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Abstract

A sensor is a transducer that receives and responds to a signal or stimulus from a physical system.
It produces a signal representing information about the system, which is used by some type of

telemetry, information or control system.

Specifically, a biosensor is a device that contains a biological, or bio-inspired recognition layer
with unique specificity towards target analytes, which can be pH, DNA, proteins, and small
molecules like glucose, chemical warfare agents or environmental pollutants. The focus on elec-
trochemical sensors and biosensors is growing exponentially, as these detection systems can be

easily miniaturized and mass-produced for point-of-care applications.

Electrochemical sensors are significantly impacted from the choice of the transducers charac-
teristics. Field effect transistors (FET) have been widely used as transducers in electrochemical
sensors for over 40 years. However, a completely new discovery has been made in this field, using

a bipolar junction transistor (BJT) as transducer instead of a Field Effect Transistor (FET).

The goal of this work is to use this type of device for the analysis of different analytes, in

particular alcohol and sodium chloride solutions.

Particularly in this internship, the sensor will be added to an array of sensors to be placed

inside the artificial nose which is being developed at IBM’s headquarters in Almaden.
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Chapter 1

Introduction

1.1 State of the Art

Over the past decade, sensors based on silicon field effect transistors (FETs) have emerged as the
main class of sensors due to their enhanced sensitivity and fabrication compatibility with silicon
processing technology [1, 2]; but also for their enhanced sensitivity, resolution, low power, and
portability. Moreover, these electrochemical sensors have been demonstrated to detect both ions

and biomolecules [3, 4].

The application of FETSs as transducers in electrochemical sensors was first described in 1970 by
Bergveld [5]. Triggered by this discovery, FET based electrochemical sensors have been extensively
investigated. Due to their small size, the nanowire FET sensors offer two important advantages:
fast response time and high sensitivity due to large surface-to-volume ratios [6]. Several studies

have investigated pH sensing using silicon nanowire FET sensors [7, 8].

In particular, the pH value plays a critical role in numerous biochemical reactions and is of
maximum importance in the study of life sciences [9, 10]. For example, the activity of proteins
[11], enzymes [8], cellular organelles [12] and cells [13] are drastically affected by minute changes
in pH value. Also, the pharmacological effectiveness of drugs can be altered by changing the
pH of their local environment [14]. Hence, the ability to monitor pH with high sensitivity and
spatial resolution can help clarify many physiological processes with applications in drug discovery
and medical diagnostics [6]. Also, pH sensing plays an important role in environmental and food
industry related applications [15]. Hence, accurate and fast sensing of pH is of great interest in

various fields of study.

Sensors based on silicon field effect transistors exhibit pH-dependent conductance that is linear
over a large dynamic range and could be understood in terms of the change in surface charge during
protonation and deprotonation [7, 16]. However, their practical applications have been hindered
due to significant sensor-to-sensor variations in the detection characteristics and these features also
vary in a complex manner over the entire sensing field [17]. Thus, detailed calibrations for individual

sensors must be performed before these nanowires can be used reliably for sensing quantities.
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1.2. THEORY CHAPTER 1. INTRODUCTION

Recently, bipolar junction transistor (BJT) device was proposed as a transducer in an electro-
chemical sensor [18, 19, 20]. BJT pH biosensors have been created the first time in 2015 by Dr.

Sufi Zafar, my mentor and supervisor in this project.

For the BJT sensor, a signal to noise ratio of 20 to 2 times greater has been found. Sensitivity is
also enhanced, changing by 10 times per part for the BJT sensing signal. However, the FET signal
changes by at most 8 times in a complex manner over the sensing range and exhibits significant
variations from sensor to sensor induced by the fabrication process. Also, sensor calibration curves
(a method for determining the concentration of a substance in an unknown sample by comparing
it to a set of standard samples of known concentration) are impacted by the transducer choice
in case of FET sensor. However, the calibration curve of a BJT sensor is independent of applied
voltages. Furthermore, the bipolar transistor Signal-to-Noise Ratio (SNR) is not only significantly
higher but is also constant over the sensing range. In comparison, the SNR of a FET sensor varies

with the peak value confined within a narrow sensing range [21].

