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ABSTRACT

Anovel readout circuit for a gas sensor based on an organic diode with vertical
nano-junctions (VNJ) is-proposed in this study. There are seven parts included in the
readout system. First part is a preamplifier, which is composed of trans-impedance to
convert the output current of a gas sensor into voltage. Second part is a peak-detect-
and-hold circuit. It can detect the maximum voltage and holds its value, the initial
value. Third part is a divider, which is used to calculate the ratio of saturation current
to initial current. Fourth part is the saturation detector, which is used to detect when
the output current of the VNJ-P3HT diode doesn’t change anymore (that is, the
responses are saturated). Fifth part is the auto-reset circuit, which is used to detect
when the sensor device starts to react with gas and reset the voltage value of the peak
detect-and-hold circuit. Sixth part is a logic gate and a buffer. When the sensor device
is reacting with gas and the responses are saturated, the response result is outputted
through the logic gate and buffer. Otherwise, the zero is outputted. Seventh part is a
micro-processor control unit (MCU). STM32 is the CPU of proposed MCU by
ALIENTEK. The ADC of MCU is used to transform the output data of readout circuit.
Then the LCD displays the results. The designed circuit is accomplished by Taiwan

Semiconductor Manufacturing Company (TSMC) 0.35um 2P4M 3.3V mixed-signal



CMOS process. The proposed chips with the die area of 1.083x1.04 mm?
1.082x1.082 mm? and 0.74x0.75 mm? are fabricated by National Applied Study
Laboratories National Chip Implementation Center (NARL NCIC). The output
current of front-end gas sensor is simulated and the experimental results show the
sensing system is workable. The design of the proposed readout circuit provides
benefits of detection speed, portability, low-cost and less human operational errors
compared with the measurement by traditional instruments. Thus the added value is

brought for bio-sensors and applied in home care.

Keywords: Organic diode with vertical nano-junctions (VNJ), Preamplifier, Peak-
detect-and-hold, Analog Divider, and Gas Sensing System.
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CHAPTER 1

Introduction

1.1 Motivation

Bio-chips are a valuable medical application. A bio-chip is a collection of miniaturized test
sites (micro-arrays) arranged on a solid substrate that permits many tests to be performed at
the same time in order to achieve higher throughput and speed. Researchers use bio-chip to
quickly screen large numbers of biological analyses for a variety of purposes, from disease
diagnosis to detection of bioterrorism agents. The bio-chip owns the advantages of light
weight, detection speed, low-cost, portability, disposability and less human operation errors,
for examples of new drug development, clinical disease testing, strain screening and so on.

Integrating the device and associate circuit in a single chip is the development goal of the
bio-chip. The advantages of equipping the integrated circuits with the CMOS-MEMS process
are commonly applied in commercial and academic usages. The integrated system is called
Bio-MEMS. The sensor can be either measured directly or implemented by commercial IC to
be integrated into the systematic applications, even though it fabricated by a non-CMOS
process. But it is not able to reach aims of portability and speedy response. Thus the
disadvantage of direct measurement is inconvenience.

The proposed method of integrating the circuit into a single chip is able to be adapted to
every sensor component while bringing less noise than the method of using commercial IC to
measure. Non-invasive, disposable and light-weight sensors for detecting ammonia
concentration in patient mouth are in high demand nowadays, suggested by clinical doctors.
More than two hundred kinds of gas substances exhaled from a human mouth are detected and
reported in past studies, some of which is associated with disease. There is a great potential

for further development in utilizing human’s outhaul air for diagnosis. The readout circuits are



designed on the basis of characteristic of gas sensors. Meanwhile, it constructs a novel bio-

sensor system.

1.2 Types of Ammonia Gas Sensors

Ammonia is a colorless gas with a characteristic pungent smell. Nitrogen plus hydrogen yield
ammonia with the formula NHs. It is used as fertilizer above eighty percent and one of the
well-known inorganic compounds in the world. Ammonia plays an important role for food
industry and agricultural industry. It is wide-range in applications. Ammonia is also a
building-block for the synthesis of many pharmaceuticals and is used in many commercial
cleaning produets. However, ammonia harms the respiratory of animal and human and is
causticity and irritating to skin. Thus exposing to excess ammonia for a long time is a health
risk to people.

Ammonia is one of more than two hundred kinds of gas substances in the breath of
human. The ammonia odor could be linked to liver and kidney malfunction in exhaled breath.
Ammonia therefore has effect on prevention of disease in biomedical opinion. It is usually
asymptomatic in the early stages in chronic liver disease. Consequently, it is recommended
that patients with a history of hepatitis or hepatitis virus carrier regular monitor liver function.
The prognosis of hepatic fibrosis can be improved if early diagnosis and may reduce risk of
development of sever conditions such as cirrhosis or cancer since the early fibrotic changes
are reversible. The levels of blood ammonia are increased (hyperammonemia) and the breath
of these patients may have an ammonia-like odor because of liver cell damage. Thus detecting
breath ammonia to monitor liver disease is one critical issue when developing point-of-care
technology. The development of point-of-care applications is limited because a simple,
reliable, portable, and low-cost breath ammonia sensor is not commercialized. In order to
detect ammonia concentration accurately, more and more people investigate ammonia gas

sensor in recent years. Many types of ammonia gas sensor are designed on the basis of
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different sensor principles.

1.2.1 Resonance Sensors

In order to detect target gases, quartz crystal microbalance (QCM) sensor [1] and surface
acoustic wave (SAW) [2, 3] are coated with membranes on chemical interfaces. The
chemically selective coating on the sensor surface absorbs the mass of object. The resonant
frequency of the sensor is changed by mass loading caused absorption of specific gas.

QCMs are one of acoustic wave techniques. It response to small mass changes on the
surface when the sensing films interact with target gas. QCMs are widely used in sensor
devices for its linearity, durability and high sensitivity. The shift of resonant frequency is
caused by the adsorption of the gas molecules onto the thin membranes.

The SAW sensors apply-piezoelectric materials as substrate. Two sets of inter digital
transducer (IDT) were manufactured on the substrate. One of them is received electrical
signals that convert to SAW through converse piezoelectric effect and regarded as input. SAW
devices can satisfy, accuracy, good reliability, high sensitivity, competitive pricing and real-
time measurement. The other iIs treated output that transforms SAW through piezoelectric
effect into electrical signal. In order to analyze target gas between the two IDTs, the sensor
region is coated with membranes. The changes in SAW velocity can be evaluated by

measuring the frequency shift of SAW and caused by the mass loading effect.

1.2.2 Optic Absorption and Ultrasonic Detection Sensors

Absorbing light at different region of wavelength by different gases is the main principle of a
fiber-optic sensor [4, 5]. Monitoring magnitude of absorption signal and making certain peak
absorption wavelength are based on ammonia concentration. In order to increase the
sensitivity and selectivity of the sensor, some optical fiber as transducer coated on the surface
purposes.

The time-of-flight (TOF) method calculate propagation velocity of ultrasonic at the same



distance in different concentrations of gas and is called ultrasonic detection [6]. According to
odds on reference gas and target gas, the gas concentration can be determined. When
molecular weight of specific gas is different largely from air, the measurement has the better
performance. It contrasts with the chemic sensor in regard to problems of the short sensor life

and the secondary pollution.

1.2.3 Transistors Sensors

In order to construct the gate of transistor, the different chemical interfaces are deposited on
top of the insulator. Several ammonia gas sensors depend on different chemical interfaces
such as metal [7], metal-oxide [8] and polymer film [9]. The drawback of metal-oxide film’s
operational temperature is high and metal film’s dynamic range is narrow. But polymer film
can detect selectivity at room-temperature. After the interface of those films interacts with the
NH3; molecules, the chemical reactions can affect charge carrier density of transistors. The
conductivity of material and the resistance of film are changed by the result.

