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Abstract

Starting from the twentieth century, climate change has progressively become the
most dangerous threat to life on Earth. Some of its effects, like air pollution, have
led to the development of devices, called gas sensors, that are able to monitor the
presence of substances that could be harmful or toxic to human health. From a
technological and electrical point of view, a constraint about sensors is their difficult
compatibility with CMOS electronic systems which they interact with. Since full
integration on CMOS circuits is complicated to achieve, the best compromise
consists in designing circuits that have the task of properly conditioning the sensor
and converting the detection information into electrical signals. In this manner,
one can easily interface the sensor to instruments that will acquire the generated
signals and recover the response of the sensor to gas exposure.

In this context, the aim of this thesis is to implement a CMOS interfacing front-end
for a molecular gas sensor based on fullerene (in particular Cgg), used as a sensing
element, connected to two gold (Au) electrodes. Operating in amperometric mode,
the sensor is exposed to a gas whose presence modulates the current that flows
through the Au-Cgp-Au structure with respect to the case in which no gas is present.
After electrical simulations of its behavioural model, the Cgg sensor has shown
the good capability of being selective in the detection of gases like nitric oxide
(NO) and nitrogen dioxide (NOz). In order to distinguish between the multitude of
gases and their different configurations (molecule orientations etc.), a signature is
needed for their acknowledgement. In particular, frequency is a quantity that can
be acquired (for example by means of a micro-controller) and measured with good
accuracy. For this reason, I have chosen a current-to-frequency converter that can
provide a reliable indication about the gas that interacts with the sensor.

In Chapter 1, I will explore the state-of-the-art of gas sensing devices and their
interfacing circuitry. In particular, I will highlight the main technologies and
applications in which they operate and the various hardware architectures for
analog front-ends and gas recognition circuits.

In Chapter 2, I will describe the features and sensing capabilities of Cgp-based
sensor in order to identify the requirements for the implementation of the analog
front-end. According to them, the architecture of the integrated circuit will be
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derived and shown by means of block schemes whose characteristics will be briefly
described.

In Chapter 3, I will go on with the detailed implementation of each stage of the
analog front-end; I will focus on the design choices I have taken to adapt the CMOS
architecture to the requirements of the molecular sensor.

In Chapter 4, I will test the electrical behaviour of the circuit by means of simulations
that have the purpose of validating the final results.

In Chapter 5, the conclusions of this thesis work will be drawn by discussing
final outcomes, showing that the implemented circuit is promising to act as a
conditioning circuit for the gold-Cgo-gold gas sensor. In the end, I will provide a
brief perspective on future developments.
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Chapter 1

(Gas sensors and CMOS

interfacing circuits:
state-of-the-art

In the last decades, the continuous growth of industrial production and the in-
discriminate use of fossil fuels are considered to be some of the climate change’s
causes. In particular, the higher concentration of greenhouse gases (such as carbon
dioxide, methane etc.) in the atmosphere is believed to worsen global warming.
Besides, the combination of these phenomena has a significantly negative impact
on the quality of life since they concur to feed the air pollution issue on a local
scale [1].

The multitude of gases in atmospheric air is depicted in Figure 1.1, in which their
concentration has been measured according to different control standards.

For these reasons, there has been a strong development of innovative technologies
for sensing the presence of gaseous compounds, especially the ones which are
harmful or potentially toxic to human health. Over the years, devices - such as gas
sensors and transducers - have been studied, fabricated and optimized in order to
adapt their detecting capabilities to the challenges of numerous application fields.
In fact, nowadays gas sensors have a huge diffusion that allows them to be used,
for instance, in cars cabins, factories and households [2].

The information about the detection of gaseous chemical species requires to be
acquired by proper instruments in order to be read and monitored by potential
users. In this scenario, integrated electronic devices are useful to “translate” the in-
formation provided by a sensor into electrical signals (current, resistance, frequency
etc.) that can be measured and analyzed. Nowadays, integrated electronics are
mostly fabricated in Complementary Metal-Oxide-Semiconductor (CMOS) technol-
ogy. Low power consumption, great noise tolerance, a wide operating voltage range
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Figure 1.1: Concentration levels of typical gas in atmospheric air [2].

and a wide operating temperature range are key benefits of this technology. In
addition, the intrinsic speed of MOS transistors is predicted to increase due to the
scaling down of integrated circuit feature sizes in accordance with Moore’s law (the
number of transistors on a single chip doubles every 18 months) [3]. This means
that with an increasing number of transistors, at fixed silicon area, the fabrication
costs result to be optimized. As a result, CMOS technology has unquestionably
emerged as one of the most promising and versatile technologies for integrated
circuits [4]. Specifically for sensing applications, the main efforts have been focused
on designing fully integrated detecting devices in CMOS technology in order to
involve the sensor in the same CMOS fabrication process. Nevertheless, one of the
most limiting problems of this approach is the fact that a sensor which is embedded
in an integrated CMOS circuit increases the overall cost of the chip, restricting its
commercial request. Then, to address the trade-off between integration and cost
issues, the best solution is to design an effective interfacing circuit. This strategy
is known as “More than Moore”, i.e. the heterogeneous integration of devices in
different technologies for the fulfilment of a multi-functional integrated circuit [5],
[6]. In this way, sensors that refer to innovative technologies can be joined to
standard CMOS chips. This choice allows both to reduce costs and to prevent the
CMOS circuit from being affected by inherent effects in sensors (dependence on
temperature and humidity, signal drift etc.) [7].

In this chapter, we will provide a brief overview of gas sensors’ state-of-the-art in
order to compare different technologies and highlight their advantages and draw-
backs (Section 1.1). Secondly, we will focus on the incorporation of these devices
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1.1. GAS SENSORS’ TECHNOLOGIES

into CMOS interfacing circuitry. In particular, we will examine some literature
examples of analog front-ends which have been designed and tested in other works
(Section 1.2).

1.1 Gas sensors’ technologies

A gas sensor can be defined as a device which is capable of detecting the presence
of one or more chemical compounds in gaseous form, called targets, in a controlled
volume [8]. Once the detection happens, a change in its physical or electrical
properties occurs.

This type of device has to meet various requirements in order to be used for many
or specific applications. The main characteristics of a gas sensor are the following

2]:

o Sensitivity: the capability of the device to sense one or more gaseous com-
pounds. It has to be as large as possible to cover a wide range of gaseous
species. This is an advantage from an economic point of view since the costs
can be optimized for the fabrication of a single device.

o Selectivity: the ability to distinguish between different targets. To counterbal-
ance the large sensitivity to many compounds, the sensor should have a high
degree of selectivity in order to discriminate among the multitude of chemical
species that can be sensed.

o Reliability: the quality of providing correct results under adverse conditions. A
gas sensor is likely to face a large and long-time usage that could compromise
its correct functioning. So, it has to be as reliable as possible, i.e. capable of
enduring issues like ageing and fabrication tolerances over its lifetime.

In order to maximize each of the features described above, the choice of technology
and the selection of proper sensing materials are essential for the design of a gas
sensor. Two of the most significant types of these devices are highlighted below:

1. Chemiresistive gas sensors (Subsection 1.1.1): such devices have been devel-
oped mostly by exploiting semiconducting materials (for example SnO5) whose
physical and chemical properties are suitable for gas detection, particularly
their sensitivity to different external stimulus (e.g. temperature);

2. Electrochemical gas sensors (Subsection 1.1.2): in particular electrochemical
cells that, differently from the previous ones, they make use of an electrolyte
(in liquid or solid state) to trigger a redox reaction in presence of a gas.

In the following subsections, we will describe these kinds of gas sensors to examine
their detection principles and to specify the applications they better fit.

3



1.1. GAS SENSORS’ TECHNOLOGIES

1.1.1 Chemiresistive gas sensors

The detection’s working principle of a chemiresistor gas sensor consists of a con-
ductivity (then also resistance) change of the sensing layer. The materials that
are commonly used are metal-oxide (MOX) semiconductors. The gas sensing
mechanism of these devices can be summarised in three basic functions [9], [10]:

o Receptor function: capability of the MOX layer surface of “linking” with
the target gas. At elevated temperature (typically 200 °C-500°C), oxygen
molecules adsorb onto the surface and ionize negatively (gaining electrons),
thus forming an “electronic shell” around the core of sensing material particles
that works as a receptor for the incoming targets.

o Transducer function: ability to convert the chemical interaction between the
semiconducting surface and the target gas into a variation in conductance.
When the sensing layer is exposed to the gas, starting a redox reaction, free
electrons are injected into the semiconducting core and a depleted layer forms
close to the sensor’s exposed surface. As a consequence, the conductance
increases (i.e. the resistance decreases) proportionally to the concentration of
the analyte gas.

o Utility function: ease for the gas of passing through inner paths between
oxide grains. The response of the sensor depends on the sensing material
morphology, for example on the size of grains, the spacing between them and
their agglomeration. The influence of these parameters on the effectiveness
of the sensor depends on the specific material and case by case they can be
tuned to have the best possible outcome.

In analytical terms, the response of a semiconductor gas sensor can be expressed by
referring to the resistance value it assumes in presence of the gas (Rs) and without
being exposed to it (Ry). Specifically, the response of the sensor to a target gas
can be approximated by the following power law [11]:

R,

Ro aC' (1.1)
where C'is the gas concentration. In addition, the scaling factor a and the exponent
factor v represent a specific feature of the gas which the sensor is exposed to. Ac-
cording to Equation 1.1, the resistance of the sensor decreases as the concentration
of the target gas increases. This mathematical model is coherent with the physical
description of the gas detection mechanism described above.

In literature, there are countless works that examine in depth the use of semicon-
ductor oxides in chemiresistive gas sensors. Then, let us mention some of the most
significant materials used in this kind of devices [9], [12]:

4



1.1. GAS SENSORS’ TECHNOLOGIES

o Tin diozide (SnOy): it is the most widely used semiconductor oxide in com-
mercial gas detecting devices. Tin dioxide is an n-type semiconductor, i.e.
electrons are the free charge carriers. So, when a reducing gas is detected
(e.g. CO, NH3, CHy etc.), electrons tend to travel towards the target, thus
increasing the conductivity (accumulation condition for the majority carriers).
On the contrary, when an oxidizing gas approaches (e.g. Og, O3, NOj etc.),
the tin dioxide layer withstands a depletion of electrons that reduces its con-
ductivity (depletion condition of majority carriers). Although it shows a good
sensitivity for gases at low concentrations, tin dioxide has a lack of selectivity.
Many works report that there are different ways to boost this property: for
example, by optimizing the deposition technique in the fabrication process,
with a focus on stoichiometry [13], the grain size and porosity of film [14] or
the thickness of sensing layer [15].

o Copper oxide (CuQ): it is a p-type semiconductor, employed in sensing of
gases like NOy and CO [16]. Moreover, copper oxide can be joined to n-type
semiconductors to increase the detecting capability of the gas sensor. An
example of such heterogeneous materials is the use of CuO as a promoter for
tin dioxide. Thanks to the electronic interaction that occurs between the two
metal-oxides, a developed gas sensor resulted to be very sensitive to HoS [17].

o Zinc oxide (ZnO): it is the first metal-oxide to be exploited in gas sensing
applications. In 1962 it was demonstrated that a ZnO film, at around 400 °C,
was capable of sensing gases like COq, propane and benzene [18]. More
recent studies have highlighted that this material can be manipulated to form
nanostructures (particles, wires, rods etc.) that enhance its gas detection
capability thanks to an improved surface-to-volume ratio [19], [20].

These kinds of materials are widely used since they ensure advantages in terms
of low costs and easy fabrication. On the contrary, metal-oxides present poor
selectivity among the sensed gases which limits the performance of the sensor
itself. To overcome this issue, a key factor for enhancing the effectiveness of these
sensing materials is the temperature which has to be raised up to several hundreds
of degrees Celsius. Moreover, high temperatures allow to “trigger” the redox
reaction, leading to a variation in the sensor’s conductance. Nevertheless, if the
temperature is not well controlled, it could lead to high power consumption. So, in
order to locally increase the operating temperature, we could embed a microheater
in correspondence of the gas sensor [7]. However, this solution is difficult to fulfil
and further complicates the implementation of interfacing circuits (see Section 1.2).
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1.1. GAS SENSORS’ TECHNOLOGIES

1.1.2 Electrochemical gas sensors

An electrochemical gas sensor is defined as “a small device that, as the result of
a chemical interaction or process between the analyte gas and the sensor device,
transforms chemical or biochemical information of a quantitative or qualitative
type into an analytically useful signal” [21].

Typically, such a device is formed by two or more electrodes that interact with
an electrolyte!. Electrochemical gas sensors can convert the information that a
gaseous chemical compound has been detected into different electrical quantities.
Specifically, they can operate in the following modes [7], [23]:

o Voltammetric: the sensor is stimulated by an electric potential at the electrodes
and a current is measured. In particular, it is proportional to the concentration
of the gas of interest.

o Amperometric: it is a special case of voltammetric mode, for which the
potential applied across the sensor remains constant. The measured current
follows a function which is the combination of three equations: the first Fick’s
law, the ideal gas equation and Faraday’s law.

o Potentiometric: when the gas exposure occurs, a redox chemical reaction occurs
at the electrodes-electrolyte interfaces and results in a potential difference
between the electrodes as the equilibrium is reached. This working principle
is ruled by the Nernst equation.

The electrolyte of an electrochemical gas sensor can be either solid or liquid. The
choice of its physical state is taken depending on the structure of the device and
the application of use.

Usually, solid electrolytes are used since at high operating temperatures (greater
than 300 °C) they are characterized by high conductivity and chemical reactions
result to be faster [24]. One of the most used materials for a solid electrolyte is
zirconia (ZrOs). In literature, there are many works in which zirconia is employed.
For example, for detection of water vapour and carbon dioxide [25] and of nitrogen
and sulfur oxides in environmental monitoring application [26], where sensors are
required to operate in harsh conditions.

Another type of electrochemical sensor is represented by the so-called electrochem-
ical cell. It is characterized by a liquid electrolyte (that can operate at room
temperature) and its main operating mode is the amperometric one. This type of

1 “Substance that conducts electric current as a result of a dissociation into positively and

negatively charged particles called ions, which migrate toward and ordinarily are discharged at
the negative and positive terminals (cathode and anode) of an electric circuit, respectively” [22].
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1.2. CMOS INTERFACING CIRCUITS FOR AMPEROMETRIC SENSORS

sensor is employed in different applications. In particular, with electrodes made
of carbon-based materials, they are suitable for biosensing applications [27]. An
electrochemical cell can also act as a gas sensor. Its structure consists of three
electrodes [28]:

o Working electrode (WE): it is the sensing electrode that must be sensitive
to the analyte of interest. For gas sensing applications, it is made of gold
(Au) or platinum (Pt), i.e. noble metals that show good stability to constant
potentials. Its surface needs to be porous in order to allow the gas to spread
onto a larger WE-electrolyte interface and so optimize the redox reaction.

o Counter electrode (CE): it is the electrode from which we get the measurement
of the faradaic current resulting from the reaction. Usually, it is made of
platinum (Pt).

o Reference electrode (RE): it has the task of maintaining the WE at a constant
potential during the exposure of the gas analyte and the redox reaction.
The material of the CE has to be reversible?: then, a silver-silver chloride
(Ag/AgCl) is commonly used.