Biosensors based on bipolar transistors are shown to have superior sensory characteristics that
require minimal calibrations — an important characteristic for mobile sensing applications. They are

also significantly better suited for quantitative sensing measurements and detection applications.

The aim of this work is to characterize the BJT biosensor designed by Dr. Zafar for different
analytes. This is the first step that will allow for the application of this innovative device for the
detection of alcohol and sodium chloride substances. This kind of sensor has also been applied for
single strand DNA detection [22] and mobile diagnostic applications [23].

1.2 Theory

1.2.1 Electrochemical sensor

Target Analyte

Figure 1.1: Schematic electrochemical sensor. The sensor components are the sensing surface and the
transducer; the sensing surface is in contact both with the solution and the dissolved target analyte, that
selectively bind to the sensing surface.



CHAPTER 1. INTRODUCTION 1.3. BIPOLAR JUNCTION TRANSISTOR

An electrochemical sensor has two basic components (Fig. 1.1):

e the sensing surface (or receptor)

e the transducer

The sensing surface interacts with the target analyte and the transducer converts this interaction
into a readable electronic signal. The sensor performance characteristics depend on both the
components. The sensor selectivity and affinity towards the target analyte depends solely on the
sensing surface because the analyte interacts only at the sensing surface, as illustrated in Figure
1.1. Other performance metrics such as sensitivity, resolution, and calibration depend on both

components.

In this project, the electrochemical sensor with bipolar junction transistor (BJT) will be used
as the transducer. This because SNR, sensitivity and calibration curves are independent of mea-
surement voltages for the BJT sensor [23]. This implies that optimal measurements can be made

over the entire sensing range with minimal calibration requirements.

1.3 Bipolar Junction Transistor

A bipolar junction transistor consists of two back-to-back p-n junctions, which share a thin common
region. Contacts exist between either of the two outer regions (called the emitter and collector)
and the middle region (called the base). The device is called “bipolar” since its operation involves

both types of mobile carriers, viz. electrons and holes.

Figure 1.2: Schematic NPN BJT device.

There are four different bias modes: the forward active mode of operation, the reverse active

mode of operation, the saturation mode and the cut-off mode.

In this kind of application, the forward active mode of operation will be used. This is obtained by
forward-biasing the base-emitter junction and, in addition, eliminating the base-collector junction

current by setting Vpo = 0.
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1.4 Experimental Setup

The biosensor has two components:

e the device, and

e an extended base.

The device component is the commercial 2N2222A | which is a common NPN bipolar junction
transistor (BJT) used for general purpose low-power amplifying or switching applications. It is
designed for low to medium current (up to 500mA), low power and medium voltage. This is the
desired range of work in order to avoid any kind of chemical reaction between the tip sensing surface

and the reference electrode with the aqueous solutions.

Ve<0V

Sensing surface

~ Ref. Electrode
 Vg=ov

I

BJT Device (Transducer)

Figure 1.3: Schematic of an electrochemical sensor with a BJT device as the transducer [23].

As shown in Figure 1.3, the extended base component consists of:

e a conducting sensing surface connected to the base at one end, while the other end is immersed

in the aqueous solution;

e a miniaturized reference electrode immersed in the aqueous solution.

The sensing surface is a 100nm thick T%N film sputter deposited over a tungsten (W) wire.
The pH sensing surface for the BJT biosensor will be made of titanium nitride material since the

TiN surface potential is pH sensitive [24].

Here, the voltages applied at the emitter, collector and reference electrode are Vg, Vo and Vp
respectively. The collector current (I¢) is the sensing signal and sensing measurements are made

using Vo = Vp = 0V, while Vg is either varied or set at a fixed value.
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Conducting
: ; : . sensing
Reference S a4t o . surface (TiN)
electrode >

Aqueous solution

Figure 1.4: Real image of the extended base set-up of the BJT electrochemical sensor.