Organic thin film transistors (OTFT) [10] own the advantages of flexible, disposability,
large-area, popular prices and operating at room temperature compared with norganic field
effect transistors (FET). But the challenges of the OTFT sensor are the reliability and
repeatability. Thus a new gas sensor made of a novel organic diode with vertical nano-
junctions (VNJ) is presented, which is more convenient for diagnosis of biomedical than the

OTFT sensor.

1.3 Reference Review of Gas Sensor Readout Circuits

Because output signal of sensor component is current, the readout circuit is in the trans-
impedance type on the first state. An example of trans-impedance is the capacitive trans-
impedance amplifier (CTIA), which is composed of a feedback capacitance and operational
trans-conductance amplifiers (OTA) [11-15]. A dominant advantage of great performance on

high frequency is in this framework. Because of response time of the gas sensor, the readout



circuit does not operate on high frequency. In order to stabilize dc bias, some of them also use
common mode feedback (CMFB) technology [14, 15]. However, the CMFB technology is
usually applied to fully differential amplifier. In view of above mentioned reasons, the
referred structure is not suitable to use in the readout circuit.

For another example, the trans-impedance amplifier uses a feedback resistance direct
[16]. In order to convert currents into voltages, the previous design is designed with the
similar way. The obvious problems on impedance matching and noise are direct generated by
the way of feedback resistance.

Unlike other references, the circuit frame does not need the operational amplifier to
convert currents into voltages [17]. Because the gain of the TIA approximates feedback
resistance, the gain of the TIA can be adjusted for different experiment environments. It is
different from the gas sensor in this study because the framework does not bias sensor
components. In this readout circuit, biasing the gas sensor is included in the function of the

TIA.

1.4 Overview of This Thesis

Introducing the principle of sensing method for ammonia sensors is in the first chapter. The
ammonia sensors based on an organic diode with vertical nano-junctions (VNJ) are presented
in the second chapter. There are the experimental data for the relation between concentration
of ammonia and response of ammonia sensors. Then introducing the principle of readout
system, which is proposed to acquire and process the signals, which are attributable to
ammonia concentration in the third chapter. And the theory and framework of the readout
circuit are described. In the fourth chapter, the simulation results and measurement data of the
sensing circuit are shown and discussed. Finally, the results of the research are summarized,

and moreover, the potential applications and future works are proposed in the fifth chapter.



CHAPTER 2

Performances and Characteristics of Gas Sensors for Ammonia

2.1 Characteristics of Pentacene-based OTFT

Mobility of inorganic material is greater above three orders compared with mobility of
organic material. In organic thin film material, pentacene thin film has the best mobility at
present. The structure and electric characterization of the particular OTFT are introduced in

this section.

2.1.1 Structure of Pentacene-based OTFT
The substrates of OTFT are -made-of the silicon material. The insulator on the second level
and gate electrode is SiO,. PMMA [poly(methyl methacrylate)] was used as the buffer layer to

improve electric characteristics of SiO; dielectric surface [18]. The dipole moment of PMMA

,* 9
- )
PMMA UV-treated PMMA

Fig. 1. Functional end-groups of PMMA and UV-treated PMMA [18].
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Fig. 2. Fabrication and structure of pentacene-based OTFT [18].

end-groups are increased because part.of the SiO, with PMMA was irradiated by UV-light
(shown in Fig. 1). After being deposited on the PMMA dielectrics, the pentacene film was
evaporated to form the active layer. The source and drain contacts are made by depositing the

gold film through a shadow mask. Fig. 2 shows the flowchart for the fabrication processes of

the proposed pentacene-based OTFT.

2.1.2 Electric Characterization of Pentacene-based OTFT

Because the development of OTFT has not yet completed, modeling OTFT has not yet been
realized. In order to analyze OTFT’s electric characterization in a wide range, the formula of
electric characterization for metal-oxide-semiconductor field-effect transistors (MOSFETS)

are used. When the OTFT are operated in triode region, the drain current (lq) of OTFT can be

expressed as




w 1
Iy = uC,, T|:(Vg _Vth)'vd _EVd2:| ' 1)

where u is the charge-carrier effective mobility, Co is the gate oxide capacitance per unit area,

W is the gate width and L is the gate length. Simplification of Eq. (1) shows Eq. (2) when Vy

<< (Vg-Vin),
W
Id = :ucox T(Vg _Vth ) 'Vd . (2)
In saturation region, the drain current response of OTFT is defined as
i w 2
|d,sat = E/ucox T (Vg _Vth) | (3)
1 1
= 1 Wlu 2
(Id,sat)2 :(ETCIJ (Vg _Vth)' (4)

Because the mobility of MOSFET is much larger than the mability of OTFT, the current of
drain-source on OTFT is much-less than that on MOSFET. In order to increase the output
current of OTFT, enlarging the gate width and/or decreasing the gate length are one of the
methodologies. The results can be used In increasing response at the same ammonia

concentration.

2.2 Ammonia Sensing Responses of Pentacene-based OTFT

2.2.1 Primary Parameters of Pentacene-based OTFT

Turn-on current, threshold voltage (Vry), intrinsic mobility () and sub-threshold slope (S.S.)
are the significant variations of OTFT. When transistors are turned on, the maximum drain
current is called turn-on current. When channel forms at the interface between the insulating
layer and the substrate of the transistor, the gate voltage is defined as threshold voltage. The
ability of driving charged particles under an applied electric field is intrinsic mobility. In order
to make a low resistance conducting path between the drain and source, there are sufficient
carriers in the channel. The device performance is better because of higher mobility. Sub-

threshold slope is defined as
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Fig. 3. Parameters versus time plot of STD and UV-OTFT in
nitrogen and ammonia conditions [18].
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The magnitude of bias voltage is indicated in the equation. It is needed when increasing
tenfold current in sub-threshold region. To summarize, this is an ability to control the on/off
of gate channel. The smaller this parameter is, the better the efficiency of device is.

The above-mentioned parameters are different between STD (untreated pentacene-
based)-OTFT and UV-OTFT, as shown in Fig. 3. The least change under four conditions is the
S.S. transforms in the figure. Threshold voltage shift (Vi) and sub-threshold slope of STD-
OTFT and UV-OTFT are steady in nitrogen environment in addition to the variation of turn-
on current (l¢/lgo) and intrinsic mobility (/o). In ammonia surrounding, the 14/lg0, AV, and

o change obviously. Threshold voltage shift has contributed to more obvious changes in
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Fig. 4. The drain current versus time for several ammonia concentrations in nitrogen
environment [18].
sensing behavior comparing the other three factors. In contrast between STD-OTFT and UV-
OTFT, the high efficiency is easy to perceive. Because of increasing dipole moment of
PMMA end-groups by UV-light irradiates PMMA, the results indicate that promoting

interaction between ammonia molecules and surface of OTFT.

2.2.2 Preconditions and Experiment Results

Other electric characterizations are revealed and demonstrate better sense response because of
the AVy, factor. They can be used well, for example current is experimented on some
preconditions.

Ammonia is sensed by OTFT in linear region in this case. According to Eq. (1), when the
voltage is biased fixedly on gate-source and drain-source, the drain current varies according to
AVy,. Because of Eq. (2), the variation of the drain current is proportional to AVy, when
overdrive voltage is higher than drain-source voltage. As previously mentioned, the
concentration of ammonia is closely related to the AVy. Thus this study can extrapolate the
positive correlation between the concentration of ammonia and the drain current at present.
Fig. 4 shows the drain current versus time for several ammonia concentrations individually in
nitrogen environments. The ammonia sensing responses in nitrogen environment is revealed

in the figure.
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Fig. 5. The structure of VNJ-P3HT diode [19].