Electrochemical cells have been widely studied and optimized for applications that
involve environment and air quality monitoring, in particular for oxygen sensing.

As an example, in industrial fields, gas sensors’ design is based on a pump approach.
It consists in letting oxygen enter the sensor via capillary input from the top so that
pressure gaps can be prevented. Moreover, to enhance the gas analyte diffusion in
the electrochemical cell, layers made of porous polytetrafluoroethylene (PTFE) are
employed [30]. Finally, several works have combined the use of PTFE films with
room temperature ionic liquids (RTIL) as electrolyte to improve the reaction rate
and consequently to ensure also fast measurement times [31], [32], [33].

1.2 CMOS interfacing circuits for amperometric
SEensors
The expansion of sensors in many application fields (e.g. gas sensing, bio-sensing

etc.) has increased the need of integrating these devices on CMOS chips. As men-
tioned before (see Section 1.1), the full integration of sensors on CMOS integrated

2 “Metallic electrode that will dissolve when a current is passed from it into a solution and

that will have plated on it metal from the solution when the current is passed in the reverse
direction” [29].



1.2. CMOS INTERFACING CIRCUITS FOR AMPEROMETRIC SENSORS

electronics is hard to achieve. In fact, although this solution reduces unpredictable
parasitic effects, a fault in the sensing element could result in the failure of the
entire integrated chip, making the cost of device failure substantially higher [7].
In order to overcome this issue, an alternative solution consists in designing an
analog front-end that could be able to interface the sensor to an instrument (e.g. a
micro-controller) that is able to interpret the information provided by the sensor.
The primary purpose of the analog front-end is to accurately act as a conditioning
circuit to ensure the correct functioning of the sensor. Secondly, it has to amplify
the electrical signal generated by the sensor itself. In the end, the amplified signal
is converted in the digital domain, usually by means of analog-to-digital conversion.
In this section, we will explore several of the numerous solutions for the design
of analog front-ends that interface sensors in different technologies. We will focus
our attention on CMOS conditioning circuits that force the sensor to operate in
amperometric mode and that allow an accurate current measurement (Subsection
1.2.1). Special considerations can be made on gas-sensing interfacing circuits;
some works also provide a recognition technique for discrimination among various
sensed gases (Subsection 1.2.2). Eventually, we will compare the mentioned works
with respect to relevant parameters, like current dynamic range, resolution, power
consumption and recognition signature.

1.2.1 Review of interfacing analog front-ends

Among the various hardware solutions for interfacing circuits, we have collected
some of the most relevant works that are present in literature. They have been
subdivided according to the principal design technique which they are based on. In
this way, the differences between the mentioned front-ends can be better appreciated
and a final overview can be done.

Analog-to-digital conversion

The analog-to-digital conversion is the key for accurate data acquisition in mea-
surements of electrical signals like voltages and currents. For a good conversion,
the main requirements consist of a resolution (minimum measurable quantity)
as low as possible and a dynamic range (ratio between the largest and smallest
measured values) as large as possible. According to the conversion technique, we
can achieve a certain degree of accuracy. Moreover, a well-designed interfacing
circuit allows to optimize the project parameters such as silicon area occupation
and power consumption.

In many cases, the development of circuits for amperometric measurements is per-
formed by combining analog and digital domains directly on-chip. As an example,
in [34], a readout circuit has been designed with a self-adjustment digital block.
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The system is shown in Figure 1.2.
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Figure 1.2: Block diagram of readout circuit in [34].

The circuit consists of four blocks: an analog front-end (AFE), a sample-and-hold
circuit, an automatic gain adjustment (AGA) block and a 10-bit analog-to-digital
converter (ADC). The AFE is based on a switched-capacitor integrator (SCI): the
input current is turned into a voltage, according to the total capacitance. This is
given by the sum of feedback capacitors, that are connected to the op-amp OP1 by
means of switches controlled by AGA block. After being sampled, the voltage V,;
enters both the AGA block, which tunes the feedback capacitors, and the ADC,
where it is digitalized. In this configuration, the input current is subdivided into
eight sub-ranges that are automatically set on-chip. This gives the advantage of
avoiding manual calibration.

Use of potentiostat

Other works - that specifically involve electrochemical sensors (see Subsection 1.1.2)
- have managed to correctly bias the sensing device by using a potentiostat. It
is an instrument that is useful in conditioning an electrochemical three-electrode
cell. In particular, it must control the voltage potential between the working (WE)
and reference (RE) electrodes. In amperometric mode, the potentiostat forces the
voltage between WE and RE to be constant. Then, a current flows from WE to
counter electrode (CE) [35]. It is provided to the interfacing circuit so that the
main feature of the sensor can be measured.

In [36], an 8x12 array of integrated potentiostats is conditioned by an interfacing
circuit depicted in Figure 1.3.

The electrochemical gas sensor is biased by a potentiostat that fixes constant
voltage at the reference electrode. In addition, the working electrode is controlled
by a current conveyor, i.e. a buffer that maintains a constant voltage. This
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Figure 1.3: Top-level architecture of one channel in [36].

circuit is designed to exploit a dual-mode analog-to-digital conversion technique.
In particular, the two modes are represented by current-to-frequency conversion
and single-slope conversion. In the former phase, the input current charges the
integrating capacitor. When the voltage on the capacitor (V;yr) reaches the
threshold (Vrgr), the comparator generates a pulse that discharges the capacitor
through the reset switch. A wide input dynamic range is achieved as data conversion
is performed in the time domain. This comes at a cost of a longer conversion
time. As for a low input current, a long time is needed to charge the integrating
capacitor. In the latter phase, a higher sampling rate for small input currents than
that of the current-to-frequency ADC is used. The voltage across the capacitor is
compared with a ramp voltage (Vrayp). Once Vrayp equals Viyr, the counter
stops counting. Then, the dual-mode architecture of the ADC breaks the dynamic
range and sampling rate trade-off.

Sigma-Delta (¥A) conversion

In [37], an array of electrochemical gas sensors is connected to a multi-channel
CMOS amperometric ADC. The architecture of a single channel is depicted in
Figure 1.4.

The electrochemical gas sensor is biased by a potentiostat that fixes constant voltage
at the reference electrode. In addition, the working electrode is controlled by a
current conveyor, i.e. a buffer that maintains a constant voltage. A modulation
switch disconnects the sensor from the circuit input and is used to pre-scale the
input current. In the end, the analog-to-digital conversion is made by a simplified
current-mode sigma-delta (¥A) ADC. An SCI turns the current into a voltage.
Then, a hysteretic comparator produces digital pulses that go in negative feedback
to modulate the current. So, combining digital modulation of input currents and
an incremental XA ADC, the circuit achieves a wide dynamic range from sub-
picoampere to several tens of microampere depending on the target concentration
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Figure 1.4: Single-channel architecture in [37].

range.
The conversion technique implemented in [37] is widely used for applications like
bio-sensing, where the current signal provided by the sensors is typically affected
by noise in the kilohertz bandwidth. Sigma-delta (3A) modulation makes use
of oversampling to lower the noise contribution (noise shaping). So, with this
approach, the resolution results to be improved allowing to reach values in the order
of femtoampere [38]. In addition, a wide range of currents calls for multiple scales
of measurement, while the long-time constants allow for long integration times.
Long integration times call for oversampling and support the use of a lower-order
sigma-delta modulator.

In [39] a 16-channel sensor array system for neurotransmitter sensing is linked to
a multi-channel interface that exploits XA modulation. Each channel employs
a potentiostat within a switched-capacitor first-order XA modulator, so that an
incremental analog-to-digital converter is implemented. A simplified representation
of the system is shown in Figure 1.5.
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Figure 1.5: Single channel architecture in [39].

The current that a single sensor provides in output is converted into voltage by
an integrator. A comparator (Q) is used to have a single-bit quantization of the
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input voltage. A gain modulation block turns the binary feedback signal into a
three-level signal. A feedback digital-to-analog converter (DAC) adds back to the
input an output current. Finally, at the output of the channel, a decimator buffers
the digital output with a counter and then oversamples it. Sigma-delta oversampled
data conversion avoids the need for low-pass anti-alias filtering in the input, and
decimation reduces high-frequency noise present in the current signal along with
the shaped quantization noise. The duty-cycle modulation of current feedback and
the variable oversampling ratio provide a programmable digital range selection
of the input current spanning over six orders of magnitude from picoampere to
microampere.

In [40], an 8-channel array of current sensing front-ends is implemented as depicted
in Figure 1.6.
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Figure 1.6: Single-channel architecture in [40].

Differently from the aforementioned works, this architecture is based on a differential
measurement approach. The signal that the sensor of interest provides is always
compared to the one of a reference sensor, so that it can get rid of slowly varying
background current components and measure the component of our interest [41].
The input differential current enters a common-mode feedback (CMFB) circuit. It
has the aim of preventing the common-mode contribution in the differential current
by cancelling out the common-mode of the differential input voltage. An integrator,
implemented with a single-stage folded cascode operational trans-conductance
amplifier (OTA), converts the current into a voltage. It is subjected to a single-bit
quantization by a comparator. Then, a digital infinite impulse response (IIR)
filter transforms the one-bit input signal into a multi-bit one, so that the signal-to-
quantization noise is improved. To close the loop, a tri-level pulse-width modulation
(PWM) DAC feeds a pulse-modulated current signal back to the input. The analog
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front-end consists of an equivalent first-order continuous-time XA modulator, in
which the digital conversion is performed by a discrete IIR filter. In this way, the
same resolution of a XA modulator is achieved with an improved area occupation
efficiency.

amplifier, which integrates the input current and folds the output voltage within a
predefined windows;

Comparison of the abovementioned analog front-ends

In conclusion, in Table 1.1 the main performance parameters of the works we have
mentioned are reported to have a comparison.

# | Tech. [pm] | I,.;, [PA] | DR [dB] | #Ch | Pwr/ch [pn£W] | Area/ch [mm?
[34] 0.35 0.044 169 1 5.83 - 10° 0.31
[36] 0.35 24 95 192 188 0.04
[37] 05 0.1 164 50 241 0.157
39] 05 0.1 140 16 3.4 0.25
[40] 0.18 0.123 139 8 50.3 0.11

Table 1.1: Comparison of state-of-the-art for current sensing AFEs.

As mentioned previously, the minimum current, or resolution (1), is one of the
most important features of an interfacing circuit since it provides an information
about the accuracy of current measurements. The lowest minimum current is
achieved in [34], in the order of tens of femtoampere. Still, this solution allows
to have a quite large dynamic range (DR). It is due to the presence of the AGA
block that allows an automatic arrangement of gain setting. Without the AGA
block, a “standard” ADC-based circuit (e.g. in [36]) cannot reach a relatively
good resolution as well. The choice of the conversion technique in the interfacing
circuit affects the values of power consumption and the area occupation. In Table
1.1 the values of the aforementioned parameters are considered as quantity per
channel. In general, in the works that are based on “standard” ADC conversion
([34], [36]) the channels of the array occupy a little area. This allows to increase the
number of channels to obtain a better resolution. On the other hand, they result
to consume more power than the ones based on XA technique. The interfacing
circuits implemented in [37], [39], [40] show a higher area occupation per channel.
Nevertheless, they ones obtain a resolution in the order hundreds of femtofarad. In
fact, even though the configuration of an XA interfacing circuit is more complex
than an ADC-based, it allows to optimize the power consumption per channel and
to maintain a small minimum current.
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1.2.2 (sas recognition systems

In literature there are several works that do not only propose the design of an
analog interfacing circuit for sensors. With a particular attention on gas sensors,
these works implement also a method for recognising the gas that the sensor is
exposed to. The acknowledgement of gaseous species can assume many forms,
either in hardware and software domain. In any case, the gas recognition is made on
the basis of a so-called signature that acts as a reference for a comparison between
different targets. In this way, when the feature of the gas is extracted by the analog
front-end, we are able to distinguish between different gases since for each of them
the signature is univocal. There are two essential phases for gas recognition:

1. Calibration: an electrical signal is generated by the sensor as an initial con-
dition. For example, when it is exposed to air or to a gas with a certain
concentration. Then, it is stored, for instance in a memory, and serves as a
baseline.

2. Sensing phase: the sensor is subjected to gas exposure at specific conditions,
so another electrical signal is produced. Then, comparing this signal with the
one obtained in previous phase, we can derive the “identity” of the target by
analyzing the change in signature.

Different recognition techniques have been developed according to the signature
chosen for the gas acknowledgement. As a first example, in [42] a gas identification
circuit for tin oxide (SnOj) gas sensors employs the frequency of an output spike
train as signature. The calibration phase consists in exposing the sensors to target
at high concentration. In the sensing phase, the concentration of gas changes. In
Figure 1.7 the interfacing circuit for each sensor is depicted.

In the readout circuit, the sensor - represented as a varying resistor - is biased by a
constant voltage so that a resistance-to-current conversion is performed. Then, a
logarithmic compression is obtained using a forward-biased diode, i.e. the voltage
across the diode depends on the logarithm of the current flowing through the sensor.
Then, the produces voltage enters the spike generation circuit, where it is compared
with two reference (V,; and V). The first difference is amplified by an op-amp,
giving V,,;. The second one is converted by a transconductance amplifier into a
current that feeds a capacitor, providing Veomp. Vouwr and Viem, go in input at a
comparator. As long as the MOS-switch is off, V,,,,, increases until it reaches V,,;.
When it happens, a spike is generated. The pulse width of the spike depends on the
propagation delay of the inverter chain. This architecture has been implemented to
have a concentration-independent signature. So, in order to identify the target gas,
the spike train frequency in sensing phase must correspond to the one measured in
calibration phase.
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(a) Schematic of the readout circuit.  (b) Schematic of the spike genera-
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Figure 1.7: Front-end architecture in [42].

In [43] and [44], a 4x4 SnO, gas sensor array is respectively designed and character-
ized to encode the gas identification with a unique spike pattern, used as signature.
Hydrogen, ethanol and carbon monoxide are used to characterize the gas sensor
array. The scheme of a single channel of the system is depicted in Figure 1.8.

Current conveyor Relog(V) Integrator

Comparator

%% @j““//t 1

Figure 1.8: Single-channel scheme in [44].

As in [42], the resistance of the sensor is converted in a current. Then, a bipolar
transistor in diode configuration makes the measured voltage dependent on the
logarithm of the current. In calibration phase, the measurement of the sensor’s
baseline resistance (Ry) without the presence of gas is stored, resulting in a reference
voltage V. Later, in sensing phase, the gas exposure takes place and the resistance
(Rs) is acquired, giving the measured voltage V;. After readout, there is a spike
neuron circuit that provides the output signature. A clock signal controls a switch
(M1). When the clock is high, V;, is set to V;; when it is low, V, starts to integrate
until it reaches Vy. When V,, = Vj, a spike is generated at the output of the
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comparator. Each circuit in the array “fires” a spike at a certain time, but the
algorithm has been optimized so that the spike interval between different sensors
is concentration-invariant. So, the order of the spike pattern sequence does not
change as well as the mutual delay between different spikes but the whole pattern
shifts in time according to different concentration values.

In [45], a working principle - similar to previous works, concerning the interfacing of
a sensor array - has been implemented, but the main relevant difference relies in the
signature. The gas recognition is based on a two-dimensional (2-D) spatio-temporal
signature. In Figure 1.9, the front-end of a single sensor is shown.