1.5 Physical description

Like the standard bipolar transistor, the transfer curve of the bipolar transistor biosensor in active
mode is given by the Ebers-Moll equation [25]. It has been modified by [21] in order to synchronize

with the physical model, evolving the following equation for the sensing signal I¢:

Io=1- 4 (VBE+9s) /KT (1.1)

where, T is the temperature in Kelvin, k is the Boltzmann constant, Iy is a BJT device constant,
q is the electronic charge and Vg = (Vg —Vg). Moreover, the sensing surface potential ¢)g depends
solely on the sensing surface charge density associated with the bound analyte, and is therefore a
characteristic of the sensing surface/analyte interaction. This interaction represents the core of the

sensing process.

From Eq. (1.1), it is clear that I depends exponentially on the surface potential ¥g of the
sensing film. Also, since 1g depends on the surface charge density, a change in charge density
associated with bound ions or molecules within the Debye length would cause the sensing current
I to vary, which can be easily detected. The Debye length is the spatial distance within which

the mobile electric charges screen the electric field.
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1.6 Equipment

Figure 1.5: B1500A Semiconductor Device Parameter Analyzer (left). Equipment used to analyze the BJT
biosensor (right).

For all the experiments, the used equipment setup is the B1500A Semiconductor Device Pa-
rameter Analyzer and Measurement Modules (Figure 1.5 (left)) [26]. This is a semiconductors
device precision current-voltage analyzer, and it is an all-in-one analyzer supporting I/V, C/V,
pulse/dynamic I/V, and many others measurements. It provides a wide range of measurement capa-
bilities to cover the electrical characterization and evaluation of devices, materials, semiconductors,
active/passive components (or virtually any other type of electronic device) with uncompromised

measurement reliability and efficiency.

During the performance of all the measurements, a compliance of 1A is maintained in order to
avoid damage to the used BJT. As shown in Figure 1.5 (right), the BJT biosensor is linked to the
equipment via PIN connections, where PIN 1 and PIN 3 are connected to the emitter and collector

respectively, while PIN 2 is connected to the extended base described previously (see section 1.3).

1.7 Objectives and problem to solve

The entire study has been performed in order to be part of a larger project conducted in IBM
Research-Almaden (San Jose, California) concerning the idealization and implementation of an
artificial nose. Specifically, this sensor will be part of the array of sensors to be placed inside the

device.

The main goal of my work is to find the sensor response to different types of solutions. Specifi-
cally, sodium chloride (NaC1) and alcohol (CoH50OH) solutions at different concentrations will be
analyzed. In order to do this, the sensing surface has to be characterized. This is done creating
the calibration curve using pH buffer solutions having a known pH value. Here, the voltage / pH
curve at constant current will help in finding the pH of different solutions. This is explained in

more detail in the following chapter (see section 2.1).



CHAPTER 1. INTRODUCTION 1.7. OBJECTIVES AND PROBLEM TO SOLVE

During this kind of measurements, errors can occur from several sources:

e drift,
e clectrochemical reactions, or

e evaporation of the solutions (especially alcohol).

In the following, these problems will be minimized by optimizing the experimental setup and

looking for solutions for storage of the analytes.



Chapter 2

Measurements and Results

In this chapter, the analysis of Alcohol and sodium chloride solutions will be carried out through
the study of the corresponding pH change. These two analyses are reported in sections 2.2 and
2.3 respectively. In order to do this, the characterization of the tip (to be used in the subsequent

analysis) must be performed, which is reported in section 2.1.

2.1 pH buffers

As already mentioned, in order to characterize the tip used in all subsequent experiments, the

calibration curve for the T4 N sensing surface tip is necessary.

7

10 4 T T T
] —a—pH4 / /'{ /
pH 5 / /
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Figure 2.1: Io dependence on Vpg measured at different pH buffer solutions. Here, the measured SS =
59mV/decade, irrespective of the pH values.



CHAPTER 2. MEASUREMENTS AND RESULTS 2.1. PH BUFFERS

Hydrion Buffer powders are used to create the buffer solutions, diluting the powders in 500m.L
of deionized water. This is done in order to find the values of the voltages corresponding to each
pH, keeping the current fixed. Subsequently, the resulting calibration curve will be used to derive

the pH values of the others analytes, like alcohol and NaCl.