2.3 Characteristics of VNJ-P3HT Diode
Only the concentration of ammonia larger than 100ppb can be detected by the Pentacene-
based OTFT. A sensing system with high selectivity and the lowest detection lower than 50

ppb is required to detect the breath ammonia.

2.3.1 Structure of VNJ-P3HT Diode

In previous chapters, the structure of the Pentacene-based OTFT is complex. Analyzing by
analog IC or other portable devices is difficult because the output current of the Pentacene-
based OTFT is small, as shown in Fig. 4. Thus an organic diode with vertical nano-junctions
(VNJ) produced by ‘using low-cost colloidal lithography is developed [19]. The lowest
detection lower than 20 ppb, real-time response, good enough selectivity, simple structure,
high reproducibility and low production costs are advantages of the proposed ammonia sensor.
Fig. 5 shows the structure of VNJ-P3HT diode. The ammonia sensing layer is made of the
P3HT [poly (3-hexylthiophene)]. The aluminum (Al) was used as cathode. High-density
nano-pores on the cathode are produced by using the low-cost colloidal lithography to
facilitate the interaction between the molecules of gaseous ammonia and P3HT film. The

Indium tin oxide (ITO) film was deposited to be anode.

11
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Fig. 6. The output current of VNJ-P3HT diode in 2V bias [19].

2.3.2 Electric Characterization of VNJ-P3HT Diode

Without interacting with ammonia, Fig. 6 shows the output current of the VNJ-P3HT diode
when the sensor .is biased at 2V. And the output current of the VNJ-P3HT diode is called Is.
Just before interacting with ammonia, the output current of the VNJ-P3HT diode is defined as
initial .current (lp). The initial current changes unexpectedly from time to time, as shown in
Fig. 6. The range of the initial current is 10pA to 100pA roughly. The output current’s values
of the VNJ-P3HT diode also change according to variation-of the initial current. Thus it’s
difficult to determine the concentration of ammonia just by the output current’s values of the

VNJ-P3HT diode when initial current changes from time to time.

2.4 Ammonia Sensing Responses of VNJ-P3HT Diode

2.4.1 Primary Parameters of VNJ-P3HT Diode

Ammonia molecules react with these VNJ-P3HT diodes by diffusing into the P3HT film
through the high-density pores, dedoping the P3HT film, and reducing the diode’s current.
The more ammonia is absorbed by sensor, the less current of output is produced. The value of
current doesn’t change anymore until the current saturates. The current in steady state is

called saturation current (lss). Finally, the different specific gas concentration can be presented
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Fig. 7. The original data of response (:—S) in 10ppb ~ 3ppm of ammaonia [19].

0

by the ratio of saturation current to initial current (I—SS). This study defines a response as the
0

. ] g |
ratio of the VNJ-P3HT diode’s output current to the initial current (I—S).
0

2.4.2 Preconditions and Experiment Results

The responses in 10ppb ~ 3ppm of ammonia are shown in Fig. 7. The output current of the
VNJ-P3HT diode doesn’t change anymore because the responses are saturated after 200
seconds. The time of the initial current’s unexpected change from time to time is much longer
than 200 seconds (as Fig. 6) and therefore it can be ignored. Thus the concentration of

ammonia can be determined by the responses in steady state (saturation).

13
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Fig. 8. (a) J-V curve of VNJ-P3HT diodes before (black solid curve) and after 200 s of 3
ppm ammonia sensing (red dashed curve). Green symbols represent the response (i.e., the
current variation ratio) of VNJ-P3HT diodes. (b) The responses (measured at 2 V with a fixed
sensing time as 200 s) to carbon dioxide (5%), nitric oxide (3 ppm), ethanol (100 and 1 ppm),
acetone (1 ppm), and ammonia (3 ppm and 500 ppb). Blue bars, red bars, and green bars
represent responses with backgrounds as pure nitrogen, dry air, and dry air passing through
commercial ammonia filter (NiCl;-6H,O powders) [19].

Fig. 8(a) shows the current density as a function of applied bias voltage (J-V curves) of
the VNJ-P3HT diode. The current density iIs proportional to the square of the applied bias
voltage, indicating that the holes in P3HT follow the space-charge-limited conduction (SCLC).
That is to say, the carrier transport in most intrinsic-or low-doped conjugated polymers
follows the space-charge-limited current. Thus the injected charge carrier density is much
higher than the background doping density in most volume of the sample (i.e., in the bulk
region). Because the injected charges are unipolar carriers with very low mobility, they are
considered as space charges. Finally, the injected charges are closer to the injection interface
have a higher charge density.

The J — V curve of the VNJ-P3HT diode is shown by the red dashed line in Fig. 8(a)
after injecting the 3 ppm ammonia (with a background of nitrogen) for 200 s. After contact

with ammonia, the slightly right shift of the onset voltage indicates a slight increase of hole

injection barrier. However, the main reaction is the current decline in the SCLC zone. The
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ratio of saturation current to initial current (I—SS) IS used to represent the response of the sensor.
0

The green symbols in Fig. 8(a) shows the response to the 3ppm ammonia 200 seconds
exposure plotted as a function of applied bias. The peak of response is at around 0.8 V. But
the current of diode at 0.8 V is too low to provide a good signal-to-noise ratio. A large and
stable response as —0.6 is obtained when the applied bias voltage changes from 1.5 to 3 V.
Thus this study chooses 2 V as a fixed applied bias voltage to measure the response in the
following works.

The relations are all the same in different concentration of ammonia according to [19].
The responses in steady state are same, which can determine the concentration of ammonia
when the VNJ-P3HT diode.is biased in 1.5~3V. Thus this study chooses the VNJ-P3HT diode
as the sensor device at present.-If this study tries to operate the diode sensor accurately, it
needs to satisfy:

1. 1.5~3V should be applied to the bias of the sensor.

2. When initial current varies from 10~100pA, this study can perform response.

3. Inorder to present the specific gas concentration, use response in steady state.

4. 10ppb of ammonia can be detected by the sensor.

The responses of the VNJ-P3HT diode are also analyzed to several kinds of gases
existing in human respiratory gas. The responses of the VNJ-P3HT diode (measured at 2 V
with a fixed sensing time as 200 seconds) to carbon dioxide (5%), nitric oxide (3 ppm),
ethanol (100 and 1 ppm), acetone (1 ppm) and ammonia (3 ppm and 500 ppb) are compared
in Fig. 8(b). The responses with backgrounds as pure nitrogen, dry air, and dry air passing
through commercial ammonia filter (NiC12¢6H20 powders) are represented by blue bars, red
bars and green bars. Because of the greatly suppressed vapor pressure of ethanol (2 mmHg)
and acetone (20 mmHg) at —20 °C, the response to ethanol and acetone in dry air are

significantly suppressed. Thus the VNJ-P3HT diode has very small responses (0.009 to

15



—0.017) to ethanol and acetone with dry air as the background. That is to say, cooling the tube
at —20 °C before connecting to the sensor device (i.e., the sensor is at room temperature) leads
to a suppressed humidity and suppressed concentrations of VOCs. The concentration of
ammonia should not be significantly changed in our system because the boiling point of
ammonia is —33.3 °C. On the other hand, the response to 3 ppm nitric oxide is positive and
significant. Because of the oxidation (doping) of P3HT, the reaction is known and irreversible.
Fortunately, the concentration of nitric oxide is very low in our breath (<40 ppb).