Current Mirror

Current Mirror

TSl

IN_|

Serial-In Parallel-Out Shift Register

Figure 1.9: Single-channel scheme in [45].

The readout circuit is consistent with the ones designed in [42] and [44]. In the
spike generation block, the measured voltage V, ; is compared to the voltage across
a system of switched capacitors. They are fed by a constant reference current 7,4,
so that the voltage across the capacitors increases as a ramp (I,4mp). A different
integration capacitance is obtained according to the state of switches that are
controlled by a serial-in parallel-output (SIPO) shift register. In this case, the spike
patterns present different combinations with variable relative delays between single
spikes. So, in the array the order of spike sequence is acquired row-by-row. In the
end, a drift-insensitive and concentration-invariant 2-D spatio-temporal signature
is obtained, i.e. a 4x4 matrix that is distinctively associated to a gas target.

In Table 1.2 a comparison between the examined gas recognition interfaces is shown.

# Nr. of sensors | Technology [pm] Signature
[42] 2 0.35 Frequency
[43]-[44] 16 0.35 Unique sequence
[45] 16 0.35 2-D rank order

Table 1.2: Comparison of state-of-the-art for gas recognition circuits.

In [42] the choice of using only two sensors relies in the low complexity of gas
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recognition. In fact, the implemented configuration allows to address poor selec-
tivity of SnO, gas sensors (see Subsection 1.1.1) and to have a trade-off between
identification efficiency and fabrication costs. Instead, in the other cited works
([43]-[44], [45]) the interfacing circuits have been developed with an array-based
approach in order to increase the selectivity to many gas targets by employing a
single device. Referring to the gas recognition mode, the frequency signature is
simpler than the other ones. However, it requires a measuring instrument with
a good accuracy to achieve a non-ambiguous response. On the other hand, in
spite of the complexity of the signature, in [43]-[44], [45] there have been employed
techniques that offer a higher reliability about the recognition of the gas target.
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Chapter 2

Cgo gas sensor:
characteristics and
requirements for interfacing
circuit

In Chapter 1 we have explored the state-of-the-art of gas sensors and their tech-
nologies. In addition, we have made an overview of several works that illustrate the
design of CMOS interfacing circuits. The implementation of such analog front-ends
is accomplished according to the type of sensor and the accuracy required for
measuring electrical quantities involved in the sensing device. In the end, a brief
view of gas recognition circuits has been described.

The aforementioned works are based on CMOS technology that has been spreading
widely in the electronic field, thanks to advantages concerning power dissipation
and tolerance to noise. In the last years, the demand of smaller devices has led
to an unstoppable technological scaling-down, predicted by Moore’s Law [3]. This
approach, known as “more Moore”, has allowed a more accentuated integration
on-chip and an improvement in yield. On the other hand, inherent side-effects
of smaller devices - like short channel effects, threshold voltage roll-off, heating
effect etc. - emerged on nanometric scale. In particular, they affect key parameters
of scaled-down transistors, like the intrinsic speed [46]. So, according to the last
reviews of International Technology Roadmap for Semiconductors (ITRS) [5] and
International Roadmap for Devices and Systems (IRDS) [6], an alternative ap-
proach has to be adopted to overcome the technological limits of CMOS technology.
This approach has been named “Beyond CMOS”, whose definition includes all the
innovative technologies that expand beyond the current CMOS scaling constraints,
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so that integrated circuits could achieve high speed, high density and low power
consumption [6]. One of the most interesting Beyond CMOS technologies is molec-
ular electronics, in which the basic “building block” is represented by one or more
molecules. This branch of innovative electronic technologies has been spreading
in the last few years and represents an interesting alternative solution to CMOS
technology.

In this chapter, we will highlight the advantages of employing molecules as main
components in such types of electronic devices. Moreover, we will provide a brief
overview of molecular electronic sensors (MES), with particular attention on gas
sensing applications (Section 2.1). Later, we will focus on the reference MES of this
thesis work, i.e. a Cgo-based molecular gas sensor. In particular, we will describe its
electrical characteristics, starting with its behavioural model and the simulations
demonstrating its sensing capabilities. According to them, we will extract the
requirements for the implementation of an analog front-end that has the aim of
acting as a gas recognition circuit (Section 2.2). In the end, the architecture of
the interfacing circuit will be derived and represented at high level with a block
scheme (Section 2.3).

2.1 Molecular electronic sensors

The features of molecular electronic technology are multiple and result in different
advantages with respect to standard CMOS technology [47]:

o Their inherently nanometric sizes allow to compact the structure of devices so
that area occupation is minimized and the response speed to external influence
results to be fast.

o In fabrication step, molecules are able to self-assemble and rearrange au-
tonomously as consequence of chemical processes (e.g. electromigration, etch-
ing etc.).

e According to the choice of molecule as channel between electrodes, the con-
duction properties change so highlighting the versatility of this technology.

o Generally speaking, the amount of current is lower than in CMOS technology.
Currents vary in the order of nanoamperes to a maximum of few microampere,
resulting in low power consumption.

On the other hand, molecules present several drawbacks that derive from their
marked variability with respect to different factors:

e The synthesis processes of molecular devices, if not well controlled, could
compromise the correct formation of channel. This could lead to a wrong
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molecule as conductive channel or to a different structure of the molecular
channel itself (e.g. more molecules instead of one).

e The bond between molecule and electrodes may be imperfect, so that the
conduction in the device can be unpredictable.

o The molecule may have a torsion with respect to its nominal position, so that
the conductivity has not the expected behaviour.

Recent studies have demonstrated that devices that refer to molecular electronic
technology can be suitable for sensing applications. For this reason, they can
be labelled as molecular electronic sensors (MES). In these devices the channel
conductivity is modulated by the presence of a physical or chemical external stimuli.
In this context, the acquisition, the processing and interpretation of the information
provided by such devices follow an approach that tend to reproduce the behaviour
of olfactory human system. The term associated to this method is electronic nose,
or e-nose. In literature there are many applications that exploit the features of
e-noses for sensing targets that are difficult to detect due to their small sizes. Some
of the most significant are the following [48]:

o Medical care: diagnosis of diseases that can be revealed in presence of volatile
organic compounds (VOCs). These substances are emitted by fluids producted
by human body, like exhaled breath, sweat, saliva, urine, feces and so on [49].

e Food industry: monitoring of fruit, vegetables, meat and fish for ensuring
their edibility. Aging or spoilage processes can be signaled by the presense
of detected VOCs in food that have concentrations in the order of parts per
million.

o Agricultural production: in-field monitoring of plants and soil to prevent
diseases, insect infestations and pollution.

e Public security: detection of explosives and nerve agents, that have a funda-
mental importance in anti-terrorism action. Sensors are required to be fast in
response and reliable to avoid false warnings.

o Environment monitoring: in-situ detection of gaseous targets. As mentioned
in Chapter 1, gases present in air (see Figure 1.1) are multiple and some of
them are toxic for human health, so an efficient sensing capability is required.

Molecular technology allows to assemble electronic components like resistance,
capacitors and diodes [50]. Another electronic device that can be implemented
according to this technology is the molecular transistor, also known as molecular
field-effect transistor (molFET). This device makes use of a molecular compound
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as conductive channel between two metal electrodes (typically made of gold or
platinum) through which a current flows when the molecular transistor is properly
biased. It also exploits one or more additive gate electrodes to improve switching
capabilities and behave like an equivalent n-type or p-type MOS transistor [51].
For instance, they are exploited in detection of biological material [52], virus ([53],
[54]) and humidity [55].

In gas sensing applications, which this thesis work is focused on, single-molecule
sensors have gained great interest in last years. In particular, this detection
approach allows to reach the ultimate resolution of a single molecule which yields a
high sensitivity of the sensor. Moreover, the small dimension of detecting element
makes it capable of sensing a large range of target. In addition, the detection
of a single molecule allows to discriminate the actual event from noise, unlike in
traditional ensemble measurements. Finally, single-molecule sensing implies that
there is no need of a calibration phase since with this technique single events can
be counted [56].

In the next section, we will study the characteristics of device described in the
reference paper of this thesis work [57], i.e. a Cgo-based device employed as
single-molecule gas sensor.

2.2 C(Cgo-based molecular gas sensor

In [57], an single-molecule device is analyzed to test its detecting capabilities
for gas sensing application. It consists in a molecular junction formed by two
gold electrodes and a Cgy molecule as sensing molecule. The sensor operates in
amperometric mode, i.e. a constant voltage is applied between the two electrodes
so that a current flows between the molecular channel. According to the gas it
is exposed to, the current is subjected to a modulation with respect to the case
in which no gas is present. As final result, this work achieves a selectivity of the
molecular sensor to nitric oxide (NO) and nitrogen dioxide (NOs) in the presence
of atmospheric gases, such as argon (Ar), nitrogen (N3), oxygen (O,), water vapor
(H50), carbon monoxide (CO) and carbon dioxide (COs,).

In Subsection 2.2.1, we will examine the structure of the device highlighting the
choice of materials for sensing molecule and electrodes. Then, in Subsection 2.2.2,
the mathematical model of modulation of current is provided. In the end, in
Subsection 2.2.3, figures of merit that show the sensing capabilities of device will
be depicted.
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2.2.1 Device structure

The molecule that has the aim of detecting the presence of a gaseous target comes
from the family of fullerenes. It is a group of carbon-based molecules that count
2(10+N) carbon atoms. The specific compound that has been chosen is the Cg
fullerene that contains 60 carbon atoms forming a spherical shape, organized in
alternate pentagons and hexagons. It is characterized by high symmetry and a
diameter of 7A. In addition, it results to be stable at room temperature and
easy to synthesize. This molecule has been proved to be suitable for detection of
gases like NH3, NO3, CO and H,0O [58]. The Cgy molecule is put between the two
electrodes to act as a conductive channel through which the current will flow.
The two electrodes’ material is gold (Au), which is a metal that is suitable for
molecular sensors. In fact, it is a ductile and flexible material that can be exploited
to form controllable nanogaps that can host molecular channels. Some of the
techniques mostly used for this purpose are electromigration and mechanically
controllable break junction.

The most stable configuration for Au-Cgg junction is the one described in [57]. The
gold electrodes present a face-centered cubic lattice (FCC) with (111) orientation,
according to Miller notation [59]. The Cgq fullerene is rotated so that the center
of external hexagons are aligned to a gold atom in the second layer of the metal
structure, i.e. at the center of FCC lattice of both Au electrodes.

The size of nanogap in which the Cg is inserted takes into account the diameter
of the sensing molecule itself (about 7A) and the bond length between Cgy and
gold electrodes (about 2.4 A on each side). Eventually, the gas target molecule has
been simulated to be at a certain distance to Cgp so that it can be studied to act
as a sensing element. In particular, there should be a partial overlap of van der
Waals shells in order to establish a strong interaction between sensing and sensed
molecules.

2.2.2 Mathematical model of conductivity in Au-Cgp-Au
system

The conduction in molecular systems can be analytically described according to
the model of 0-dimensional (0D) systems, also known as quantum dots [60]. The
analytic model is mainly based on the energy levels occupied by electrons in gold
electrodes (from now on also named respectively source, S, and drain, D) and the
ones of molecular orbitals in Cgg. As regards the electrodes, they are characterized
by the so-called Fermi levels. They represent the energy levels at which electrons
have 50% of probability to occupy them at thermodynamic equilibrium, according
to the Fermi-Dirac distribution in Equation 2.1:
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(2.1)

where k is the Boltzmann constant, 7' is the operating temperature and Epyg py
are Fermi energy levels for source and drain electrodes.

On the other hand, the molecular dot (in this case Cg) is characterized by different
molecular orbitals that are coupled to the drain and source electrodes. Regarding
to the conduction in the Cgy molecular channel, the energy states that contribute
to the flow of electrons in the device are the ones that are within the Fermi energy
levels.

The bond between the electrodes and the molecular dot is quantified by the so
called coupling factor, whose mathematical expression is given by Equation 2.2:

=1 (22)

Ti

where h is the reduced Planck constant and 7; is the escape time that an electron
takes to cross interface between electrode and the i-th molecular orbital of the
quantum dot. If the escape time is short, then electrons are favoured to “jump” from
electrode to dot and viceversa. In this case, we have a strong coupling between
the Cgp dot and the electrodes, in which the electron transport is dominated by
coherent processes. In the opposite case, we have a weak coupling, in which the
electron transport is dominated by incoherent processes (i.e. scattering).

The type of coupling influences the density of energy states (Dg) of the whole
system. In the case of weak coupling, the distribution of energy states follow a
Dirac-delta function, for which each state is localized at discrete energy level (E;)
corresponding to a molecular orbital energy (Equation 2.3):

Dig“/(E) = 6(E - B)) (2.3)

This is due to the fact that for long escape time, the probability that an electron
in the dot is located in correspondence of the energy level E; can be considered
equal to 1. On the contrary, when a strong coupling occurs, the probability of find
an electron in the dot at level E; decreases exponentially with time because the
transition in dot-electrode interface is more favoured with respect to the previous
case. Then, the density of energy states follows a Lorentzian distribution, according
to Equation 2.4:
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where 7; (s py are the coupling factor of the i-th molecular orbital of the dot with
the source and drain electrodes. In this case, we obtain a profile of energy states
that is characterized by a broadening of levels.

At this point, we can define transmission function that is associated to the i-th
energy level. It represents the probability of an electron at energy E to flow
from one contact to the other passing through a specific molecular orbital F;. Its
analytical expression is shown in Equation 2.5:

Yi,S Yi,D
Ti(E) P Dg,(E) (2.5)
It depends on the coupling at the interfaces between the molecular dot and the
two electrodes and on the density of energy states that they have established in
the system. To evaluate the contribution of all energy states, the transmission
spectrum of the whole system is given by sum of the transmission functions of each
energy level (Equation 2.6):

T(5) = Y. TH(E) (2:6)

It represents the probability of an electron at energy E to flow from one contact
to the other passing through the molecular channel, considering all the molecular
orbitals. Taking into account Equations 2.1 and 2.6, a model of the current flowing
from drain to source electrodes through the molecular dot is provided by the
simplified Landauer formula (Equation 2.7):

Ios = 2 [ T(E) [f5(B, Brs) — fo(F, Bro)) 4B 2.7

where ¢ is the electron charge.

In particular, the conduction in the molecular system is possible when a voltage
potential Vpg is applied between drain and source electrodes. The voltage Vpg
acts on the Fermi energy levels of electrodes by opening the so called bias window:

Erp — Ers = —qVps (2.8)

For example, for Vpg > 0V, the Fermi level of source (Erg) will be higher than
the one of the drain (Erp), so that electrons will go from source to drain electrode.
Under the assumption that the two contacts between the molecule and the elec-
trodes are symmetrical, the bias window will open symmetrically around a reference
energy for the Cgg molecule, fixed at 0eV.

The current flowing through the molecular dot, that is the result of the integration
of transmission spectrum, will have the most consistent contribution from the 7'(F)
peaks involved in the bias window. In this simplified model, the transmission spec-
trum is considered to be the same as in equilibrium. In fact, in first approximation
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effects out of equilibrium (e.g. charging effect) are neglected when a narrow bias
window is opened.

The complete analytical model of conduction in quantum dots is explained in [61].
The presence of a gaseous target nearby the Cgy sensing molecule introduces a
change in its conductivity and then in the current that flows in the sensor with
respect to the case in which no gas molecules are present.

In the next subsection, the behaviour of the sensor when it is exposed to different
gases will be investigated.

