cavity would effect the excitation mode of
the methanol molecules and would make the source to radiate in a non-desired
mode. This mode would translate into a non-uniform beam pattern as shown in
figure 6.9 (b).

This experiment has shown the potential of a real-time application of the
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Figure 6.9: Image of the beam shape of the CO, pumped gas terahertz source
with the 1 k-pixel CMOS terahertz camera in different modes. The fundamental
mode corresponds to a relatively circular beam shape (a) while the non-desired
mode presents two maximums (b) [8].

terahertz camera. The beam quality of a high power terahertz source. This
experiment is possible in other technologies such as bolometer based cameras
[9]. However, filters and attenuators are mandatory to avoid any damage to the

camera which is not the case for the CMOS based terahertz camera.

6.5 Chapter conclusion

The goal of this chapter was to demonstrate terahertz imaging systems. This has
been done with the single output detectors and the multi-pixel CMOS camera
implemented and characterized during this thesis.

My contribution to the different demonstrations was to build and program
different hardware to acquire images of various objects at terahertz frequencies.
Raster scanning technique and real time imaging setup have been presented as
well as a monitoring application for high power sources.

The real-time advantage offered by the 1 k-pixel terahertz CMOS camera
can be combined to scene reconstruction algorithms in future work. This would
increase the field of view [10] and could cover novel applications in the security

domain. Furthermore, analyses and Visualization of Multi-spectral Data [11] can
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be applied to achieve better imaging resolution.
The presented real-time beam monitoring application can be further improved
with a pattern recognition algorithms and real-time feedback in order to correct

the beam quality.
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Chapter 7

Conclusion

This thesis has presented the investigations, implementations and analyses of
room temperature terahertz devices in silicon technologies.

The first step of the thesis was the investigation of single output detectors in
different silicon technologies beyond the frequency limits fr/ fa.. HBT, NMOS
and SBD based detectors have been implemented and characterized. Measure-
ment techniques have been used to reduce the shot noise of HBT terahertz de-
tectors by low frequency noise matching. Novel broadband detector has been
implemented in CMOS technology and do not require tuning elements to oper-
ate. The functionality of an experimental SBD has been verified. The imple-
mentations have shown state-of-the-art results in comparison with other silicon
implementations.

The second part of the thesis was to bring forward the implemented detec-
tors to a camera system level. The world’s first CMOS terahertz camera has
been implemented in a collaborative team work. It presented state of the art
implementation. My contribution was part of the camera design an the full char-
acterization of the camera. An other implementation in a BICMOS technology is
presented with a potential packaging option combining up to 2.5 k-pixel array.

The third part of the thesis concerned the implementation and the analyses of
a control circuit for high power silicon based source array. I have contributed to
the design and implementation of the circuit control as well as characterization of
the full array. The control circuit of such a terahertz source array is a key element

to create light conditions and save power consumption. Arbitrary patterns have
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been created by programming the source array.

As a final part of the thesis, imaging demonstration setups have been im-
plemented. Raster scanning of various object have been shown with the CMOS
and HBT terahertz detectors at different frequencies. A real-time transmission
mode imaging setup have been demonstrated with the 1 k-pixel terahertz camera.
Also, an evaluation of a potential application of high power sources have been

successfully demonstrated with the 1 k-pixel CMOS camera.
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