The responses of a fresh VNJ-P3HT diode and of a 5 hours aged VNJ-P3HT diode to
400 ppb ammonia as a function of time are compared in breath ammonia testing. The aged
sample was used to detect breath. ammonia of rats for 12 times during 5 hours. The difference
between response of the fresh .sample and response of the aged sample is within 4% proving

that the VNJ-P3HT diode is reliable enough for at least 5 hours of operation.
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CHAPTER 3

The Novel Sensing Circuit for Organic Gas Sensors

The instruments are usually used to measure the gas concentration sensed by VNJ-P3HT
diode. There are few chip design studies which focus on the back-end read-out circuit because
of the property of sensor device. The design of the proposed sensing circuit can provide more
benefits for real-time detection of gas concentration compared with the measurement by
traditional instruments. In order to detect ammonia concentration based on steady state current,
the responses of VNJ-P3HT diode are measured. This study designs the sensing circuit to
process current variation of VNJ-P3HT diode for varied ammonia concentrations. Because of
using the ratio of saturation-current to initial current to determining ammaonia concentration,
the sensing circuit solves the problem that the initial current of VNJ-P3HT diode are different
from time to time. The real-time detection and convenient for diagnosis can also be achieved
by the sensing circuit for biomedical usages. A readout circuit is needed to design as interface
with the VNJ-P3HT diode at first. The output voltage which is converted by the output current
of front-end sensors through the principle of a trans-impedance amplifier (TIA) can be
processed by this circuit. The linear or other relationships between output signals of sensor
circuit and gas concentration must be achieved in the next step. It is stand for that the gas
concentration can be directly detected by output signals from back-end circuit. Thus the

accurate and convenient medical measurement can be further achieved.
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Fig. 9. Readout circuit for OTFT sensor [20].

3.1 Review of Past Sensing Circuits
3.1.1 A Readout Circuit for an OTFT Gas Sensor with a New Preamplifier

Fig. 9. shows that the previous readout circuit consists of a pre-amplifier, a sample and hold
circuit and a differential current amplifier [20]. In order to convert the output current of a gas
sensor into voltage, a pre-amplifier is composed -of trans-impedance. According to distinct
designing time instants in a target gas environment, the sample and hold circuit memorizes
various voltages. The differential current is attributable to the voltages of sample and hold
circuit using current mirror framework. Then a differential current amplifier amplifies the
differential current. The differential current is converted into output voltage through the
resistance load. In order to determine gas concentration database of pre-measured which are

contrast, a micro-processor control unit (MCU) acquires and stores the outputs.

There are two major disadvantages in the previous readout circuit. First, the voltage

value is recorded by a capacitor C, , of the sample and hold circuit. The voltage drop

problem is serious because of the leakage current of the capacitor. Second, the value of initial
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Fig. 10. The sensing system for OTFT sensor [21].

current changes unexpectedly from time to time in the previous chapter. But the design of
previous sensing circuit is based on stable OTFT sensors, which means that the initial current
of OTFT sensors doesn’t change from time to time. The output of the differential current
amplifier changes and the gas concentration database is unreliable when the value of initial

current changes.

3.1.2 A Front-end Readout Circuit Including an Analog Divider for an OTFT Gas

Sensor

The previous readout system (shown in Fig. 10) consists of an analog IC, a micro-processor
control unit (MCU) and Man-Machine Interface (MMI). The analog IC comprises further a
pre-amplifier and an analog divider, which are used to be an interface with the OTFTs sensors
and calculate the ratio of saturation current to initial current. The CPU of proposed MCU is

LPC1768 by NXP. The AD/DA of MCU holds the input value of the analog divider and the
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Fig. 11. Weak inversion divider circuit [22].

ADC of MCU is used to calculate and store the output data of readout circuit. The MMI
comprises further a Liquid Crystal Display (LCD) module and buttons. It is applied to be
conveniently used by users and displays results of sensing system, which is controlled by the

MCU.

The previous readout circuit also shows two major disadvantages. First, the system
includes a MCU and an analog circuit, causing complexity to increase. Second, the design is

not accurate, because it is limited by the resolution of the AD/DA converter.

3.2 Types of Divider Circuit
The analog signal processing circuits use the analog divider circuit widely, for example the
filters, hearing-aid systems and logarithmic function generators. According to different circuit

principles, many types of analog dividers are designed.
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3.2.1 Weak Inversion Divider

The divider and 1/x functions can be performed by a CMOS current-mode circuit in this study.
In order to meet the application of division, the design uses MOSFETSs biased in weak
inversion. Fig. 11 shows the proposed circuit. The drain current of a PMOS transistor in weak

inversion is given by

Vg +(N-1)V;

=T =) (6)

5=l 50 €XP(
where 1,, isthe leakage current, n is the slope factor and U (=kT/q) is the thermal voltage.
The output current in Fig. 11 is given by
V, —V.
I, =1, exp(+——2). 7
o =l P(LE) ™

T

V, and V, canbe formed in logarithm as

|
Vi=\6p- nU |.||q_y% (8)
DO
and
V,=Vyo- U, (1), ©)
IDO
Combining Eg. (4), (5) and (6), the output current 1 is given by
Ioutzlbll_Y' (10)

X

Eqg. (10) implements a current-mode divider circuit when the bias current I, keep constant.
The input current (1,, 1, ) and output current (I, ) are too small to be used for organic gas
sensor because the MOSFETS are biased in weak inversion. The minimum output current of

organic gas sensor is at least greater than 10 pA.
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3.2.2 Current-to-Voltage Mode Divider

Fig. 12 shows the proposed circuit. If both M1 and M2 are biased in the triode region without

body effect, the source currents I, and 1, can be expressed as

K
|1: 2nl (2(_\/35 _VTnl)VDSl —VDle (11)
and
— — Kn2 2
|2_Iin + |4_ 2 (2(\/in _Vss _VTnZ)VDSZ _VDSZ ) (12)

where |, isinputcurrent, K, are the trans-conductance parameters and V., are the

threshold voltages of M1 and M2, respectively. The current mirror, M5 and M®, is used to

copy the current 1, so that
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=1,. (13)

The source voltages of M3 and M4 are equal (V3 =V, SO Vi, =V;,,) and both of them are

biased in saturation if they are matched (K., =K, ,). Because of the square-law characteristics

of MOSFETSs, the equation can be found as

VGSS :VGS4 W +VTn3' (14)

According to Vg, +Vis; =Vasa +Vps, and Eq. (13), (14) ,it can have
Vos: =Vos2 - (15)

Assuming that M1 and M2 are matched (K ; = K , =K, andV,, =V, =V;,) and substituting

Eq. (11), (13) and (15) into-Eq.(12), it can have

Vs i (16)

A current-to-voltage-mode divider circuit is implemented in Eq. (16). The input current (1. )
can be up to 100 pA because the M1 and M2 biased in the triode region. Thus the current-to-

voltage-mode divider can be used for OTFT gas sensor.
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Fig. 13. The readout circuit for VNJ-P3HT diode.

3.3 The Sensing Circuit for Organic Gas Sensors

Fig. 13 illustrates the entire readout circuit. It can be seen that the circuit consists of six parts,
a pre-amplifier, a peak-detect-and-hold cireuit, a divider, a saturation detector, an auto-reset
circuit and a result-or-zero circuit. The six parts are designed on-chip, which is accomplished
by Taiwan Semiconductor Manufacturing Company (TSMC) 0.35um 2P4M 3.3V mixed-
signal CMQOS process.