Prior to discussing the sensing results for the BJT biosensor in buffer solutions, the measurement
details are described. The sensing signal Io is measured by varying the applied emitter voltage
(VE) in the range of 0V to —0.8V, while the base voltage (Vp) applied to the reference electrode
and the collector voltage (Vi) applied to the collector are set to OV

All sensing measurements are confined to the voltage regime below the onset of the high injection
effect, where the I/V characteristic result is linear. The high injection effect is a typical non-linear
effect taking place in the forward active operation mode. Overcoming this level, the slope of the

curve at high I- begins to decrease.

The used buffers are solutions of varying pH values: pH8, pH7, pH6.4, pH5, pH4. All measure-

ments are made at room temperature.

First of all, the sensing currents I¢ as functions of the applied voltages Vg = (Vg — Vg) are
measured. Figure 2.1 shows the dependence of I on the applied Vpg measured at different pH
values of the buffer solution. Circular symbols represent the measurements, while solid lines are
exponential fits in accordance with Eq. (1.1). It is important to notice that the measurements
indicate I¢ increases exponentially with a Subthreshold Swing SS = 59mV/decade, irrespective of
the pH value. The SS is derived by calculating the difference between the corresponding voltages
at Ic =3-107%A and Ic = 3- 1078 A.

750_ T T T T T 1
I.=10nA

700

600

T
1

V_(mV)

550
V. /pH=55.0209mV/pH

500 T T T T T
4 5 6 7 8

Figure 2.2: Vp dependence on pH derived by 2.1 at I = 10nA. Here, the measured slope is 55.0 +
0.9mV/pH.
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Since the sub-threshold swing (S5) is defined as the change in Vg corresponding to a decade
change in I¢, we have SS = 2.3 - kT'/q. Hence from equation (1.1):

Io =1, 23 (VBe+is)/SS (2.1)

where, T'= (¢-55)/(2.3 - k).

I./pH=-0.92+0.02A/pH

4 5 6 7 8

Figure 2.3: Io dependence on pH derived by 2.1 at Vg = 629mV. Here, the measured slope is 0.92 +
0.02A/pH.

With SS = 59mV/decade, ¢ = 1€V, and k = 8,61673324 - 10~ °eV - K1, the estimated
temperature is T' = 297.7K = 24.6°C from the measured 5.5, consistent with the room temperature
value. Hence, the measured transfer curves are in quantitative agreement with Eq. (2.1). Also, the
measured I¢ curves are observed to shift by 55mV/pH as the pH is varied. This is a property of

the TiN sensing surface.

From Figure 2.1 it is now possible to derive the calibration curve, which characterizes each
reference tip, and is unique for each type of tip even if the materials are the same. In fact it also

depends on the type and the conditions of the deposition.

Vr is defined as the applied voltage value corresponding to a constant sensing current of /o =
10nA.

In the Figure 2.2 the calibration curve has been created repeating the measurements of the
buffer solutions 9 times, both randomly and in an ordered way. Between two measurements, the
reference-tip setup has been rinsed with deionized water in order to remove any kind of dependence
from the previous measurement. The vertical black error bar represents the standard deviation,
which has been calculated with the aid of the OriginLab statistical software, while horizontally the

error present in the pH powder for the creation of the solutions is estimated as +0.02.

10



CHAPTER 2. MEASUREMENTS AND RESULTS 2.1. PH BUFFERS

Figure 2.3 represents a different type of calibration curve. This is created by fixing the voltage
value and considering the current shift at different pH values. The chosen fixed voltage is Vpp =
629mV, since at this value all the curves become linear in the range in which they are used. Here

the measured curves are observed to shift by —0.92A/pH (in logarithmic scale) as the pH is varied.

Both of these calibration curves (Figures 2.2, 2.3) will be used in the following sections to

analyze the pH values of the studied analytes.