2.2.3 Sensing capabilities

As mentioned before, when the Au-Cgp-Au device is biased in amperometric mode
(with a constant positive Vpg across it), a current (Ipg) flows from drain to source.
The tool used for simulation of the electrical behaviour of Cgp-sensor is Cadence
Virtuoso. In Figure 2.1, the schematic of a test bench for the bias of the molecular
sensor under examination is depicted.

Figure 2.1: Test bench for Cgp-sensor.

The model of the sensor is provided on the basis of a Verilog-A file. In particular,
it fetches the values of the current Ipg from a Look-Up Table (LUT) [62]. The
data have been obtained from the combination of Extended Hickel Theory (EHT)
and Non-Equilibrium Green’s Function (NEGF) algorithms [57].

Since in [57] the transmission spectrum of the molecular sensor is considered in
[-1,1] eV range and the bias window is assumed to open symmetrically around 0eV
energy level, the range for drain-source voltage Vpg is [0,2] V. In total, 11 points -
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for each gas target - are considered in correspondence of Vpg range, with a step
size of 0.2 V.

Since the sensor is supposed to work in amperometric mode, the sensor has to
be biased with a constant voltage generator (instantiated as V0) between drain
(D) and source (S) terminals. Instead, another generator (V1) imposes a constant
voltage (Vctrl) that encodes the presence of a gas target. Therefore, it is just
a fictitious voltage pin aimed in modelling the presence of a specific target gas
close to the sensor. In Table 2.1, the gas molecules that can be detected by the
Cgo-sensor are reported with the corresponding values of Vetrl.

In Figure 2.2 the Ips — Vpg trans-characteristic of the sensor, when no gas is
detected, is depicted.
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Figure 2.2: Ipg — Vpg trans-characteristic of the Cgp-sensor (with no gas).

The current is the result of the integration of the transmission spectrum of the Cgq
molecular channel that has been coupled with gold electrodes, when a bias window
is “opened” (Equations 2.7-2.8). In the plot a cubic spline interpolation of LUT
points is used. In this analysis, it has been adopted to have a smooth behaviour
between successive samples of current flowing in the sensor. In this work, only
cubic spline interpolation of the I-V trans-characteristics will be considered. In
particular, they have been performed directly in Cadence starting from the values
present in the LUT [57].

When the molecule of a gas species approaches the Cg, the trans-characteristic is
modulated, according to the principle described in Subsection 2.2.2. As an example,
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Vctrl [V] Gas target
0 No target
1 Ammonia (NH3) with “N down” orientation
2 Ammonia (NH3) with “H down” orientation
3 Argon (Ar)
4 Carbon monoxide (CO)
5 Carbon dioxide (CO5)
6 Nitrogen (Nj)
7 Water vapor (HO) with “flat” orientation
8 Water vapor (HO) with “H down” orientation
9 Water vapor (H2O) with “O down” orientation
10 Oxygen (Oy)
11 Methane (CHy)
12 Butane (C4Hjp)
13 Lead sulfate (PbSO,4) with “flat” orientation
14 Lead sulfate (PbSO,) with “flat rotated” orientation
15 Lead sulfate (PbSO,) with “flat up-down” orientation
16 Lead sulfate (PbSO,) with “SO down” orientation
17 Lead sulfate (PbSO,4) with “Pb down” orientation
18 Nitric oxide (NO) with “O down” orientation
19 Nitric oxide (NO) with “N down” orientation
20 Nitric oxide (NO) with “flat” orientation
21 Lead oxide (PbO) with “O down” orientation
22 Lead oxide (PbO) with “flat” orientation
23 Lead oxide (PbO) with “Pb down” orientation
24 Lead chloride (PbCly) with “flat” orientation
25 Lead chloride (PbCly) with “Cl down” orientation
26 Lead chloride (PbCly) with “Pb down” orientation
27 Nitrogen dioxide (NOg) with “O down” orientation
28 Nitrogen dioxide (NOg) with “N down” orientation
29 Nitrogen dioxide (NO,) with “flat” orientation

Table 2.1: Encoding of gas targets detected by Cgo-sensor.

the modulation of current flowing in the sensor when a molecule of nitric oxide

(NO) bonds with the Cgy molecule is depicted in Figure 2.3.

The presence of the NO molecule acts on the conductivity of the sensor since it
introduces a change in the transmission spectrum’s peaks [57]. This modulation re-
sults in oscillations of current flowing in the sensor in the order of few microamperes.
Another factor that is involved in the modulation of current is the orientation of
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Figure 2.3: Ips— Vpg trans-characteristic of the Cgo-sensor (with NO, in different
orientations).

the target molecule with respect to the Cgg-axis, along which the current flows.
In particular, the word “down” in graphs’ label indicates the nearest atom of the
gas target to the sensing molecule of the sensor. Whereas, the word “flat” means
that the atoms of target are aligned to the axis of molecular channel, i.e. they are
equidistant to it.

As mentioned in Section 1.1, a sensor has to conjugate a good sensitivity to a
wide range of gaseous targets and a high selectivity to single targets in order to be
able to distinguish between them. In the case of the Cgp-sensor, it is characterized
by a quite large sensitivity to gases reported in Table 2.1. To test its selectivity,
in [57] there are different simulations of comparison between sensor’s responses
to different targets. Specifically, the Cgg-sensor is required to sense molecules of
potentially toxic gases (e.g. CHy, C4H19, NH3, NO or NO,) in presence of common
atmospheric gases. The analysis that have been conducted in the reference paper
[57] takes into account the responses to molecules of Ar, CO, CO, gaseous H,0,
Ny and O, to act like atmospheric references gases.

The sensor can be considered selective to a target when I-V trans-characteristic
of the sensor - modulated by its presence - shows a significant margin in current
values with respect to the responses of the sensor itself to atmospheric gases. Since
the I-V curves for different gases have absolute values of Ipg that differ of few
microamperes over the Vpg range, it is useful to consider the variation of current
(in absolute and percentage terms) with respect to the case in which no gas is
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detected by the sensor (Equations 2.9-2.10):

AIDS = IDS,gas - IDS,O (29)
Ipsgaes — 1
Alpsg = < DS’W]‘; » DS’°) - 100 (2.10)

where Ipgo and Ipggas is the value of current flowing in the sensor, respectively,
when no gas is present and when a target is detected.

In Figures 2.4-2.5-2.6-2.7-2.8 the responses of Cgp-sensor (in terms of Alpg) to
different targets in presence of atmospheric gases are depicted.
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Figure 2.4: Response of Cgg-sensor to butane (C4Hj).

They are again the cubic spline interpolation (performed in Cadence Visrtuoso)
of the LUT ab initio calculations, as described in [57]. The Cgo-sensor presents
poor selectivity to C4H;o and CHy since their trans-characteristics have a similar
behaviour over the considered Vpg range. For NHjs, the deviation of current with
respect to most of atmospheric gases is significant in [1.8,2] V sub-range of bias
window. Still, the selectivity cannot be considered reliable. On the contrary, the
Cgo-sensor shows a promising detection capability for NO and NO, targets. For
the former, the trans-characteristics for all its orientations are distinct to the ones
of atmospheric gases around Vpg = 1 V. For the latter, the bias window has to be
opened until [1.6,1.8] V to have a notable deviation from other atmospheric gases.
In the next section, the electrical characteristics of Cgp-based gas sensor will be
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Figure 2.5: Response of Cgp-sensor to methane (CHy).
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Figure 2.6: Response of Cgp-sensor to ammonia (NHz).

useful to derive the architecture of a circuit that allows the recognition of a gas
target which the sensor is exposed to.
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Figure 2.7: Response of Cg-sensor to nitric oxide (NO).
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Figure 2.8: Response of Cgp-sensor to nitrogen dioxide (NOs).

2.3 Cgo-sensor’s requirements and front-end ar-
chitecture derivation
In previous sections, an overview of innovative technologies for single-molecule gas

sensing applications has been provided. In particular, the working principle of the
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gas sensor, based on Cgg fullerene as sensing molecule, has been deepened.

Since its technology is difficult to integrate to electronic boards due to its nanometric
sizes, it needs a hardware interface that could act as a conditioning circuit for
the sensor and make its electrical characteristics compatible with standard CMOS
requirements. Moreover, to fully exploit the sensing capabilities of the sensor, the
analog front-end can be designed such that the output of the circuit could allow
the identification of the gas detected by the sensor itself.

In the following subsections, the choices for the design of a gas recognition circuit
will be discussed by taking into account the requirements of the Cgy-sensor that
can be extracted from the description in Section 2.2. In the end, a high-level
architecture of the analog front-end will be drawn to be used as reference for the
detailed design in Chapter 3.

2.3.1 Acquiring current from the sensor

The figures of merit that illustrate the behaviour of the Cgp-sensor are its I-V trans-
characteristics, depicted in Subsection 2.2.3. From them, there can be extracted
the electrical requirements that are useful for the design of the conditioning circuit.
Besides, the I-V curves provide information on gas sensing capabilities of the device
by means of comparison between the different targets that the sensor faces. Then,
the electrical quantity that has to be focused is the current that flows through the
Cgo-sensor.

The conditioning circuit, also named as readout circuit, must bias the sensor, so
that the conduction occurs in the sensor, and provide the current to a successive
stage for the identification of the detected gas. The readout circuit consists in two
block stages whose working principles are now described.

Biasing the sensor

As explained in Subsection 2.2.3, the Cgp-sensor requires to be biased in order to
activate its conduction principle. Specifically, a voltage potential has to be applied
between the drain and source gold electrodes (Vpg). This voltage allows to open
a bias window in which the transmission spectrum of the system is integrated,
resulting in a flowing current (Ipg).

Since this gas-detecting device should operate in amperometric regime, the require-
ment about the bias of the sensor is to apply a constant voltage Vpg between drain
and source terminals. In particular, the biasing stage should guarantee the correct
behaviour of the sensor over all the range of Vpg extending from 0 to 2V, for all
the targets it can be exposed to. In addition, this block should be able to drive the
amount of current that flows through the sensor, which reaches a maximum value

around 60 pA.
33



2.3. Cgp-SENSOR’S REQUIREMENTS AND FRONT-END ARCHITECTURE DERIVATION

A biasing stage that can meet the above-mentioned requirements is a current
conveyor. It consists in a voltage follower: at the input, a constant voltage Vrgp is
applied so that its value is imposed across the sensor’s electrodes. Then, a current
Ips flows in the sensor according to the I-V trans-characteristics of the Cgg-sensor.
Moreover, an active element (for example, an n-type MOS), in series with the
voltage buffer, is useful to drive the same current Ipg and connect the biasing stage
to the rest of the readout circuit.

Decoupling the sensor from output

Once the sensor is properly biased, a current flows and it has to be driven from the
input to the output branch of the circuit in order to be processed and, if necessary,
modulated. Moreover, the input side of the circuit, where the sensor is located,
has to be decoupled from the output. This allows to control the electrical quantity
in both the sides of the circuit and prevent that the information carried by the
current at the output is altered.

A current mirror is the most suitable solution to fulfil these tasks. This type of
circuits present heterogeneous configurations and each of them is characterized by
advantages and drawbacks that have an impact on the accuracy of output current
and the performances of the overall front-end. In the reserved section in Chapter 3,
the choice of the configuration employed in this thesis work will be explained.

2.3.2 Converting analog quantity in digital domain

The mirrored current keeps carrying the information about detection of gas targets
by the Cgp-sensor. Nevertheless, as stated in Subsection 2.2.3, the current values -
for different sensed gaseous species - are similar over the considered Vpg range. So,
a great accuracy is required for a measuring instrument which the sensor has to be
interfaced with. In particular, for the recognition of the gas, a signature is needed.
It is an electrical quantity or a graphical representation that is used to distinguish
between different targets. The signature of a gas target must be univocal so that
there is no ambiguity in the labelling.

Measurements of low current might be affected by errors that could compromise
the correct recognition of the target [63]. In the application of this thesis work, the
deviations of current values - in the case of different gas targets - are in the order
of few microamperes, so a reliable recognition could be achieved with solid state
electronics like the CMOS-based devices. Nevertheless, possible errors introduced by
fabrication tolerances of electronic components in the analog front-end are likely to
worsen its reliability. Therefore, chemical and electronic (thermal) noise can strongly
affect the output current of the sensor. Usually, to improve the sensing resolution
and reliability, the sensor current can be converted in another physical quantity to

34



2.3. Cgp-SENSOR’S REQUIREMENTS AND FRONT-END ARCHITECTURE DERIVATION

be monitored, e.g. a frequency (through a dedicated current-to-frequency converter).
In Subsection 1.2.2, the described gas recognition systems follow a common approach
to address the reliability of targets’ acknowledgement. Specifically, they exploit the
conversion of analog electrical quantities (like voltages and currents) into discrete
pattern of spikes. This approach is similar to analog-to-digital conversion. Though,
this technique has not the aim of acquiring amperometric measurements of the
current in the digital domain. The final purpose of this approach is the labelling of
the target that the sensor is subjected to by means of a univocal signature.

In the context of this work, and as stated above, single-molecule detection requires
a reference output quantity that could ensure a good reliability in distinguishing the
gas target that can be detected by Cgg-sensor. So, I have chosen the frequency as
signature since it can be acquired with high accuracy and resolution and measured
by low cost commercial instruments like a micro-controller.

Taking into account all the above-mentioned considerations, I have implemented
a current-to-frequency converter that inputs the current provided by the current
mirror. In the end, it provides an output frequency to be used as indication for the
recognition of the target detected by the Cgp-based sensor.

2.3.3 Final architecture of the analog front-end

Summing up all the functional stages that have been described in previous sub-
sections, Figure 2.9 shows a high-level architecture for the gas recognition system
that is proposed in this thesis work.
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Figure 2.9: High-level architecture of gas recognition system for Cgp-sensor.

The readout circuit has the purpose of suitably biasing the sensor at the desired
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voltage value. Moreover, it decouples the current flowing in the sensor from the one
that flows in the reading circuit. Then, the current-to-frequency converter is used
to obtain the frequency as signature for the recognition of the gas target, starting
from the current provided by the readout circuit.

In the next chapter, the Cadence Virtuoso implementation of each functional block
will be described in detail. Then, they will be simulated to test their single electrical
behaviour. In this way, once the correct functioning of every stage is validated,
they can be joined together to verify the actual recognition capability of gas targets
of the designed analog front-end.
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Chapter 3

Characterization of the
analog front-end

In Chapter 2, an electronic device in molecular technology, based on Cgqg fullerene
molecule as conductive channel and gold electrodes, has been studied and described.
In [57], the Au-Cgo-Au molecular junction has been investigated for single-molecule
gas sensing application. Biasing the device in amperometric regime and exposing it
to different gas targets, it has shown good sensitivity to several gaseous compounds
(reported in Table 2.1). Moreover, the Cgy sensor has proved to be characterized
by a good selectivity to some of them - in particular, to nitric oxide (NO) and
nitrogen dioxide (NO,) - in presence of common atmospheric gases.

Taking into account the electrical requirements that have been extracted from the
[-V trans-characteristics of the sensor (see Subsection 2.2.3), this chapter is focused
on the implementation of a CMOS analog front-end that has the aim of acting both
as conditioning circuit for the Cgp sensor and as a gas recognition system based on
a frequency signature. The definition of the schematic will follow the high-level
architecture derived from the above-mentioned requirements (see Figure 2.9) and
its functional blocks will be characterized in detail. Then, they will be simulated
to verify its correct behaviour.