The VNJ-P3HT diode sensor component is represented by a block of sensor. The sensed
current that reflects the concentration of sensed gas that interacts with surface on the VNJ-
P3HT diode is denoted by |.. Ammonia is chose as the gas to sense in our study. The
operation principle of the VNJ-P3HT diode is based on the change of initial current from time
to time mentioned in the previous chapter. Compared. to the time that initial current change,
which can be ignored, the sensing time is 200 seconds, which is very fast. The more ammonia
is absorbed by the surface of the VNJ-P3HT diode, the less current of output is produced. The
ratio of saturation current to initial current can present the specific gas concentration
according to previous chapter. The readout circuit must records the value of initial current to
calculate the ratio of saturation current to initial current. As a result, the pre-amplifier is
intended in acquire the initial current information in voltage signals and pays the way for the

design of a current-to-voltage converter (a trans-impedance converter) in the following. In the
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previous design, the MCU is used to record the voltage value. Due to adding of MCU, the
incremental complexity is serious and the design is not accurate. As result, the peak-detect-
and-hold circuit and super capacitor are used. The system integration between the analog IC
and MCU can be accomplished, become a chip. Compared to previous current difference
amplifier, the current-to-voltage-mode divider circuit can calculate the value of input current
divided by input voltage. The input voltage is provided by the output of peak-detect-and-hold
circuit and the input current is provided by the current mirror (M9-7). With the Auto-Reset
circuit, saturation detector and logic gate, the circuit achieves an automatic easy-to-use
readout circuit. The MCU records the output value of analog divider and transforms it into gas

concentration. The LCD shows the value of gas concentration.

3.3.1 Pre-Amplifier

Fig. 14 shows that the pre-amplifier comprises further two current copiers (M9-8 and M9-7),
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a set of clamped op (OP1) and a negative feedback NMOS transistor [24]. The voltage across

the VNJ-P3HT diode sensor V,, is able to be approximately fixed to Vy; because of the
negative feedback OP1 with the output connected to the gate voltage of M10. V,, can control
the bias voltage of VNJ-P3HT diode sensor. The advantage of this circuit structure is that can
ignore the output impedance of the sensor. The only acquired information is the experiment
data from sensor component. The reason for analyzing equivalent circuit of sensor is the
shortage of completed information for parametric analysis and modeling sensor component.
The gate voltage of the transistor M10 is regulated to achieve balance of the negative
feedback circuit. When MOSFET operate in saturation, slight variation of gate voltage can
control a great quantity of drain current. The drain current has a great acceptance region with
least output swing range of OP1 depending on adjusting gate voltage. And in the meanwhile
biasing sensor component and ensuring OP1 work in-normal region do not affect current path
for sensed current only flows through M10. The output current of the VNJ-P3HT diode is
inversely proportional to the concentration of the sensed gas and steadily in this way. The two
current mirrors (M9-8 and M9-7) next copy the current of VNJ-P3HT diode. This study uses
the current mirror (M9-8) to transform initial current (1,) into voltage by resistance R, .
Consequently, the initial current information (1, R,) IS recorded by super capacitor of the

peak-detect-and-hold circuit. Meanwhile, this study uses the other current mirror (M9-7) to

copy the I, as I,

in?

which is input current of the analog divider.
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Fig. 17. PDH timing diagram of operations.

3.3.2 Peak-Detect-and-Hold Circuit

The peak-detector-and-hold (PDH) circuit is shown in Fig. 16 with the timing diagram of
operations in Fig. 17. One cycle of operation consists of three phases including Reset, Sample
and Hold time intervals. In the reset phase, the control signal “reset” is a high voltage level
“1” to enable the capacitance “C” discharged to ground voltage. During the sample phase, the

control signal reset is a low voltage level “0”. When the input voltage Vin is greater than the
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output voltage Vout, the output of the amplifier is a low voltage level "0", the PMOS M1 is
turned on and the capacitance C is charged until the input voltage is equal to Vout. When Vin
is smaller than the output voltage, the amplifier’s output is "1" and M1 turns off. The output
voltage Vout is so sustained as the maximum value of input voltage until the next reset phase
begins. When sensor device starts to react with gas, the output current will decrease. The
maximum value of input voltage always is the voltage transformed from initial current. Thus

this study uses the circuit to acquire the initial current information in voltage signals.

3.3.3 Divider Circuit

A current-to-voltage analog divider can be realized because of Eq. (16). In order to operate the
proposed current-to-voltage analog divider with a unipolar supply voltage, it can be further
modified, as shown in Fig. 18. The reference voltages V, andV, are connected to the gates
of M, and M,, respectively and the sources of M, and M, are grounded. From Eq. (11)

- (15), Eq. (16) can be modified as

Iin
RaryvEvs 4
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A current-to-voltage-mode divider can be realized and its gain can be adjusted by the

reference voltages V, and V, because of Eq. (17). The output offset voltage is not generated

by the proposed current-to-voltage analog divider under unipolar supply voltage. The drain
voltages of M, and M, are lower than their gate voltages by a threshold voltage when V,

and V, are biased in triode region. As a result, the proposed circuit works for low supply

voltages.

Fig. 13 shows the proposed sensing system, V, and V, are biased by V,, and

I,R, +V,, , respectively. It can have
V, =V =1R,. (18)

From Eq. (17), It can have

I >
VO:Kn(ROIO)_KnRO(IOJI (19)

Finally, the ratio of saturation current (I ) to initial current (1,) multiply by a constant

Sensor

) is presented by the output voltage of analog divider, which can present the specific

1
(
Kn RO

gas concentration when the response is done.

3.3.4 Saturation Detector

Fig. 7 shows that after 200 seconds the responses are saturated cause the output current of the
VNJ-diode OTFT doesn’t change anymore. The responses in steady state (saturation) can
determine the concentration of ammonia. But timing it with a stopwatch is inconvenient.
Compared with using the stopwatch, the design of the proposed saturation detector can

provide more convenience for real-time detection of gas concentration.
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When the response is saturated, the output current of the VNJ-P3HT diode doesn’t
change anymore. This study can make good use of this characteristic. If the output current of
the VNJ-P3HT diode doesn’t change anymore, its rate of change is close to zero. After
differentiation, the output of the differentiator is also close to zero. So a differentiator and a
comparator are used to detect when the response is saturated. The circuit of the saturation

detector is shown in Fig. 19.

A differentiator is a circuit that is designed such that the output of the circuit is
approximately directly proportional to the rate of change (the time derivative) of the input. A
differentiator circuit includes an operational amplifier (shown in Fig.15.), the resistor is used
at feedback side and capacitors are used at the input side. The circuit is based on the

capacitor's current to voltage relationship,

dv
|=C—, 20
pm (20)

where 1 is the current through the capacitor, C is the capacitance of the capacitor, and V is the
voltage across the capacitor. The current flowing through the capacitor is then proportional to
the derivative of the voltage across the capacitor. This current can then be connected to a

resistor, which has the current to voltage relationship,
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| :E, (21)

where R is the resistance of the resistor. Note that the operational amplifier input has a very
high input impedance (which also forms a virtual ground) so that the entire input current has
to flow through R. If V1 is the voltage across the resistor and Vin is the voltage across the

capacitor, these two equations can be rearranged to obtain the equation,

dv,
V,=RC—1. 22
h o (22)

Thus, it can be shown that in an ideal case the voltage across the resistor is proportional to the

derivative of the voltage across the capacitor with a gain of RC.

A comparator is a device that compares two voltages or currents and switches its output
to indicate which is larger. An operational amplifier (op-amp) has a well-balanced difference
input and a very high gain. This parallels the characteristics of comparators and can be

substituted in applications with low-performance requirements.