In order to obtain small voltage errors during the repetition of the measurements, and then
a small drift, the tip-reference setup has been rinsed as mentioned previously. Furthermore, the
tip-to-reference distance, as well as the amounts of tip and reference that were immersed, have been

kept constant during all the measurements.

11



2.2. PHVS. ALCOHOL CHAPTER 2. MEASUREMENTS AND RESULTS

2.2 pH vs. Alcohol

The analysis conducted with the buffer solutions can now be used to estimate the pH values of

alcohol solutions at different concentrations and to implement further analysis.

2.2.1 Solutions creation

0% 10% 20% 30% 40%

2mL - - - 1.9mL

Figure 2.4: Images of the alcohol solutions immediately after their creation. The volume decrease (indicated
by a pair of red and blue lines) is directly proportional to the increase in alcohol percentage.

Before beginning the data analysis, it is important to take a look to the reactions which take

place during the mixing of alcohol and water.

Here, the analytes are created mixing 1mM concentrated NaC'l solution with different ethanol
(CoH50H) percentage: 0%, 10%, 20%, 30% and 40%. The alcohol used is the Ethyl Alcohol,
Reagent Alcohol 200 Proof, PHARMCO-AAPER™. A sodium chloride solution [NaCl] = ImM
is used instead of deionized water in order to enhance conduction. In fact, for a solution to conduct
electricity, presence of free ions is necessary. Hence alcohol, which does not ionize, is a bad conductor
of electricity. The electrical conduction is necessary in order to obtain a resistive response from the

biosensor.

/
ethanol QO
\

H

Figure 2.5: Schematic of the ethanol-water Hydrogen bonding.

As shown in Figure 2.4, a decrease in volume from 2mL at 0% alcohol concentration to 1.9mL
at 40% takes place. The physical explanation of this phenomenon [27, 28] is as follows: both water

and ethanol have small hydrogen atoms attached to an oxygen atom, which strongly attracts the

12



CHAPTER 2. MEASUREMENTS AND RESULTS 2.2. PHVS. ALCOHOL

shared electron cloud between the two. This makes the hydrogen nucleus (a proton) to be relatively
exposed, and given the very small atomic radius of the former, a high moment molecular electric
dipole is formed. These dipoles tend to attract each other in different molecules, and the resulting
inter-molecular interaction implies that this kind of chemical species pack molecules very closely

and bonds them together strongly with hydrogen bond (”H-bond”), as shown in Figure 2.5.

The formation of hydrogen bonds does not limit itself to identical molecules, but they cross-
form among different H-bond forming chemical species in a mixture; this is what happens between
water and ethanol: the oxygen in one water molecule is attracted to the hydrogen in the hydroxyl
group (the red one in the Figure 2.5) in a nearby alcohol molecule and viceversa. The H-bonds pack
the molecules together in the liquid phase, which produces the macroscopically observed increase
in density and total volume reduction. The strong interaction implies a reduction in the internal
energy of the system which manifests as the liberation of energy in the form of heat [29]. This
explain the immediate change of volume of around 5% of volume between 0% and 40% alcohol

concentration just after the creation of the solutions.

A deeper analysis of the pH dependence of alcohol with respect to time and concentration can

now be performed.

2.2.2 pH dependence with time and alcohol concentration

In order to perform this study, first of all measurements of the sensing current Io as a function of

the applied voltage Vpp = (Vg — Vg) are performed.

6

10- T 10- T T
(A) (B)

107 ¢ 1 107 ¢ 1
—_ t=0 —_ t = 96h
< 10t < 10°
i — 0% - / — 0%

10% 10%

10°¢ —20% 1 10°} —20%

30% 30%
—40% —40%

107 . \ 107 . .

400 500 600 700 400 500 600 700
V__ (mV) V__ (mV)

Figure 2.6: I dependence on Vpg measured at different alcohol concentrations in [NaCl] = 1mM so-
lutions. (A) Current/Voltage characteristic at time zero, just after the creation and the mixing of the
solution. (B) Current/Voltage characteristic after 96h. The solutions are conserved at 4°C, in order to
avoid evaporation.