The tool used for the implementation of the analog front-end and the simulation of
its electrical behaviour is Cadence Virtuoso. In the implementation environment,
a particular attention will be given to the hardware description language (HDL)
models of some instances inserted in the schematic, in particular Verilog-A. This
language permits the handling of analog signal together with digital ones, so that
the components can be compliant with their respective functions in the interfacing
circuit.

38



3.1. READOUT CIRCUIT

3.1 Readout circuit

In the first stage of the CMOS analog front-end, the sensor has to be connected to
a readout circuit. Referring to Figure 2.9, a voltage Vrgr is applied at the input
so that the sensor is properly biased and provides at the output a current I;7grg
that can be either the same one that flows in the sensor (Ipg) or the modulated
Ips. Then, the current I;7rr is sent in input to the next stage to be converted in
frequency for the recognition of the target.

The implementation of readout circuit is divided in two blocks:

1. a current conveyor, that needs to both bias the sensor and drive the current
that flows through the device itself;

2. a current mirror, that allows to replicate the current that flows in the sensor
to the output of the readout circuit.

The Cgp-sensor needs to be biased with high accuracy since its I-V trans-characteristics
show that for little variations of voltage Vpg the current Ipg changes in a significant
way. So, a reference should be fixed for the voltage which polarizes the sensor.
Then, the source electrode is connected to ground (Vs = 0V). In such way, the
voltage applied to the drain electrode (Vp) will result to be equal to the voltage
Vps. In Figure 3.1, the detailed block scheme of the readout circuit is depicted.
Since according to the requirements (see Subsection 2.3.1) the biasing voltage Vpg
is positive, the current will flow from drain to source terminal of the sensor, as
expected. To maintain this flowing direction in the output branch of the current
mirror, it will be placed above the rest of the circuit.

The schematics proposed in the next subsections will be described with respect to
the function of each component, so that they can be assembled to simulate the
behaviour of the readout circuit.

3.1.1 Current conveyor

The implementation of the current conveyor block requires to have two main
components that could respect the requirements about the bias of the Cgp-sensor.
Firstly, the voltage Vrgr has to be applied to a voltage buffer. It has to “copy” the
input voltage to another node of the circuit, in particular to the drain terminal of
the sensor so that Vpg = Vggp. In addition, this configuration has the advantage
of providing low output impedance and thus impedance decoupling of the circuit
from the supply line.

Secondly, the drain terminal of the sensor must be connected to the current mirror,
placed above the current conveyor, and the current Ips must be consistent to the
different I-V trans-characteristics of its model.
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Figure 3.1: Block scheme of the readout circuit connected to the Cgp-sensor.

To address the bias of the sensor and the proper flowing of the current, an operational
amplifier (op-amp) and an n-type MOSFET are used, as shown in Figure 3.2.

Figure 3.2: Current conveyor (implementation in Cadence Virtuoso).
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The output of the op-amp is connected to the gate of the n-MOS so that it can be
driven in saturation region. In order to both bias the sensor and let the current flow
through it, the negative input of the op-amp is connected to the source of n-MOS
and to sensor itself. In this way, the loop of op-amp is closed and in the ideal
case, when the inputs of the op-amp are short-circuited, the constant input voltage
(Vrer) is imposed to the drain terminal of the sensor. Then, a current (Ipg) flows
in the sensor and it goes by the n-MOS to be “replicated” by the current mirror.

3.1.2 Current mirror

A current mirror is one of the most exploited blocks in analog electronics design
[64]. Its aim is to “reflect” or modulate a reference current into another branch
of the circuit [65]. There are many variants of a current mirror and, according to
their characteristics, they can be matched to find out the most appropriate solution
to employ in the circuit. Out of the numerous circuit configurations proposed in
works like [66] and [67], the simple current mirror and the cascode current mirror
are the most significant ones and are shown in Figure 3.3.
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(a) Simple current mirror. (b) Cascode current mirror.

Figure 3.3: Configurations of current mirrors.

Firstly, the simple current mirror consists in the connections of two MOSFETs (M;
and Ms) that have to be polarized in saturation region. The one placed in the
reference branch of the circuit is in diode configuration, i.e. the drain and gate
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terminals are connected, so that Vsp; = Vgg 1. In this way, M; works in saturation
region and the current that flows through it is expressed in Equation 3.1:

ppCoz
Iref = P2

W
<L> (Vsga — Vrr1)*(1+ X\Vspa) (3.1)
1

where 41, is the mobility of free-charge carriers in p-MOS (i.e. holes), C,, is the
gate oxide capacitance, W and L are respectively the width of the MOS active
area and the channel length, Vrp; is the threshold voltage and A, is the channel
length modulation parameter in p-MOS.

In order to have the same current also in the output branch of the circuit, the
gate and source terminals of M; and My are connected, for which Vsg 1 = Vsg o.
Assuming that their technological and geometrical parameters (j1,, Coy, Vrg and
W/L) are the same, the gain of the simple current mirror is equal to:

(%)
]out _ L 2 . (1 + )\pVSD,Q) (3 2)
Ires (W ) (1+ X Ven) |

1

L

The ratio of (W/L); and (W/L)y, i.e. the aspect ratios of the two MOSFETs,
represents the nominal gain of the simple current mirror. It is affected by the
so called mirroring mismatch error that is due to the channel length modulation
effect since Vsp1 # Vspo. As a result, the output current I,,; as function of Vsp o
deviates significantly from the working point fixed by I,.;. This is due to the finite
and small value of the output resistance of the current mirror that, instead, has to
be as high as possible [66].

In order to get rid of this effect, the cascode current mirror can be introduced. In
this case, other two MOSFETs (M3 and M) are added in the circuit, as shown
in Figure 3.3. If they are properly biased so that Vsgs = Vg4, the mismatch
mirroring error in Equation 3.2 is cancelled out and the current gain of the mirror
is equal to its nominal value. In addition, an advantage of this solution is that
the output resistance of the mirror is improved with respect to the case of simple
current mirror. In fact, the behaviour of I, around the working point imposed by
I, is “flatter” than the previous case [66].

For these reasons, the choice of the current mirror to insert in the readout circuit
of the analog front-end of this application fell on the cascode configuration. The
implementation of this block in Cadence Virtuoso is depicted in Figure 3.4.
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Figure 3.4: Current mirror (implementation in Cadence Virtuoso).

3.1.3 Simulation of the readout circuit

Once the two blocks of the readout circuit have been described, the current conveyor
and the current mirror can be connected so that the electrical behaviour of the
readout circuit itself can be tested in the simulation environment of Cadence
Virtuoso. In Figure 3.5 the implementation of the readout circuit is shown.

Since the Cgg-sensor has to work in amperometric mode, the first constraint that
must be met is its correct biasing by imposing a constant voltage between the
electrodes of the sensor (see Subsection 2.3.1). As mentioned in Subsection 3.1.1, in
this configuration the current conveyor is used as a buffer to impose Vps = Vrgr.
In particular, the value of the input voltage Vggr has to be compliant with the
range used in the characterization of the sensor which is equal to [0,2] V. Then,
the voltage Vpg should “follow” Vrgpr over the whole range. In order to verify the
proper functioning of the readout circuit, a DC analysis has to be performed by
varying the Vzpp voltage.

A constant input voltage Vorgrr - which “emulates” the presence of a gas target
(see Subsection 2.2.3) - will be imposed to the model of the Cgg-sensor like it was
continuously exposed to a specific gas terget. Doing that, there will be a clear view
of its I-V trans-characteristic and the current that is mirrored in the output branch
will be better appreciated.

In addition to Vrgr and Vorgr, the supply voltages Voo and Vpp are two input
voltages that influence the functioning of the circuit. The former is the positive
power supply of the op-amp, whereas the latter is the supply voltage of the whole
front-end circuit.

In this analysis, the positive power supply Voo of the op-amp has to be tuned to
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3.1. READOUT CIRCUIT

Figure 3.5: Readout circuit (implementation in Cadence Virtuoso).

have the proper behaviour of the current conveyor.

Notice that Vpp supplies the branch of the readout circuit that is connected to
the Cgp-sensor. According to the biasing requirements, the maximum voltage to be
guaranteed across the sensor is equal to 2V. Therefore, the value of Vpp must be
greater than 2V. Then, I have fixed Vpp = 3V as design parameter. In this way,
there is a margin for the correct biasing of the sensor. Besides, the residual voltage
in that branch is divided across the terminals of the MOSFETSs that are connected
to that branch of the readout circuit.

The MOSFETs that are present in the circuit have been preliminarily defined as
large-sized devices, i.e. with great values of the width of the active area (W) and
of the channel length (L). In this way, the short channel effects - that affect the
MOSFETs with reduced sizes - can be neglected [46]. In particular, I have fixed
W = 151m and L = 1 um. Later, these geometrical parameters will be optimized
in order to obtain a smaller area occupation and to make the overall front-end
compliant with the nanometric dimensions of the Cgg-sensor.
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3.1. READOUT CIRCUIT

Voltages in the current conveyor

The plots in Figure 3.6 represent the behaviour of the voltage across the sensor
(Vbs) and of the gate voltage of My (Vi) as function of the input voltage Vrgr,
with a parametric sweep of Voe. For the following simulations, the main examples
will be referred to the case in which the sensor is not exposed to any gas, i.e. for

Verrr = 0.
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(a) Gate voltage of My (Vg 0)- (b) Voltage across the Cgo-sensor (Vpg).

Figure 3.6: Voltages of the current conveyor for different values of V.

The behaviour of both Vps and Vg is influenced by the value of V. In addition,
the Verilog model of the op-amp is important for the choice of its positive power
supply. In particular, the voltage Vi o - which coincides with the output voltage of
the op-amp - increases linearly as Vzpp increases. Then, after a certain value of
the input voltage, Vi o saturates to a value which is equal to:

V6,000 = Voo — Vsat

where Vi, =~ 420mV. This value is obtained according to the model of the op-amp,
defined in the library ahdlLib in Cadence Virtuoso.

In order to have the proper functioning of the readout circuit, for all the input
voltage range, Vi o and Vpg have to increase linearly with Vgpr. For Voo <3V,
the voltages of interest saturate once Vygpr overcomes certain values. Then, the
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3.1. READOUT CIRCUIT

value of Ve has to be greater than 3V. In this case, I have chosen Voo =5V to
have a good margin for the correct functioning of the current conveyor.

Currents in the current mirror

Once the sensor has been properly biased by imposing Vps = Vrgr, some consider-
ations about the analysis of the currents that are involved in the readout circuit
can be made. In Figure 3.7 they are shown as functions of the input voltage Vzgp.
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Figure 3.7: Currents in the readout circuit (for W = 15um and L = 1pum).

The current that flows through the gas sensor is labelled as Ipg. Then, the currents
Iy, I and I; are driven respectively by My, My and M;. The last one is the output
current of the cascode mirror that will be put in input to the current-to-frequency
converter.

In this configuration, the current mirror has been designed to have a 1:1 ratio, i.e.
the aspect ratios of the MOSFETs are the same for all the elements. As can be
observed, the currents Iy, Iy and I; “follow” the behaviour of Ipg for values of
Vrer greater than around 0.5 V. This is due to the fact that My starts conducting
when the input voltage is around that value. The model of the n-MOSFETs used
in this project are characterized by a low threshold voltage, whose nominal value is
equal to Vg = 0.322V.

Considering the input voltage Vzgr = 0.5V, the n-MOSFET M, results to be in
ON state:

Veso =Vao— Vps > Vru (3.3)
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The values of Viz 9 and Vpg can be extracted from Figure 3.7 and are equal to:

Veo = 0.905V
Vps = 05V

Substituting in Equation 3.3:

Vaso = 0405V > Vg = 0.322V

Then, the readout circuit has been proved to work as expected.

Nevertheless, the sizing of the MOSFETs that make up the first stage of the front-
end has to be justified in order to provide a coherent description of the currents’
behaviour in the DC analysis. The Verilog model used in this thesis work refers to
the BSIM library in Cadence Virtuoso. I have started considering a channel length
(L) equal to 1um, for both n-MOS and p-MOS elements. Then, I have varied the
value of the width W with a parametric sweep. In Figure 3.8 the behaviour of the
output current of the mirror I; is shown for different values of W.

90 T T T T T T T T T
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70 For W =20 um | |
For W =25 um
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Figure 3.8: Output current [; for different values of W.

There can be observed that, for W < 15 pm, the output current deviates from the
current flowing in the sensor for high values of Vzgr. This mismatch might cause
an incorrect conversion in the frequency domain that would lead to a misguided
gas recognition when the sensor is polarized with such values of Vzgr. On the
contrary, for W > 15 pum the behaviour of I; fits with Ipg for values that are useful
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for the polarization of the sensor. In addition, the smaller W, the more reduced is
the value of I for small values of Vggp. Therefore, the power consumption - which
has to be as low as possible - reduces by scaling-down the size of the MOSFETs
in the readout circuit. So, in order to have the best trade-off between accuracy
of current mirroring and power consumption, I fixed the width of the MOSFETs
equal to 15 pum.

This analysis has been carried on considering large-sized elements in order to
individuate the optimal aspect ratio of the MOSFETS, in this case (W/L) = 15/1.
Nevertheless, the Cgg-based gas sensor requires to be interfaced to a conditioning
circuit that could minimize as much as possible the area occupation while main-
taining the accuracy in the polarization and the successive conversion in frequency
domain.

For these reasons, I have scaled down the size of all MOSFETs by a x10 factor,
but still keeping their aspect ratio unchanged. In particular, with a channel length
L = 100 nm this architecture is consistent with the solutions of interfacing circuits
present in literature [42], [43], [44], [45] (see Subsection 1.2.2). In Figure 3.9 the
behaviours of the currents involved in the first stage of the analog front-end with
small-sized MOSFETSs are depicted.
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Figure 3.9: Currents in the readout circuit (for W = 1.5pm and L = 0.1 pm).

As can be noticed, for small values of Vzgpr the value of the currents in the current
mirror has significantly reduced with respect to the previous case (see Figure 3.7).
Still, for Vrgr > 0.6V, the currents I, I and I; follow the behaviour of the
current Ipg. Hence, the scaling-down of MOSFETSs sizes has not affected the
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functioning of the readout circuit. Actually, this approach allows to minimize the
power consumption and the area occupation of the overall circuit.

Currents in time domain

The correctness of the polarization in DC domain allows to focus the attention
on the behaviour in time of the current that carries the information about the
“identity” of the gas detected by the Cgo-sensor. By polarizing the sensing device
in amperometric mode - by imposing a constant value of Vzgp - there can be
simulated the detection of different gas targets in successive time phases. According
to the sensing capabilities of the Cgp-based device (see Subsection 2.2.3), the value
of the input voltage Vrgr has to be such that the detection of the gas targets can
be effective. As an example, by applying Vrer = 1V, gases like NO and NO, can
be distinguished from common atmospheric gases (e.g. Ar, CO, CO, etc.).

For example, to emulate the sensing of two different targets, the model of the
sensor is stimulated by the voltage Vorgp that, for a sake of simplicity, behaves
like a squared-wave signal in time. This approximation can be made under the
assumption that the response of the Cgp-sensor is instantaneous. This means that
the time that a gas molecule takes to approach the sensor is much shorter than the
total interaction time. In other words, the model of the sensor provides a very fast
response to the exposure of gas targets. To complete the description of the sensor,
additional analysis should be performed involving the study of its dynamics. In
absence of this type of information, the aforementioned hypothesis are valid in this
context.