In theory, a standard op-amp operating in open-loop configuration (without negative
feedback) may be used as a low-performance comparator. \When the non-inverting input (V1)
is at a higher voltage than the inverting input (V>), the high gain of the op-amp causes the
output to saturate at the most positive voltage, which can output. When the non-inverting
input (V1) drops below the inverting input (\V2), the output saturates at the most negative
voltage which can output. The op-amp's output voltage is limited by the power supply voltage.
An operational amplifier operating in a linear mode with negative feedback, using a balanced,

split-voltage power supply, (powered by + V) has its transfer function usually written as
Vout = A) (Vl _VZ) : (23)

However, this equation may not be applicable to a comparator circuit which is non-linear and
operates open-loop (no negative feedback).
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3.3.5 Auto-Reset Circuit
The readout circuit must get a new initial value of the current each time the sensor interact
with different concentrations of ammonia. The initial current information in voltage signals is
stored in the super capacitor of peak-detector-and-hold circuit (shown in Fig. 16). The users
must manually reset the initial current without the Auto-Reset circuit. The proposed Auto-
Reset circuit can automatically detect when the sensor device starts to react with gas and reset
the voltage value of the peak-detect-and-hold circuit to-achieve an automatic readout circuit.
This circuit consists of a differentiator and a comparator, which is shown in Fig. 20.
When the VNJ-P3HT diode starts to interact with ammonia, the output current will decrease.
The rate of change (the time derivative) of the output current of the sensor is negative at this
time. This study can see this phenomenon through a differentiator and reset the initial current

information in voltage signals with a comparator.

The auto-reset circuit is similar to the saturation detector except the exchange of the sign

of input. Thus the relationship between Vi, and V is

v,, = -RC Vo
dt

(24)

33



E
" £

OP7

—O Vour

VARé

j

Fig. 21. Logic gate and buffer.

The minus sign indicates the phase difference of 180 degrees between the output and the input.

3.3.6 Logic Gate and Buffer

The output of divider are useless before the current saturate. The logic gate is designed to
filter unwanted messages, which is shown in Fig. 21. The output show the result only when

sensor react with gas and the current saturate, otherwise the output display zero. The true table

is shown in Table I. The circuit allow users to easily read the concentration.

Table I. True table of logic gate.

Vsp | Var | Vour
0 |0 |O
0o (1 |0
1 0 1
1 |1 |0
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3.3.7 Micro Controller Unit

STM32 is the Central Processing Unit (CPU) of proposed Micro Controller Unit (MCU)
(shown in Fig. 22) by ALIENTEK. It is a micro-controller based on ARM Cortex ™-M
processor for embedded applications requiring high performance, real-time capabilities,
digital signal processing, and low-power, low-voltage operation, while maintaining full
integration and ease of development. Its size is only 8cm x 10cm. The peripheral
complement of the STM32 includes up to 20kB of SRAM, up to 128kB of FLASH, three 16-
bit ordinary timers, a 16-bit high-timer, two SPI, two IIC, three serial ports, a USB interface, a
CAN channel, two 12-bit ADC and up to 51 general purpose 1/0 pins, etc [25]. An ADC, 2.8
inch LCD and 3.3V power supply are required for the sensing system. The maximum

conversion rate of ADC is 1 MHz and the input range is 0V~3.3V.
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3.3.8Design Procedure for Sizing all MOSes

Minimizing circuit noise in high resolution readout circuit is critical. Because our circuit
operates at low frequency, the flicker noise must be considered. It is better to increase both the
length and width of the device, so that the flicker noise comes down. But the noise reduction
by increasing device dimensions comes at the cost of area and power consumption. Power
consumption is an important factor in portable sensing system design. Thus the power
consumption and noise of the circuit were computed using HSPICE corners simulations. Fig.
23 shows the simulations of noise through HSPICE. According to the simulation results, a
range of W / L values is shown. These values are quite tolerant to the effects of fabrication
errors. An important cost measure for on-chip system is occupied area. The condition is also

added in verification process for area in order to combine high quality and low cost for our
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users. Finally, sizing all MOSes leads to a tradeoff between noise, power and area in our study.

The readout circuit is successfully achieving a balance between noise, power and area.
3.3.9 Circuit noise analysis

A general noise model for the output of readout circuit is shown in Fig. 24. The noise

contributed by each of the transistors can be described by a noise current source d_lrf for

transistor M, between the drain and source. Considering only the thermal noise we have

ﬁi=d_i$+12(d_i§+ﬁfo)=§4kT(gm7+gmg+gmm>df , (25)

where E is the noise of the current mirror and g, is the trans-conductance of transistor

M. With this transistor noise model we find the equivalent output noise current for the

readout circuit,

d_i§=ai$1+d_i(52+d_ij+d_i22=§4k-r(gm7 +gm9 +gm10+gm6 +gm4+gm2)df . (26)
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Obviously, reducing g, will reduce the thermal noise. Since g,, is proportional to the
. . W . . W .
ratio of width to length (f) , low thermal noise has dictated lower (T) ratio. We also

model the flicker noise of readout circuit by a current source,

I -
VT C,fTWL),  (WL),  (WL), (WL),

e~ L OwKe , OneKe | OnaKn |, OmoKa g 27)

The output flicker noise voltage per unit bandwidth is therefore equal to

2 2 2 2
V021/f a 1 [ gm7KP + gmBKP + gmAKN + ngKN ][r07//(r06+r04)//r02]2. (28)
© o Cuf(WL),  (WL)g  (WL),  (WL),

Evidently, large widths and.lengths will drop the flicker noise down. But larger widths by
themselves do not help because the. g,, scales up the same amount that the noise goes down.

Thus we try to lower the g, so that the flicker voltage at the gate produces less current at the

drain.
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CHAPTER 4

Simulations and Experimental Results

4.1 Simulation of the Designed Sensing Circuits

Fig. 13 shows the structure of readout circuit in the simulation. The design of the readout
circuit block diagram is shown in Fig.-25. In order to test the readout circuit, the sensed
current is created based on experimental data from VNJ-P3HT diode sensors. Then the sensed
current is used in three places. First, the Auto-Reset circuit reset the initial current information
in voltage signals of peak-detector-and-hold circuit according to the variation of the sensed
current (see 3.3.5). Second, the peak-detect-and-hold circuit gets the initial current
information in voltage signals-from the sensed current (see 3.3.2). Third, the divider uses the
sensed current and the initial current information in voltage signals to output the ratio of
saturation current to initial current (see 3.3.3). In the next, the saturation detector detect when
the response Is saturated by the output of divider (see 3.3.4). Finally, the logic gate decides

whether or not to output the result according to the output of saturation detector and Auto-

Initial Current

|
Peak-Detect-

Saturate or Not

and-Hold
Circuit s
aturate
A and #Output
Sensing or Not sensing

Fig. 25. Functional block diagram of readout circuit.
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Fig. 26. The simulation results of readout circuit for single ammonia concentrations.

Reset circuit.

Fig. 26 shows the simulation results of readout circuit for single ammonia concentrations.
Before sensing (0s~10s), the sensed current doesn’t change. Thus the saturation detector
considers the response is saturated and the output of saturation detector is high voltage level.
Without a negative slope of the sensed current, the output of the auto-reset circuit is also high
voltage level. When the VNJ-P3HT diode starts to interact with ammonia (10s~200s), the
output of divider starts to decrease and the output of saturation detector switches to low
voltage level. Due to the negative slope of the sensed current, the auto-reset circuit considers
the response between sensor and ammonia start and the output of the auto-reset circuit also
switches to low voltage level to hold the initial current information in voltage signals. So far,
the final output has been low voltage level. After about 200 seconds, the response is saturated
and the rate of change of sensed current is close to zero. Thus the saturation detector considers
the response is saturated and the output of saturation detector switches to high voltage level.