Figures 2.6 (A) and (B) show the dependence of Ic on the applied Vg measured at differ-
ent alcohol concentrations. Here, all the curves show the same slope independent of the alcohol

concentration.

13



2.2. PHVS. ALCOHOL CHAPTER 2. MEASUREMENTS AND RESULTS

The characteristics have been measured just after the creation and the mixing of the solutions
(Figure 2.6 (A)) and after 4 days (Figure 2.6 (B)). In order to avoid possible evaporation, all the
solutions were conserved at 4°C continuously just after the first measurements, and placed at room
temperature for one hour before the second measurements were taken — so that all the experiments

are performed at the same initial conditions.

5-5 T T T T T 2-5 T T T T
(A) (B)
08 ! ~ 2.0} ]
45} ® ® e I
S 15 |
T 4.0f ® 1 :5?
35 ¢ i = 1.0t _
3.0/ ] T o5l |
R = 0 ‘ 2_ 0.5
2.5¢ = 96h 1 —
. t= ) 0.0} 1
2.0 1 | ! ! 1 1 1 I ! 1
0 10 20 30 40 0 10 20 30 40
Alcohol (%) Alcohol (%)

Figure 2.7: pH dependence on Alcohol percentage measured in different time periods, just after the
creation of the solutions and after 4 days. The chemicals are [NaCl] = ImM solutions at different alcohol
concentrations. (A) pH/Alcohol characteristics at time zero (pink) and after 96h (blue). (B) ApH/Alcohol
characteristic describing the amount of change of pH with respect to the alcohol percentage.

Also in this case, as already seen for buffer solutions and as expected, the measurements show
I¢o increases exponentially with SS = 59mV/decade, irrespective of the alcohol concentration.
The SS is derived from the difference between the corresponding voltages at I = 2- 10724 and
Ic = 2-1078A. Moreover, the measured I curves are observed to shift by different mV/alcohol (%)
as the alcohol concentration is varied. This is probably do to the many complex reactions which

take place in alcohol-water solution, as described in literature from a chemical point of view [30].

In order to extrapolate the pH of these solutions, the Vgp values at I = 10nA are compared
with the calibration curve which has been previously obtained in Figure 2.2. From Figure 2.7 (A) it
is possible to see that, just after the creation, the pH values result to be almost constant and around
4.8 + 0.2 with a slightly increase of acidity with the increasing of alcohol concentration, while after
96 hours the diminution of pH with respect to alcohol percentage is more pronounced, reaching a
pH of 2.3. This general behavior of decreasing pH values with increasing alcohol concentration can

be explained looking to the reaction occurring between ethanol and alcohol [32]:

CyH;0OH + Hy,O <— CyH;0™ + H30+

As shown in the reaction, the creation of hydrogen ions increases the density of H ' ions bounded
to the sensing surface, thereby causing surface potential s to shift with a concomitant shift in V:
ie. AVp = Ay, It is therefore clear that on increasing the alcohol concentration the acidity of

the solution will increase.

14



CHAPTER 2. MEASUREMENTS AND RESULTS 2.2. PHVS. ALCOHOL

The exact cause for the difference in behavior observed at time zero and after 96 hours could

not be clearly understood. However this could be possibly due to two main reasons:

e the alcohol-water mixing might be a slow process, in which case an intimate and complete

equilibrium of the two could take some time to achieve;

e the carbon dioxide absorption occurring when the solutions are exposed to air could produce
a lowering of the pH values. This because the water used for the creation of the solutions is
deionized, and existing literature suggests that exposing deionized water to atmosphere could

cause an increase of acidity [31].

From Figure 2.7 (B) it is possible to see how the difference between the final pH values (pHy)
after 4 days and the initial ones (pH;) at time zero increases with increasing alcohol concentration,
following a linear trend with a slope of 0.051 £+ 0.002 ApH /alcohol(%). This graph is just a more
explicit representation of the first one (Figure 2.7 (A)) which shows the increase in acidity observed
with alcohol, together with the increase in acidity due to the exposition of the entire solution
to open atmosphere — where consequent absorption of carbon dioxide is much more pronounced
for higher concentrations of alcohol. This can be explained taking into account the two previous

hypothetical reasons.