Regarding the control voltage signal described above, two phases can be distin-
guished in the two semi-periods:

1. the sensing of a common a atmospheric gas, for example Ar (encoded with
Verrr = 3V);

2. the sensing of a gas target, for example NO with “N down” orientation (encoded
with VCTRL =19 V)

These phases are characterized by a constant voltage value that corresponds to
a continuous exposure of the sensor to a specific gas target. The interaction
between the sensor and the compound nearby is expected to be short, so it has
been chosen in the order of nanoseconds (in this case, each phase lasts 25ns). As a
consequence, the currents under interest (i.e. the one flowing through the sensor
and the one that is output of the current mirror) acquire constant values in each of
the aforementioned phases.

In Figure 3.10 the evolution in time of the Vorgy signal and the currents Ipg and
1, is shown.
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Figure 3.10: Time evolution of sensor’s control voltage Vorgr and of the currents
Ipg and 1.

As can be noticed, the change in the control voltage value corresponds to a variation
in the current that flows through the sensor (in green). Consequently, the mirrored
current (in red) follows its behaviour. Then, the average values of the currents can
be acquired in the two different phases. In this case, they are equal to:

. 22.1203 pA, when VCTRL =3V (3 4)
P57 120.5562 pA, when Vogg, = 19V '

. 22.5518 pA, when VC’TRL =3V (3 5)
"7 120.9764 pA, when Vogg, = 19V ‘

The plots in Figure 3.10 show also that an error in the mirroring is occurring.
Consequently, there is an “offset” in the current of about 400 nA. Nevertheless, this
indication is not an issue for the successive conversion. In fact, since this error is
constant all over the considered time window, this offset in current can be corrected
later by the instrument that is supposed to acquire the corresponding frequency.
In addition, in order to get rid of this error, the difference between the value of the
current in presence of the gas target (in this case, NO) and the value assumed when
there is the atmospheric gas (i.e. Ar) can be calculated. Therefore, the recognition
of the gas will consider the difference in frequency of the two exposure phases. In
this way, the offset due to the mirroring is cancelled out and the modulation of the
current in the two phases is maintained.
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The proposed simulations have proved to be consistent with the purpose of the
readout circuit. So, the next step is to provide a characterization of the current-to-
frequency converter.

3.2 Current-to-frequency converter

Once the Cgo-based sensor is properly biased and the current that flows through it
is mirrored in the output branch of the readout circuit, the output current has to
be manipulated to extract the information about the “identity” of the gas target.
The recognition of the gas that the sensor intercepts has to be as reliable as possible.
Then, the indication provided by the measure at the output of the analog front-end
needs to have a good degree of accuracy. The response of the sensor, based on the
I-V trans-characteristics of the sensor, has highlighted that the direct acquisition
of values of the current is not accurate for this application (see Subsection 2.2.3).
As an alternative approach, the current can be converted into frequency since
it is a quantity that can be easily measured with high accuracy. Therefore, a
current-to-frequency converter has been implemented. In particular, it provides an
output signal given by a periodic pattern of spikes. Then, the frequency of this
“train” of spikes represents the signature that permits to discriminate the gas target
among other compounds.

In literature, there are many works that propose solutions based on the design of
circuits for the conversion of analog quantities into “events” (see Subsection 1.2.2).
Even though works like [42], [43], [44], [45] use different signatures for the final
recognition of gas targets, the approach for achieving this purpose is similar. Then,
this thesis work will follow this trend by implementing a simplified i-to-f converter
as proposed in the reference paper [68]. In Figure 3.11, the converter that will be
integrated in the analog front-end is depicted.

The i-to-f converter consists of four main components:

1. An integrating capacitor, which implements a current-to-voltage conversion,
so that it allows a relation between the current and the final frequency.

2. A woltage comparator, which matches the value of the voltage across the
capacitor to a threshold. When it is overcome, the comparator generates a
spike.

3. A delay line, which is useful to handle the timing of charge-discharge alternation
of the integrating capacitor.

4. A MOS-switch, which permits the periodic charge and discharge of the inte-
grator. It is controlled in feedback by the delayed spike pattern in output of
the converter.
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Figure 3.11: Current-to-frequency converter.

At the end of the implemented circuit, there is a functional block (named as
frequency meter) that has the aim of measuring the frequency of the output spike
pattern. It can be considered as a symbol representing, for instance, a measuring
instrument like a microprocessor.

In order to have a comparison between the theoretical functioning of the imple-
mented circuit and its actual behaviour, an analytic description has to be done.
Applying the Kirchhoft’s currents law at the input node of the converter, the input
current I, splits in two components, i.e. one flowing in the MOS-switch (/)
and the other charging the integrating capacitor (/.,), so that:

Vg,
-[mz’rr = ]sw + Icap = . + Cint

row T o (36)

The quantity of interest is the voltage across the integrating capacitor (veqp), S0
Equation 3.6 can be rewritten as follows:

8U6ap(t) Ucap(t) _ Lirr
at * 7ﬂswC’int B Cint (37>

It is a first-order differential equation. Imposing that at ¢ty = 0 the voltage across
the capacitor is veqp(to) = 0, the solution of Equation 3.7 is:

Veap(t) = Vo (1 = €77) (3.8)
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where 7 = r,,Cj,; is the charging time constant and V,, = rg, Ly 18 the maximum
voltage value that can be reached in charging phase.

The presence of the comparator puts a limit to the rising of the capacitance voltage.
In particular, when v.q, reaches the value of V., the MOS-switch is driven to
triode region. In this way the integration capacitor discharges to the low level
voltage. To evaluate the time interval of the charging phase up to Vipmp, by
iImposing vVeap = Veomp, the charging period of the capacitor can be obtained from
Equation 3.8:

v
At=7ln| ————— .
T D(Voo — Vcomp> (3.9)

When the threshold (V,omp) is reached, the comparator will provide the high logic
value at the output. Since in the real case the discharge of the integration capacitor
is not instantaneous, a delay block at the output of the comparator is needed.
This block introduces a delay (¢4) that lengthens the time of the spike signal that
controls the switch in the feedback path. As soon as the delay is extinguished, a
retarded spike signal is generated at the output of the delay line. It drives the
switch for the discharge of the capacitor and it acts as the output signal for the
final frequency measurement. When also the delayed spike signal is ended, the
switch is set off and another charging phase can begin again.

The presence of the delay line affects the period of the output signal. In particular
two time contributions are introduced:

1. When v, overcomes Vo, the spike signal is high. The delay line extends
the spike in time of a quantity equal to ¢4. In this time interval v.,, keeps
increasing.

2. Once the spike signal expires, the retarded spike signal is generated and drives
the switch to the OFF state. Also in this case, this signal has a duration equal
to td.

Then, taking into account the delay line in the i-to-f converter, Equation 3.9 needs
to be corrected with a time term as follows:

v
Atoy = Tln| ——————— 2t 1
out T n<voo _‘/comp> + d (3 0)

Since the frequency of the output signal is the quantity of interest as signature for
the acknowledgement of the gas, it can be calculated as:

1 Ve -
=— —|7ln( —=2 2 A1
fout At,., [T n<voo _ ‘/Comp> + td] (3 )
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In the ideal case, the equivalent resistance of the switch when it is in the OFF
state is infinite. The capacitor voltage increases linearly in time and proportionally
to I As a consequence, the output frequency results to be proportional to the
current provided by the current mirror.

In mathematical terms, the charging time constant is considered to be very large
(i.e. t < 7). So, Equation 3.8 can be simplified exploiting the Taylor series of
exponential term:

By truncating the approximation at the first order, the expression of the voltage
across the integrating capacitor becomes:

i [mirr -t
(i) Amirr -

cap (1) = C (3.12)

The signal that is generated by the comparator (i.e. the spike pattern) has a period
equal to:

Oint ‘/;omp

I mairr

At — (3.13)
Taking into account the delay introduced by the delay line, the period of the output
spike pattern signal is equal to:

i Cm ‘/com
A = ZintTeomp o (3.14)

out —
I mairr

At the end, the frequency of the output signal results to be equal to:

At(ld) B [mirr

7 1 Czn ‘/com -

) _ l L comp Qtd] (3.15)
out

In this analysis, the non-idealities of the op-amp (e.g. offset, slew rate etc.) are

being neglected to simplify the model of the i-to-f converter.

3.2.1 Simulation of current-to-frequency converter

Before the complete simulation of the analog front-end can be performed, the i-to-f
converter needs to be validated in its functioning.

The quantity that acts as input for the converter is the output current of the
readout circuit. As aforementioned in Subsection 3.1.3, the sensor is controlled by
a square-wave signal, so that the current that flows through it - and, consequently,
the current in the output branch of the cascode mirror - could follow the shape of
the input control voltage Vorgr (see Figure 3.10). Then, the current that enters
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the i-to-f converter results to be constant in different gas exposure phases.

The aim of the converter is to provide a corresponding value of frequency that has
to be constant in each of the phases of the input current, according to the different
values of the current itself. The acquisition of the output frequency requires a
multiple alternation in switching of the MOSFET in the converter. When the
logical value of the spike pattern at the output is low, the MOSFET is in OFF
state. On the other hand, to drive the MOS-switch in triode region (i.e. in ON
state), the high logical value of the comparator - that goes to the MOSFET gate -
has been put equal to Voo =3 V.

The MOS-switch has been sized as the MOSFETs in the readout circuit. In
particular, its geometrical parameters are equal to W = 1.5ym and L = 100 nm.
Then, the integrating capacitor can be charged and discharged periodically, so that
a triangular-wave signal v.,, can be generated. Each triangle corresponds to a
single charge-and-discharge cycle of the integrating capacitor. At the output, the
frequency meter acquires the value of the spike pattern’s time-period and converts
it into a frequency value as in Equation 3.11. According to its Verilog description,
the frequency of the output signal is detected by measuring the difference between
two successive zero-crossings. So, in correspondence of each phase of the input
current, there should be at least two spikes generated by the voltage comparator,
so that the value of the output frequency could be acquired.

Doing that, the final achievement is the association of a measured physical quantity,
i.e. the frequency, to a gas target that has been detected by the Cgo-based sensor.

Setting of simulation

To validate the correct behaviour of the i-to-f converter, the input current has
to emulate the one at the output of the readout circuit. In this case, I have
instantiated a current source that generates a square-wave with the same period of
the Veorgr signal in Figure 3.10. The current signal takes into account the case
analyzed in the Subsection 3.1.2, characterized by two phases with values of current
as in Equation 3.5.

Considering an arbitrary comparator’s threshold voltage V.o, and being known the
current /1 in the two phases (in the order of tens of pA), the integrating capacitance
(Cint) can be extracted according to Equation 3.13. As first approximation, the
value of Cj,; that is obtained will allow one charging cycle. Since the charge of the
capacitor occurs in two phases, the current that must be considered for the sizing
has to be the greatest one.

Assuming a current signal with a semi-period equal to 25 ns and considering the
maximum current in the case analyzed in the Subsection 3.1.2 (i.e. 22.5518 pA),
the maximum value of the integrating capacitance that can be charged up to
Veomp = 1V is equal to:
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At-Timae  25-1079 [s] - 22,5518 - 107 [A]
Veomp 1[V]

In this case, I have chosen C;,; = 500 fF.

Another important parameter is the time t; introduced by the delay line to let the

capacitor discharge by means of the MOS-switch. This has be set to a value that

has to be as short as possible so that the capacitor can start the next charging

cycle. In the first simulation, it has been set equal to t; = 1 ns.

The evolution in time of the quantities of interest involved in the i-to-f converter
are depicted in Figure 3.12.
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Figure 3.12: Evolution in time of the quantities of interest in the i-to-f converter,
with Cjy = 500fF and t; = 1ns. Voltages: ve, (blue), Viomy (orange), Vipike
(yellow), Vspike,delayed (ViOlet).

As can be noticed, the voltage v, across the integrating capacitor, when it is
charged with constant current, has a triangular waveform. When v.,, becomes
greater than V,,,, a spike with a width equal to 1ns arises (in yellow). The
discharge of the integrating capacitor occurs when the delayed spike is generated.
Then, when this spike extinguish, the nexy charging phase begins.

However, the behaviour of the output frequency is not consistent with the evolution
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of I1. In fact, the frequency obtained in the phase with the higher value of the input
current results to be lower than the one in the successive phase, where the current’s
value is higher. The expected behaviour should highlight the direct proportionality
of the frequency to the value of the current, according to the Equation. So, the
higher the current, the more rapidly the capacitor charges, i.e. the higher the
output frequency.

This “phase shift” is due to the Verilog description of the frequency meter. In
particular, the frequency of the Vypike 4o is provided by considering two successive
zero-crossings of the output signal. In fact, in the time interval [0, 25] ns the
frequency results to be equal to zero since the second zero-crossing does not occur
until the end of the first phase. Therefore, the frequency that has been measured
in the first phase “falls” in the second one (i.e. [25, 50] ns), and so on.

Then, a different method should be implemented, as described in the next paragraph.

Optimization of the converter’s design

To get a constant frequency value that could be measured in the corresponding
time interval of each phase, the charging phase has to be faster. Then, in a single
phase, there will be multiple charging cycles. The more the charging cycles, the
more precise the measurement of the output frequency. In this way, the behaviour
of the voltage comparator could be effective according to its Verilog description.
Having the same values of the input current in the same integration time, the
design parameters that can be optimized are Cipnt, Veomp and tq. To achieve a faster
charge of the integrator capacitor, all of them can be lowered.

For the sake of simplicity, the threshold voltage of the comparator can be kept
constant to the previous value (Vopmp = 1 V). To fasten the charge-and-discharge
cycle, there should be needed a smaller capacitor. For instance, the capacitance
can be scaled down by a x10 factor, so imposing Cj,; = 50 {F.

Also the delay time t; can be made smaller, so that the discharge of the capacitor
could be faster as well and that a major number of charging cycles in a single phase
could be obtained. In this example, I have fixed t; = 500 ps.

In Figure 3.13 the simulation of the converter with optimized parameters is shown.
The time evolution of the voltage signals highlights that a faster charge turns into
a higher output frequency (in the order of hundreds of megahertz). Moreover, as
aforementioned, the behaviour of f,,; results to be coherent with the modulation
of I;. This is due to the increased number of charging cycles due to the decreased
value of C;,,; and t; that have optimized the measurement of the output frequency
according to the Verilog model of the frequency meter block.

However, the first charging cycle of the first phase provides a higher frequency with
respect to the value that stabilize in the next cycles. The reason why it behaves
like this is that the first period of the v, signal is shorter than the successive
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Figure 3.13: Evolution in time of the quantities of interest in the i-to-f converter,
with Cj,y = 50fF and t; = 500 ps. Voltages: vy (blue), Veomy (orange), Vipike
(yellow), ‘/spike,delayed (violet).

ones. In fact, the first triangle of the waveform crosses the 0V and then it charges
starting from a slightly negative voltage (in the order of few mV). Later, since the
capacitor is charged at constant current, the period of the voltage across Cj,,; - and
consequently its frequency - assumes the correct value.