In chapter 3.3.6, the final output show the result only when the output of auto-reset circuit is
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Fig. 27. The simulation results of readout circuit for several ammonia concentrations.

low voltage level and the output of saturation detector is high voltage level. The final output
catches up with the output of divider to show the valuable data at this time.

Fig. 27 shows the simulation results of readout circuit for several ammonia
concentrations (3ppm ~ 1ppm -~ 500ppb). When the response is saturated, ammonia is
removed and the sensed current is on the increase. Thus the result is showed from final output
for only a short time. The main principle of operation is the same as described previously. It is
worth to mention that the auto-reset circuit automatically reset the initial current information
in voltage signals of peak-detector-and-hold circuit (switches to high voltage level) when
ammonia is removed and the sensed current is on the increase. The output of auto-reset circuit
keeps the high voltage level until the next response start. This can prove the circuit can

achieve automatic sensing.
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4.2 Experimental Validation for Sensing Circuits

Analog divider

Peak-Detect-and-Hold
Circuit

Operation Amplifier:

Peak Detect-and-Hold
Circuit

(b)
Fig. 28. (a) The layout (b) The photo of first IC.
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Fig. 29. (a) The layout (b) The photo of second IC.

Fig. 28 and Fig. 29 show the layout plot and the photo of the chip. Fig. 30 displays the layout
plan of the third chip. The areas of ICs for the first, second and third chip are 1.083x1.04 mm?,

1.082x1.082 mm? and 0.74x0.75 mm?. The first IC has 24 pins, the second IC has 28 pins and
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Fig. 30. The layout of third IC.

the third IC has 18 pins. This study implements the proposed circuits by TSMC 0.35um
Mixed Signal 2P4M process. 3.3V is the supplied voltage of the circuit. Keithley Series 2400

Digital Source Meter generates the control signals and the entire circuit is measured.

4.2.1 The Sensing System

Because the readout circuit has to detect the difference between various signals about
ammonia concentration, it is tested for sensing function first. The sensed current is created
based on experimental data from VVNJ-P3HT diode sensor to test the readout circuit. After
constructing our own sweep by specifying the number of measure points and the source level
at each point, Keithley Series 2400 Source Measure Unit (SMU) Instrument generates
simulated sensing current. The analog output current of source meter are similar to sensed
current in forms. The source meter is designed specifically for test applications that demand
tightly coupled sourcing and measurement. It provides precision voltage and current sourcing

as well as measurement capabilities. It is both a highly stable DC power source and a true
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Fig. 31. The test environment of the sensing system.

instrument-grade 6% -digit multi-meter.. The power source characteristics include low noise,
precision, and read-back. The multi-meter capabilities include high repeatability and low
noise. The result is a compact, single-channel, DC parametric tester. In operation, it can be
used as a voltage source, a current source, a voltage meter, a current meter, and an ohmmeter.
Manufacturers of components and modules for the communications, semiconductor, computer,
automotive, and medical industries will find the Source Meter SMU instruments invaluable
for a wide range of characterization and production test applications.

The MCU is used to process the output of the readout circuit and estimate concentrations
of ammonia. In order to search the corresponding concentration for output of the circuit, the
programs create the data base. The analog-to-digital converter (ADC) is needed to transform
analog output of circuit into digital input of MCU.

After presenting part of this system, the overall view of the sensing would be introduced.
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Fig. 32. The system configuration in a diagram.

The system configuration of test environment is exhibited in Fig. 31. The sensing system is
composed of source meter, the sensing circuit, MCU and- ADC devices. The following

describes the process of the sensing system.

1. Keithley Series 2400 Source Measure Unit (SMU) Instrument acquires the

experiment data based on ammonia Sensor.

2. The proposal readout circuit processes the input signals related to the ammonia

concentrations.

3. The ADC obtains the output signals of the readout circuit and transforms output

signals of the sensing circuit into digital input of STM32.

4. In order to compute the corresponding concentrations, the STM32 processes the
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Fig. 33. The experimental results of the peak-detect-and-hold circuit.
digital input by programming.

Fig. 32 constructs the configuration of sensing system. The MCU board get its power
(5V) from USB ports contained in laptops, cars, aircraft or even wall sockets. Then the MCU
board provides power (3.3V) to the readout circuit. The LCD of MCU board real-time reveal

the concentration of ammonia, which transformed from output of readout circuit by MCU.

4.2.2 Experimental Results of the Peak-Detect-and-Hold Circuit

It requires to verify that the peak-detect-and-hold circuit (shown in Fig. 16) can detect the
initial current information in voltage signals and hold it for 200 seconds without the leakage
current of capacitor first. This is an important difference to previous design which use MCU
to hold the initial value. A current source dropped from 100uA~10uA created by Keithley

Series 2400 Source Measure Unit (SMU) Instrument.

Fig. 33 shows the experimental results of the peak-detect-and-hold circuit. After resetting
the output (the reset signal is “1”’), the input is higher than the output. Thus the peak-detect-

and-hold circuit start to detect the peak of input and hold it. Because our sensing time is 200
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Fig. 34. (a) Post-simulation and (b) experimental results of analog divider with 10ppb ~

3ppm of ammonia.

seconds, the super capacitor is used to hold the peak of the input without the leakage current.
From Fig. 33, the peak-detect-and-hold circuit is workable and the super capacitor hold the

peak for 200 seconds successfully. It can be used to get an initial value of the sensed current.

4.2.3 Applying Experimental Data of Ammonia Sensor and Experimental Results
With the peak-detect-and-hold circuit in function, the input voltage of divider is correct. The

experimental setting is shown in Fig. 13. The VNJ-P3HT diode sensor is changed to the
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Table I1. The experimental results compared to post-simulation results.

Concentration(ppm) | Simulation result (V) | Experimental result (V) | Error (%)
0.01 0.359 0.375 4.266667
0.03 0.337 0.363 7.162534
0.05 0.319 0.339 5.899705
0.1 0.301 0.321 6.23053
0.3 0.265 0.267 0.749064
0.5 0.247 0.237 4.219409
1 0.222 0.207 7.246377
0.181 0.183 1.092896

Keithley Series 2400 Source Measure Unit (SMU) Instrument instead, which creates I. In
previous chapters, Fig. 7 shows the original data of response in two hundred seconds. Eight
ammonia concentrations for test are 10ppb, 30ppb, 50ppb, 0.1ppm, 0.3ppm, 0.5ppm, 1ppm
and 3ppm. If the response multiplied by the initial current (1), values of the output current
I will be decided. Fig. 34 shows the post-simulation and experimental output voltages of
analog divider (V,) in 0.01 ~ 3ppm ammonia. Table Il shows the differences between

experimental results with post-simulation results in 10ppb ~ 3ppm of ammonia. The

differences are within 7.24%.
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Fig. 35. Post-simulation and experimental output voltage in (a) 10ppb ~
3ppm of ammonia, (b) 10ppb ~ 3ppm of ammonia in log scale.

Fig. 35(a) summarizes the relationship between the output voltage and concentration.
With sets of experimental data collected on readout voltage and corresponding concentration
levels in ppm, a linear relation is validated between logarithms of gas concentration level and
output voltages of the readout circuit, as shown in Fig. 35(b). The resolution of the sensor

achieves 86.8mV/log (ppm). The linear region is between -2~0.5ppm in log scale. The curves
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Fig. 36. The experimental output voltage of eight chips in 10ppb ~ 3ppm
of ammonia in log scale.

can be approximated to linear equations, which based on simulation result is

y (x) =—0.07291og x + 0.2227 (29)

and experimental result is

y (x) =—-0.0868log x +0.2195, (30)

where y is output voltage of the analog divider, x is concentration of ammonia.