2.2.3 Sensing current noise power density

The analysis of the sensing current noise power density is important in order to provide an estimate

of the detection limit.
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Figure 2.8: Time dependence of 0% and 40% alcohol solutions with respect to time at values around
IC =1nA (A), IC = 10nA (B), IC = 100nA (C),
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From literature [21] it is found to be constant over the entire sensing range for a 0% alcohol
concentration. Here a comparison between the sensing current (S7) noise power density for solutions

with alcohol and solution without alcohol is performed.

The noise spectral density is the noise power per unit of bandwidth, which is the power spectral
density of the noise. In general, the power spectral density (PSD) function shows the strength of
the variations (energy) as a function of frequency. In other words, it shows at which frequencies
variations are strong and at which frequencies variations are weak. PSD is a very useful tool to
find out frequencies and amplitudes of oscillatory signals in time series data, like in this case the

noise [33].

The noise power density is defined as the noise power in a bandwidth of 1Hz, i.e., the noise
power per hertz at a point in a noise spectrum. In particular, the sensing current noise power
density is an important performance metric for a sensor. Here, the S; at 1Hz is measured for the
BJT sensor in alcohol solutions of varying concentrations. The noise measurements are performed,
like before, using the Agilent B1500A instrument.

First of all, the collector current I- is measured as a function of time at a sampling rate of
50ms at constant Vg and with Vo = Vg = 0V, as shown in Figure 2.8. The measurements are
performed at different voltages values in order to obtain a current I = 1nA, 10nA and 100nA for

alcohol concentrations of 0% and 40%.

0% 1nA
40% 1nA
—— 0% 10nA
40% 10nA
—— 0% 100nA
40% 100nA

Frequency (Hz)

Figure 2.9: Fast Fourier Transform of the current/time data used to extrapolate the the noise power density
with respect to the frequency.

The collected time domain data of Figure 2.8 are then analyzed using a Fast Fourier Transform
Welch method implemented in Origin software in order to estimate the noise power density (S7)
as a function of frequency. The results are shown in Figure 2.9. It is clear from the obtained plot

that the power noise densities are independent of the alcohol concentration.
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Figure 2.10: Dependence of noise power density (S;) at 1Hz on the sensing current (I¢) measured in
solutions of 1mM NaCl concentrations at different alcohol percentage.

Figure 2.10 shows the measured dependence of St at 1H z on the sensing current I for the BJT
biosensor. From the graph, it is clear that S; depends on I¢ according to the equation: S; = vl¢,
where 7 is a constant. Specifically, S7 shows no dependence on the alcohol concentration; and Sy
has a power law dependence on the sensing current with an exponent of around 2 (more precisely

1.92 £ 0.09) for BJT sensor. This very much conforms to reports in existing literature [23].

This is definitely a good and encouraging result. As the sensing current noise power density is
found to be independent of the presence of alcohol, the low detection limit of a BJT biosensor is

not affected by such analytes, and hence its performance remain elevated.
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2.3 pH vs. NaCl concentration

A further analysis has been performed in order to calculate the dependence of pH on different
sodium chloride concentrations viz.: 1mM,10mM and 100mM [NaCl].

105 . .
Alcohol (%) =10%
10J@
< 10°]
o ]
.9-
10 "+ —1mM
] 10mM
| ——100mM 1
10" . :
400 500 600 700

Vv, (mV)
Figure 2.11: I dependence on Vg measured at different NaCl concentrations.

The tested solutions have been created by dilution from a 5M sodium chloride solution.

Following the previous steps used for the alcohol solutions, measurements of the sensing current
Ic as a function of the applied voltage Vg = (Vp — Vg) are performed. Figure 2.11 shows the
dependence of I on the applied Vg measured at different sodium chloride concentration with a
fixed amount of 10% alcohol.