This “measurement error” causes a delay in the measurement of the output frequency
for a time interval corresponding to one charging period of the integrating capacitor.
Nevertheless, this issue is not such relevant for the final goal of the i-to-f converter
since the frequency measurement is consistent to its mathematical model. In
addition, in a post-processing stage, this little phase shift can be corrected.

At the end, also the current-to-frequency converter has proved to work properly.
Therefore, it can be connected to the readout circuit in order to simulate the
functioning of the whole analog front-end.

In the next chapter, all the cases of gas exposure of the Cgy-sensor will be analyzed.
A particular focus will be dedicated on the targets that the sensor has proved to be
selective to (see Subsection 2.2.3). The values of the currents that are driven by the
sensor will be matched to the values of the output frequency and the effectiveness
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of the front-end will be evaluated.
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Chapter 4

Simulation and validation of
final results

In Chapter 3 the functioning of the analog front-end has been described by char-
acterizing the readout circuit and the current-to-frequency converter separately.
Firstly, the readout circuit connects directly to the Cgy to bias it and to mirror
the current that is driven when the gas exposure occurs. Secondly, the output
current of the readout circuit is used as input of the i-to-f converter and provides
the frequency of a spike pattern, implementing an conversion from analog domain
to discrete domain. In this way, the correctness of their respective purposes have
been proved. Then, they could be joined together in order to simulate and validate
the implementation of the whole front-end.

In Figure 4.1 the complete structure of the circuit designed in this thesis work is
depicted.

In this chapter, there will be simulated the exposure to the gas targets which the
sensor is selective to, as described in Subsection 2.2.3. The first assumption to make
is that the Cgo-sensor is inserted in an environment where it senses the presence of
only one atmospheric gas molecule (Ar, CO, COs etc.).

After a certain time interval, another molecule approaches to the sensing molecule
(Cgo) and, according to the biasing conditions, the sensor is able to distinguish
another type of target. The change in the detected gas causes a modulation in the
current that flows through the sensor itself. Then, a difference of the current can
be calculated as follows:

A]'DS = [DS,tar - IDS,atm (41)

where Ipg tar is the current flowing in presence of the target of interest (in this case,
NO or NOy) and Ipg gt is the current that the sensor drives when it detects an
atmospheric gas (Ar, CO, CO; etc.).
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Figure 4.1: Analog front-end for Cgy gas-sensor (implementation in Cadence
Virtuoso).
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Simulation and validation of final results

Thanks to the implemented front-end, the modulation in current corresponds to a
modulation in the measured frequency. The output of the interfacing circuit will
be used to achieve the identification of the compound of interest by evaluating the
difference between the measured frequencies, as expressed in the following equation:

Afout - fout,mr - fout,atm (42)

where fout.atm and fouiiqr are the frequencies obtained, respectively, before and
after the gas target exposure.

In [57] the characterization of the device under analysis has proved that the Cgp-
based molecular sensor is effective for the detection of gases like nitric oxide (NO)
and nitrogen dioxide (NOs). In particular, the former one is detectable when the
sensor is biased with Vpgs = 1V, whereas the latter requires a biasing voltage
included between 1.6 and 1.8 V. In this context, I have chosen to bias the sensor
with Vpg = 1.7V for the detection of NOs.

Taking into account the characterization of the analog front-end (see Chapter 3),
the emulation of the gas exposure and the biasing of the sensor will be implemented
by varying the voltages Vorgr and Viygpp. Moreover, the simulations that will be
shown in the next sections will be carried out with a circuit configuration including
the values of the design parameters listed in Table 4.1.

Design parameter Name of variable | Value
Circuit’s power supply Vbbb 3V
Positive power supply of the op-amp Vee 5V
Gas exposure duration Teir 25ns
Rise/Fall time of control voltage tr, 1fs
Width of n- and p-MOS w 1.5pm
Length of n- and p-MOS L 0.1pm
Integrating capacitor Cint 50 fF
Comparator’s threshold voltage Veomp 1V
Delay introduced by delay block tq 500 ps

Table 4.1: Fixed design parameters of the analog front-end.

In Table 4.2, the values of the current that the sensor drives when it senses the
most common atmospheric gases are listed. Moreover, there are reported the values
of frequency calculated by means of Equation 3.15, taking into account the values
of parameters in Table 4.1.

63
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For VDS =1V For VDS =17V

Atmospheric gas VCTRL [V] IDS,atm fout,atm IDS,atm fout,atm
mA] | [MHz] | [pA] | [MHg]

Ar 3 22.1209 | 306.7197 | 39.8354 | 443.4265

CcO 4 19.0702 | 276.0988 | 34.6089 | 409.0456

COq ) 18.9117 | 274.4338 | 31.2343 | 384.4965

Ny 6 18.4116 | 269.1298 | 34.3469 | 407.2100

H,O (“flat”) 7 18.4569 | 269.6134 | 30.7233 | 380.6001

H,O (“H down”) 8 19.4726 | 280.2918 | 31.5610 | 386.9619

H50O (“O down”) 9 18.1390 | 266.2058 | 31.6871 | 387.9082

Oo 10 17.8455 | 263.0314 | 33.4887 | 401.1166

Table 4.2: Atmospheric gases: control voltages, input currents and output
frequency values.

Since the combinations of the various cases are numerous, there will be shown some
relevant simulations so that they can be analyzed. In this way, the correctness of
the final implementation can be verified and potential drawbacks can be pointed
out. At the end, the values of currents and frequencies of each case will be listed
in tables so that a comparison can be made.

4.1 Exposure to nitric oxide (NO)

As mentioned in Subsection 2.2.3, the nitric oxide (NO) can be detected by the
Cgo-based sensor when it is biased with Vpg = 1 V. The values of the current that
flows through the sensor and the corresponding output frequency calculated with
Equation 3.15 are reported in Table 4.3.

Gas target Verre (V] | Ipsitar [RA] | foutter [MHz]
NO (“O dOWH”) 18 14.8183 228.6129
NO (°N down”) 19 20.4119 989.8928

NO (“flat”) 20 14.7329 9275052

Table 4.3: Nitric oxide (NO): control voltages, currents and output frequencies
(for Vps =1V).

There are three different cases according to the orientation of the gas target
with respect to the sensing molecule of the conductive channel in the sensor. In
particular, the orientation labelled as “down” indicates the atom of the target
which is nearest to the Cgy molecule. On the contrary, the “flat” orientation points

64



4.1. EXPOSURE TO NITRIC OXIDE (NO)

out the equidistance of all the atoms to the channel axis. In Figure 4.2, the NO
molecule is shown in the different positions with respect to the gas sensor.

Gold Gold Gold Gold
electrode electrode electrode electrode
C60 Co60
(a) “O down” orientation. (b) “N down” orientation.

Gold
electrode

Gold
electrode

Co60

(c) “Flat” orientation.

Figure 4.2: Orientations of nitric oxide (NO) with respect to Cgp-sensor’s channel
axis.

Among the different configurations of NO exposure, the case of “O down” orientation
can be studied. As an example, this target can be detected after an Ar molecule.
Then, to simulate the control voltage is varied from 3V to 18 V in a time window
of 75ns subdivided in three phases:

1. For [0,25] ns, the sensor detects the presence of an Ar molecule.
2. For [25,50] ns, a gas target molecule of NO approaches to the device.

3. For [50,75] ns, the NO molecule gets away and the sensor restarts the sensing
of the Ar molecule.

The quantities of interest for the study of the analog front-end are the current that
flows through the sensor (Ipg) and the output frequency (fu,) in all the three
phases. Then, the input and the output of the implemented circuit can be matched
to verify the correctness of the model. In Figure 4.3 the time evolution of Vorgy,
Ips and f,,; for this particular case is depicted.

The behaviour in time of the current and the output frequency is consistent with
the model described in Chapter 3. A detail to notice is the presence of little glitches
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NO (O down) vs Ar
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Figure 4.3: Exposure to Ar and NO (“O down”). Time evolution of control
voltage (Vorrr), current (Ipg) and output frequency (four)-
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4.1. EXPOSURE TO NITRIC OXIDE (NO)

in the Ipg evolution. It is due to the switching of the n-MOS in the i-to-f converter
and they occur in the time instant corresponding to the rise and fall edges of the
output spike pattern signal.

Because of this little variations, the values of Ipg and f,,; can be extracted by
calculating the average value of the quantities of interest in the three phases:

22.1147 pA, in [0,25] ns time interval
Ips = { 15.3427 pA, in [25,50] ns time interval (4.3)
22.0341 pA, in [50,75] ns time interval

472.7196 MHz, in [0,25] ns time interval
fout = { 372.8763 MHz, in [25,50] ns time interval (4.4)
472.5170 MHz, in [50,75] ns time interval
Notice that the value of current when the sensor detects the NO target molecule
(in the second exposure phase) is different from the theoretical value reported in

Table 4.3. This issue is due to an imprecise biasing of the drain-source voltage
across the sensor. In Figure 4.4 the voltage across the sensor is shown.

1.02

1.015 1 .

1.01 [ T

Vps VI

1.005 .

0.995 : :
0 25 50 75

Time [ns]

Figure 4.4: Exposure to Ar and NO (“O down”). Voltage across the Cgy (Vps).

As can be observed, the voltage Vpg undergoes small variations in the three phases.
Then, the current Ipg changes with respect to the nominal values. In fact, as seen
in Chapter 2, the current that flows through the sensor changes significantly also
for slight variations of the biasing voltage.

Another consideration involves the values of the output frequency. They result to
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4.1. EXPOSURE TO NITRIC OXIDE (NO)

be higher than the theoretical values that are computed according to Equation
3.15. Under the ideal assumption that the current in the sensor is equal to the
current that is in input to the i-to-f converter (Ips = L), the output frequency
values of this specific case would be equal to:

306.6600 MHz, in [0,25] ns time interval
Jout theor = 4 234.8036 MHz, in [25,50] ns time interval (4.5)
305.8843 MHz, in [50,75] ns time interval

Comparing the values in Equations 4.4 and 4.5, the gap between the simulation
results and the theoretical values of output frequency is due to a faster charging of
the integrating capacitor in the implemented circuit. The current that charges the
integrating capacitor and the voltage across C;,,; are depicted in Figure 4.5.

-3
5 X 10 : :
— 1T -
<
_E
0
Qe L1 rrr e
0 25 50 75
Time [ns]
2 T T
Comparator threshold voltage
15F Voltage across C, , i

LA e e e

| |

0 25 50 75
Time [ns]

Voltage [V]

<
o

o

Figure 4.5: Exposure to Ar and NO (“O down”). Mirror current in input to the
i-to-f converter (/,,;) and voltage across the integrating capacitor (vegp).

The behaviour of I,,;.. shows the presence of peaks of currents corresponding to the
transitions of the spike pattern signal at the output of the front-end. In particular,
when the charging phase starts, there is a current injection of about mA that
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4.1. EXPOSURE TO NITRIC OXIDE (NO)

increases rapidly the voltage v.,,. Once the current peak extinguishes, the value of
the current stabilizes in the order of 1A and assumes a constant value, according
to the gas that the sensor detects. Then, the voltage across C;,; increases linearly,
as expected.

These considerations can be taken into account for future developments of this
application, in order to enhance the performance of the analog front-end.

As for the case of Ar, there can be simulated the exposure of the Cgp-sensor to an
NO molecule against other atmospheric gases. In Table 4.4, the theoretical and
measured values of the output frequency for all the combinations of gas exposures
are listed.

Exposure to NO (“O down”) - Vi, = 18 V

Theoretical Simulation values
values Currents [pA] Frequencies [MHz|
\fz;jn A[ll{if &fﬁét] [DS,tar [DS,atm AIDS fout,tar fout,atm Afout
3 -7,30 | -78,11 | 15,34 | 22,07 | -6,73 | 372,88 | 427,63 | -54,75
4 -4,25 | -4749 | 15,14 | 19,05 | -3,91 | 370,72 | 403,74 | -33,02
5 -4,09 | -45,82 | 15,13 | 18,89 | -3,76 | 370,59 | 402,62 | -32,03
6 -3,59 | -40,52 | 15,09 | 18,39 | -3,30 | 370,48 | 398,93 | -28,45
7 -3,64 | -41,00 | 15,10 | 18,44 | -3,34 | 370,49 | 399,26 | -28,78
8 -4,65 | -51,68 | 15,17 | 19,45 | -4,28 | 372,47 | 407,75 | -35,29
9 -3,32 | -37,59 | 15,07 | 18,12 | -3,04 | 370,30 | 396,86 | -26,56
10 -3,03 | -34,42 | 15,05 17,83 | -2,77 | 370,10 | 394,53 | -24,43

Table 4.4: Theoretical and simulation values of currents and frequencies, for
exposure to NO (“O down”).

Since the currents and frequencies measured in the first and third phase differ
slightly, the values of Ipgaum and foutatm have been calculated considering the
average of their respective values in the [0,25] and [50,75] ns time intervals. This
approach allows to compute Alpgs and Af,,; as the difference of the quantities
before and after the gas target exposure. The same calculations can be done for
the other configurations of the nitric oxide target, that can be compared to the
same atmospheric gases as well. The Tables 4.5 and 4.6 report the results of the
same type of simulations performed for the “N down” and “flat” orientations.

In spite of the mismatch between the values that refer to the analytic model and
the ones obtained from the simulation, the behaviour of the output frequency is
consistent with the modulation of the current that flows through the sensor. In
particular, the least difference values of Ipg and f,, (respectively, 0.84 nA and
6.68 MHz) refer to the sensing of a nitric oxide molecule with “N down” orientation
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Exposure to NO (“N down”) - Vi, =19V

Theoretical Simulation values
values Currents [nA] Frequencies [MHz|
\E—z{;jn A[HIX}S [?/‘[fl‘?f;t] IDS,ta'r IDS,atm A]'DS fout,mr faut,atm A]Eout
3 -1,71 | -16,83 | 20,56 | 22,11 | -1,55 | 416,62 | 427,71 | -11,09
4 1,34 | 13,79 | 20,27 | 19,07 1,20 | 414,20 | 404,73 | 9,47
5 1,50 | 15,46 | 20,26 18,91 1,35 | 414,00 | 403,45 | 10,55
6 2,00 | 20,76 | 20,20 18,41 1,79 | 413,89 | 399,65 | 14,24
7 1,96 | 20,28 | 20,21 18,46 1,75 | 413,97 | 400,05 | 13,92
8 0,94 9,60 20,31 19,47 0,84 | 414,61 | 407,93 | 6,68
9 2,27 | 23,69 | 20,18 18,14 2,03 | 413,67 | 397,33 | 16,34
10 2,57 | 26,86 | 20,14 17,85 2,29 | 413,43 | 394,77 | 18,66

Table 4.5: Theoretical and simulation values of currents and frequencies, for
exposure to NO (“N down”).