4.2.4 Reliability of Integrated Circuits

In previous charpters, this study verifies that the readout circuit can calculate the ratio of
saturation current to initial current, which presents the specific gas concentration. Under
manufacturing process variation, not all chips perform and maintain its functions. Before
mass-production, the reliability of integrated circuits is very important. Fig. 36 shows the
experimental output voltage of eight chips in 10ppb ~ 3ppm of ammonia in log scale, lines of
eight results and the square of the residuals of the data after the fit. There are eight trend lines

because of eight chips. The variation exist between chips.
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To analyze the variation, Fig. 37 shows the distribution of the parameters of the lines
(y;=cXx+b). The range of b, and c, are 0.0047 and 0.0062, which can be ignored.
Because not all points of data are on the lines, this study also tries to analyze the reliability of
the lines. Fig. 38 shows the distribution of r-squared (R*) which is the square of the residuals
of the data after the fit. The R? value is basically a measure of how good the correlation is.
The closer the R? value is to 1, the better the correlation. A good correlation between

concentration in log and the output of divider indicates that the methodology is sound, and
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that the readout circuit is working well. In other words, the higher the R?, the better.

y;, are defined as the observed values and f, are called the predicted values. In the

below ¥ isthe mean of the observed data,
Yis (31)

where n is the number of observations. The "variability” of the data set is measured through

different sums of squares,

SSit = Z(Yi - 7)2 (32)

The total sum of squares (proportional to the sample variance) is

Ssreg = Z( fi — y)Z (33)

i
The regression sum of squares, also called the explained sum of squares is

SSres = Z(y| — fi)z' (34)

The sum of squares of residuals is also called the residual sum of squares. The most general

definition of the coefficient of determination is

59
RZE]__%:&. (35)
o) N

tot tot

Generally speaking, an R? of 0.75 means that a reasonable correlation between the output of
divider and concentration in log. 0.9 or above is very good. Fig. 36 shows a pretty good
correlation. Because the line fits very nicely (R-squared over 0.9), this study can use it to

estimate concentrations of ammonia.
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Fig. 39. The experimental results of the saturation detector.

4.2 5Experimental Results of the Saturation Detector

Having verified that the readout circuit can detect ammonia concentration accurately, this
study tries to prove that the automatic readout circuit is workable. Fig. 26 shows the
simulation results of readout circuit which can validate the automation of readout circuit. The
experimental results of the saturation detector is shown in Fig. 39. The experimental setting is
shown in Fig. 13 without auto-reset circuit, logic gate and buffer because the final version of
the chip still in fabrication by National Chip Implementation Center. The VNJ-P3HT diode

sensor is also changed to the Keithley Series 2400 Source Measure Unit (SMU) Instrument

instead, which creates I .

In the beginning, the reset signal is “1” and the super capacitor of peak-detect-and-hold
circuit discharged to ground voltage. Thus the denominator of divider get smaller and the
output of divider get larger. When the reset signal switch to “0”, the capacitor starts to charge
and hold the new peak. Until after this, the output of divider makes sense. Then the output of
divider starts to decrease and the saturation detector judge that it is not saturated. Therefore

the output of saturation detector switch to “0”. After about 200 seconds, the rate of change of
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Fig. 40. The experimental results of LCD-in 0.1~ 3ppm ammonia.

divider output is close to zero and the output of saturation detector switch to “1”. The
experiment of second chip verify that the readout circuit can automatically detect when the

response is saturated.

4.2.6 Experimental Results of MCU

With the readout circuit in function, the output of analog circuit connect to the ADC of MCU.
Then the data is processed using a MCU to estimate concentrations of ammonia. Finally, the
concentration of ammonia is displayed on the LCD. Fig. 40 contrasts the experimental results

of LCD with waveform. At the bottom of Fig. 27, the output show the result only when sensor
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Table I11. The specifications of readout circuit.

Specifications Values
Power Supply (VDD) 3.3V
Power consumption 4.6mwW
Input Range of Sensing Current OuA~100pA
Input Range of Sensing Voltage 1.5V~3.3V
Range of Bias Voltage 1.5V~3V
Resolution 86.8mV/ log(ppm)
Process of Manufacturing 0.35um 2P4M 3.3V mixed-signal CMOS process
Die Area 0.74x0.75 mm?

react with gas and the current saturate, otherwise the output display zero because of the logic
gate. The valid output is varied in the range between 0.15V and 0.4V (see Fig. 34). As show

(13

in the Fig. 27, if the output of readout circuit is lower than 0.15 voltage, “----ppb” and

“Sensing...... ? are displayed onthe LCD. This situation represents an unsaturated result.

On the other hand, the LCD accurately shows the results in 0.1ppm, 0.3ppm, 0.5ppm,
1ppm and 3ppm ammonia, as shown in Fig. 40. Even though the initial current changes, the
readout circuit obtains the new initial value and outputs the correct results. This indicates the

readout system is workable. Table 11l shows the overall specifications of readout circuit.
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CHAPTER 5

Conclusions and Future works

An automatic readout circuit for gas sensor is proposed in this study. These analog IC are
realized by the TSMC 0.35um Mixed-Signal 2P4M process. The circuit is designed,
implemented and validated by the experimental output currents of the readout circuit which
varies with sensed currents.

The circuit is connected externally to the sensors that output the current varying with the
concentration of target gas, although the ammonia sensors based on VNJ-P3HT diode are not
integrated into a single chip with the readout circuit. In order to perform experiments in a
more convenient and efficient-way, Keithley Series 2400 Source Measure Unit (SMU)
Instrument is chosen to simulate the output current of the front-end VVNJ-P3HT diode device
in experiments. Finally, the sensing system is able to detect minimum ammonia concentration
of 10ppb, while the maximum one reaches around 3ppm.

Without the AD/DA of MCU in the previous design, the peak-detect-and-hold circuit is
used to holds the input value of the analog divider. The ratio of saturation current to initial
current can be calculated by the analog divider and present the specific gas concentration.
Thus the problem that the initial current varies from time to time is solved. The auto-reset
circuit for detecting transitions between different gas concentration levels is designed and
implemented in this study for sensing automation. The design of the proposed saturation
detector and logic gate can provide more convenience for real-time detection of gas
concentration.

With sets of experimental data collected on readout voltage and corresponding
concentration levels in ppm, a linear relation is validated between logarithms of gas

concentration level and output voltages of the readout circuit. The linear equations of the

57



Fig. 41. The imaginary figure.

analog divider’s output voltage versus concentration of ammonia in log scale are determined.
The resolution of the sensor achieves 86.8mV/log (ppm). This relation is utilized further in a
micro-processor for calculating gas concentration level in ppb. Finally, the gas concentration
level in ppm is displayed on a LCD panel. The experimental results show that errors are
within 7.24%.

The size of MCU can be further reduced in future works. Then the entire system (analog
IC, MCU and LCD) can be fabricated to a compact module. The imaginary figure is shown in
Fig. 41. Finally, the resolution and the linear range of the readout circuit’s output about the

ammonia concentration can be further improved.
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APPENDIX

Table IV. The design parameters of readout circuit.

MipM2p | = 2f
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Transistors | Aspect ratio m Transistors Aspect ratio m
(pm/pm) (pm/pm)

M1-M6 10/4 : 10/1 2

M7-M10 55, 25l ’ 10/1 9

M10 o2 | 1| Mep 10
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