As expected, for different NaCl concentrations also, the measurements show that Io increases
exponentially with SS = 59mV/decade, irrespective of the different amounts of sodium chloride
present in the solutions. This further observation where SS is found to be independent of the
analyzed solutions, leads to the important conclusion that the subthreshold swing (S5) is a property
of the BJT biosensor and not of the analytes. The value of SS is derived calculating the difference
between the corresponding voltages at Ic = 2- 10724 and Ic = 2 - 1073 A.

Now, in order to extrapolate the pH of these solutions, the Vpg values at Io = 10nA are

compared with the calibration curve previously obtained in Figure 2.2.
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Figure 2.12: pH dependence on sodium chloride (NaCl) concentrations. The chemicals are 10% alcohol
solutions at different NaC'l concentrations.

The obtained pH / [NaCl] dependence is showed in Figure 2.12, where the exponential relation

between the sodium chloride concentration and the respective pH is amply clear.

This phenomenon can be easily explained as follows: as chloride concentration increases in the
solution, more CI~ bind to the sensing surface, thereby causing surface potential ¥5 to shift with
a concomitant shift in Vp: ie. AVp = Ay, Here, the observed slope of the characteristic is
0.90 + 0.06 pH/decade. This result agrees with the phenomena reported in literature [34].

In pure water the pH is expected to be independent of the NaC'l concentration, because sodium
chloride is a salt formed by a strong acid and a strong base, so it will not undergo hydrolysis. In
fact, to observe hydrolysis, at least one of the parent compounds (either the acid or the base or
both) should be weak.

On the other hand, with presence of ethanol a dependence of pH on salt concentration is clearly
seen, as reported by [34], where, on increasing the NaCl concentration, the solutions show an
increase of H3OV ions. Acids components could strengthen the water-ethanol hydrogen-bonding
structure and also promote the proton exchange between water and ethanol in EtOH — H>0 solu-
tions. With the assistance of the stronger hydrogen-bonding force by acids, ethanol molecules are

supposed to be taken into the ”water network” to associate with water molecules tightly.

It is then clear that the pH sensor gives a good response also for NaCl solutions.
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Conclusion

During this internship, a fully characterization of a pH BJT biosensor based on the previous works
of Dr. Sufi Zafar has been realized.

The sensor has been rebuilt and characterized using different buffer pH solutions in order to
create the calibration curves at fixed current and voltage values respectively. These curves have
been then used to study and analyze the pH values of new analytes: alcohol and sodium chloride
(NaCl).

Regarding alcohol, a study of the interaction between water and ethanol and its impact on the
pH values has been performed giving hypothetical justifications about the behavior of the obtained
curves. Alcohol, in fact turned out to be a really difficult and unstable substance due to the many
physical reactions occurring, like the mixing with water which produce diminution of volume and
heat liberation, the evaporation of alcohol which has been controlled holding the solution at 4°C,
the carbon dioxide absorption, etc. Also chemical reactions, as found from literature, affect the
stability of the solutions. All these phenomena are reflected in the presence of drift in the I/V
curves. Despite all these drawbacks, interesting results have been obtained. An increase of acidity
with increasing alcohol concentration has been observed, with a time dependence due to exposition.
This could be useful for applications in storage and conservation of beer and wine. Moreover, the
sensing current noise power density has been found to be independent of the presence of alcohol.
This is a commendable result, as it explains how the low detection limit of this BJT biosensor is

not affected by the presence of such analytes, and then its performance remain elevated.

On the other hand, analysis of sodium chloride solutions with constant 10% alcohol show a
dependence of pH on salt concentration. Here, the increasing chloride concentration in the solution
increases the amount of C'I~ binding to the sensing surface, causing surface potential to shift along
with Vp.

Thanks to these results, the integration of this sensor in the artificial nose seems to be possible.
Further studies will be conducted by Dr. Sufi Zafar and myself in the next months in order to
optimize and better understand the behaviour of these analytes and the response of the sensor with

respect to the interaction with them.
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Software credit

e Composition: INTEX
e Data processing: Office Excel 2016 / OriginPro 7.0

e Equipment software: Keysight EasyEXPERT Software
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