Exposure to NO (“flat”) - Vi, =20V

Theoretical Simulation values

values Currents [pA] Frequencies [MHz]
\fi;jn A[pjgf &fﬁét] [DS,tar [DS,atm AIDS fout,tar fout,atm Afout

3 -7,39 | -79,12 | 15,09 | 22,07 | -6,98 | 370,51 | 427,52 | -57,01
-4,34 | -48,50 | 14,96 | 19,05 | -4,09 | 369,02 | 403,89 | -34,87
-4,18 | -46,84 | 14,96 | 18,89 | -3,94 | 368,93 | 402,73 | -33,81
-3,68 | -41,63 | 14,93 | 18,39 | -3,46 | 368,93 | 399,04 | -30,11
-3,72 | -42,02 | 14,93 | 1844 | -3,50 | 368,93 | 399,37 | -30,44
-4,74 | -52,70 | 14,98 | 19,45 | -4.47 | 371,14 | 407,74 | -36,61
-3,41 | -38,61 | 14,92 18,12 | -3,20 | 368,82 | 396,92 | -28,10
10 -3,11 | -35,44 | 14,90 | 17,83 | -2,92 | 368,68 | 394,56 | -25,88

O| 0| | O T B~

Table 4.6: Theoretical and simulation values of currents and frequencies, for
exposure to NO (“flat”).

in presence of “H down” oriented water molecule. Instead, the maximum deviation
in current and frequency (—6.98 nA and —57.01 MHz) is obtained when the sensor
detects a molecule of NO with “flat” orientation after a molecule of Ar.

The cited cases are coherent with the ideal values of Alps and Af,.:, as well as
the other ones. So, the correctness of the functionality of the analog front-end has
been proved.

70



4.2. EXPOSURE TO NITROGEN DIOXIDE (NO3)

4.2 Exposure to nitrogen dioxide (NO3)

When the gas sensor is biased with a drain-source voltage in the [1.6,1.8] V interval,
it is selective to the nitrogen dioxide (NOs). In order to have a good deviation of
the current with respect to the exposure of atmospheric gases, the biasing voltage
Vps has been imposed equal to 1.7V. In Table 4.7 the values of currents and
frequencies for different orientation of the gas target are listed.

Gas target Verre [V] | Ips [RA] | four [MHz]
NO;y (“O down”) 27 29.1865 368.5792
NO; (“N down”) 28 27.2808 353.0088

NO, (“flat”) 29 29.6154 371.9808

Table 4.7: Nitrogen dioxide (NO,): control voltages, input currents and output
frequencies (for Vpg = 1.7V).

As for the case of nitric oxide, the exposure of the Cgg-based sensor to nitrogen
dioxide is performed considering the “O down”, “N down”and “flat” orientations.
In Figure 4.6 they are represented nearby the Cgg-sensor.

The considerations done in Section 4.1 about the approach in the simulation setup

Gold Gold Gold Gold
electrode electrode electrode electrode
C60 C60
(a) “O down” orientation. (b) “N down” orientation.

Gold
electrode

Gold
electrode

C60

(c) “Flat” orientation.

Figure 4.6: Orientations of nitrogen dioxide (NOz) with respect to Cgp-sensor’s
channel axis.
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4.2. EXPOSURE TO NITROGEN DIOXIDE (NO3)

are valid also in this case. The only parameter that is varied is the input voltage
Veer. It is fixed to 1.7V in order to maximize the selectivity of the sensor to NOs,
according to the characterization described in Subsection 2.2.3.

The values of current Ipg and frequency f,.:, when the sensor is exposed first to the
atmospheric gases molecules and then to the gas target in its different orientations,
have been extracted. They have been reported in Tables 4.8, 4.9 and 4.10 where the
theoretical values of the quantities of interest are listed to have a term of comparison.

Exposure to NOy (“O down”) - Vi, = 27V

Theoretical Simulation values

values Currents [nA] Frequencies [MHz|
\E-z{;jn A[p[AD]S [ﬁ/[.]%f;t] I DS, tar I DS,atm Al DS f out,tar f out,atm Af out

3 -10,65 | -74,85 | 29,34 39,83 | -10,49 | 474,59 | 526,06 | -51,47
-5,42 | -40,47 | 39,57 38,48 1,09 | 459,57 | 470,43 | -10,86
2,05 | -15,92 | 29,21 | 31,23 | -2,01 | 473,39 | 484,48 | -11,09
-5,16 | -38,63 | 29,26 34,34 -5,08 | 474,34 | 500,58 | -26,24
-1,54 | -12,02 | 29,21 30,72 -1,51 | 473,32 | 481,69 | -8,37
-2.37 | -18,38 | 29,22 31,56 -2,34 | 473,51 | 486,24 | -12,74
250 | -19,33 | 29,22 | 31,68 | -2,46 | 473,56 | 486,00 | -13,34
10 -4,.30 | -32,54 | 29,25 33,47 -4,22 | 473,61 | 495,69 | -22,09

O| OO 3| O T ¥~

Table 4.8: Theoretical and simulation values of currents and frequencies, for
exposure to NOy (“O down”).

The reported values are coherent with the expected behaviour of the analog front-
end.

However, there can be observed an incongruity in the case of the exposure of NO,
in presence of carbon oxide (CO). The extracted values of the currents, in particular
Ips tar, differ significantly with respect to the values reported in Table 4.7. This
causes an incorrect conversion in frequency which leads to a misleading recognition
of the gas target with respect to the atmospheric gas which is compared to.

This incongruity may be caused by an inaccurate biasing of the sensor itself. Even
though the input voltage is fixed at Vggr = 1.7V, the voltage Vpg across the
sensor may be assume an unpredictable value for the case of NOy exposure and CO
as atmospheric gas. Future works can correct this limitation in order to improve
the coverage of the gas targets sensing, avoiding to run into wrong interpretations
in the i-to-f conversion.
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4.2. EXPOSURE TO NITROGEN DIOXIDE (NO3)

Exposure to NOy (“N down”) - Vi, = 28 V

Theoretical Simulation values

values Currents [pA] Frequencies [MHz]
\fi;]rn A[HIK]S &J;i)fg] [DS,tar [DS,atm AIDS’ fout,tar fout,atm Afout

3 -12,55 | -90,42 | 27,53 | 39,82 |-12,30 | 464,01 | 526,03 | -62,02
-7,33 | -56,04 | 35,22 39,46 -4.24 | 413,12 | 470,56 | -57,45
-3,95 | -31,49 | 27,35 31,23 -3,87 | 462,59 | 484,46 | -21,87
-7,07 | -54,20 | 27,42 34,33 -6,92 | 463,03 | 500,45 | -37,43
3,44 | 27,59 | 27,34 | 30,71 | -3,37 | 462,44 | 481,67 | -19,22
-4,28 | -33,95 | 27,36 31,55 -4,19 | 462,77 | 486,22 | -23,45
-4.41 | -34,90 | 27,36 31,67 -4.31 | 462,87 | 486,86 | -23,99
10 -6,21 | -48,11 | 27,40 | 33,46 | -6,06 | 462,91 | 495,94 | -33,03

O| 0| | S| T B~

Table 4.9: Theoretical and simulation values of currents and frequencies, for
exposure to NOy (“N down”).

Exposure to NOy (“flat”) - Vo, = 29 V

Theoretical Simulation values

values Currents [pnA] Frequencies [MHz|
\f:;]rn A[plif [?Afﬁfl;t] IDS,tar IDS,atm AIDS fout,tar fout,atm Afout

3 -10,22 | -71,45 | 29,89 | 39,83 | -9,93 | 477,71 | 526,02 | -48,31
-4,99 | -37,06 | 36,07 | 39,46 | -3,40 | 425,45 | 469,60 | -44,15
-1,62 | -12,52 | 29,66 | 31,23 | -1,57 | 475,89 | 484,49 | -8,59
-4.73 | -35,23 | 29,75 | 34,34 | -4,59 | 476,66 | 500,58 | -23,92
-1,11 | -8,62 | 29,64 | 30,72 | -1,07 | 475,78 | 481,69 | -5,91
-1,95 | -14,98 | 29,67 | 31,56 | -1,89 | 476,01 | 486,25 | -10,24
-2,07 | -15,93 | 29,67 | 31,68 | -2,01 | 476,07 | 486,90 | -10,83
0 -3,87 | -29,14 | 29,72 | 33,47 | -3,75 | 476,99 | 496,08 | -19,09

O| 0| | S| O W~

—_

Table 4.10: Theoretical and simulation values of currents and frequencies, for
exposure to NO, (“flat”).
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4.3. SENSITIVITY OF THE ANALOG FRONT-END

4.3 Sensitivity of the analog front-end

Once all the values of currents and frequencies have been acquired for all the cases
of interest, the sensitivity of the implemented analog front-end can be extracted.
The sensitivity is a parameter that expresses the expected variation of the output
quantity (i.e. the frequency f,,;) with respect to an input quantity (like the current
Ips or the voltage Vpg).

4.3.1 Sensitivity with respect to Ipg

To have a reference for the sensitivity of the front-end that has been implemented
in this thesis work, the couples of model values Ipg and f,,; (listed in Tables 4.3
and 4.7) can be considered as points to interpolate with a straight curve. The
angular coefficient of the curve represents the sensitivity that has to be obtained.
In Figures 4.7 and 4.8 the extracted data and the interpolation curves for the cases
of NO and NO, are shown.

450

T T T
%  Extracted ideal data (NO)
Interpolating curve (NO)

400 -

[MHz]
wW
3

fout

300 -

¥
%
*
*

250

14 15 16 17 18 19 20 21 22 23
Ipg [1A]

Figure 4.7: Interpolation of (Ipg,fou) ideal data, for NO exposure (Vpg = 1V).

The same approach can be adopted for the data acquired from the simulation of
the analog front-end. In this case, the values of currents and frequencies that have
to be used are the ones listed in Tables from 4.4 to 4.10. The simulation data and
the interpolation straight lines are depicted in Figures 4.9 and 4.10.

As can be observed from Figure 4.10, there are six points that affect the interpolation.
These (Ips,fou) data are related to the exposure to CO as atmospheric gas. As
mentioned in Section 4.1, this case represents an exception among the other
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Figure 4.8: Interpolation of (Ipg, fout) ideal data, for NOg exposure (Vpg = 1.7V).
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Figure 4.9: Interpolation of (Ips,fou:) data from simulation, for NO exposure
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Figure 4.10: Interpolation of (Ipg,f,u:) data from simulation, for NOy exposure
(VREF = 17V)
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combinations of targets. Then, these data can be excluded for this type of evaluation
in order to have a correct interpolation, as in Figure 4.11.
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Figure 4.11: Corrected interpolation of (Ipg,four) data from simulation, for NOg
exposure (Vgpr = 1.7V).

All the shown cases prove the linearity of the current-to-frequency conversion
implemented by the analog front-end also in the simulation environment.

The sensitivity of the analog front-end with respect to Ips can be extracted
considering the angular coefficients of the interpolating curves. The ideal and
simulation values of this quantity are reported in Table 4.11.

Sensitivity
with respect to Ipg
[MHz/pA]
Gas target | Vgpr [V] | Ideal value | Simulation value
NO 1 10.8296 8.3693
NO, 1.7 7.1935 5.1076

Table 4.11: Values of sensitivity of the analog front-end with respect to Ipg.

The extracted values of sensitivity show that when the sensor is exposed to NO the
analog front-end provides higher frequencies than in the case of exposure to NOs,.
Moreover, the numerical values of sensitivity in the simulation case result to be
smaller than in ideal conditions. This is caused by the fact that the the analog
front-end is affected by the tolerances of the components which is composed to
(in particular, the MOSFETs). In order to have a precise conversion, design
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improvements can be made in order to calibrate the sensitivity towards the ideal
curve.

4.3.2 Sensitivity with respect to Vpg

As mentioned in Section 4.1, the voltage across the sensor Vpg is not exactly equal
to the input reference voltage Vzpr. In fact, it is affected by variations in time
that cause undesired little modulations of current.

In order to evaluate the influence of the variation of Vpg on the output frequency,
another sensitivity parameter can be extracted taking into account the values of
Vps corresponding to the values of frequency previously acquired.

The (Vps,fout) data points and the curves that interpolate them are shown in
Figures 4.12 and 4.13.
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Figure 4.12: Interpolation of (Vpg,fout) data from simulation, for NO exposure

The obtained results show a “scattering” of the data points around the reference
voltage (Vgrr = 1V for NO and Vggr = 1.7V for NO;). For this reason, the
interpolation of the data is not accurate. Nevertheless, as first approximation, it
provides an indication about the modulation of the output frequency due to the
variation of the voltage across the sensor.

In fact, according to the detected targets, the voltage Vpg deviates from the value of
Vrer. This variation turns into a modulation of the current Ipg and consequently
of the frequency fou:.

As well as in the previous subsection, the sensitivity with respect to Vpg is equal to
the slope of the interpolating curves and its values for the analyzed gas exposures
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Figure 4.13: Interpolation of (Vpg,fout) data from simulation, for NOy exposure
(VREF = 17V)
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are reported in Table 4.12.

Sensitivity
Gas target | Vgpr [V] | with respect to Vpg
[MHz/mV]
NO 1 -2.7974
NO, 1.7 -1.7888

Table 4.12: Values of sensitivity of the analog front-end with respect to Vpgs.

The meaning of these results is that for little variations of the voltage across the
sensor (in the order of mV), the modulation of frequency is noticeable. Then,
the Cgo-based sensor requires to be biased with very high accuracy to avoid a
misleading current-to-frequency conversion that, in turn, might cause an erroneous
recognition of the gas targets.
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Chapter 5

Conclusions and future
works

The characterization and the design of an analog front-end for a molecular gas
sensor, based on Cgq fullerene, has been presented in this thesis work. After a recall
to the functioning principle and the analytic model of the molecular gas-sensor
(fully described in [57]), some requirements useful for the design have been exploited
to set up the implementation of the circuit on Cadence Virtuoso.

The main blocks of the front-end - i.e. the readout circuit and the current-to-
frequency converter - have been implemented and simulated separately in order to
validate their own behaviour.

Afterwards, they have been joined together to simulate the whole circuit and to
verify the correctness of its functioning.

This thesis work is the first attempt in sketching a hardware solution for the
integration of this device in molecular technology and a CMOS interfacing circuit.
The results obtained in the final chapter have proved the respect of the requirements
extracted starting from the features of the sensor. In particular, the linear relation
between the current flowing through the sensor and the output frequency has been
confirmed, in conformity to the presented mathematical model.

The proposed circuit permits the reliable detection of NO and NO, in presence
of common atmospheric gases. Decreased reliability occurs only in two cases over
six (namely for NO with “N down” approaching orientation and for NO, with
“flat” approaching orientation), for which the frequency sensitivity to small current
variations (produced by chemical competitors or noise) leads to only few MHz of
margins.

Considerations on drawbacks of the proposed solution can be exploited as starting
points for future works and developments. Firstly, the timescale used in this thesis
work takes into account the response time of the MOSFETs that are involved in
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the circuit, which is in the order of nanoseconds. Since the sensor is able to detect
single molecules at room temperature, it is supposed to sense them very fast, with
shorter time orders of magnitude. Then, an improvement of MOSFETs from a
technological point of view (with respect to geometrical and electrical parameters)
is needed to align with the time response of molecular devices as the one analyzed.
Architectural changes and ameliorations can be also though.

Another point is about the performances of the analog front-end in terms of
accuracy of the biasing and the successive conversion. The optimization of design
choices, along with an improvement of the Verilog models of functional blocks, may
enhance the effectiveness of the circuit. An indication of this can be provided by
the sensitivity with respect to the current that should be calibrated towards the
one obtained in the ideal case.

At the end, the proposed solution may be considered as a basic architecture useful
for more complex implementations. As an example, for the detection of more
molecules, a large number of molecular sensors can be employed. Then, the working
principle of the front-end implemented in this thesis can be exploited to obtain not
only the recognition of the gas target. It may be able to extract some information
about its concentration in the environment, also at low values.
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