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Abstract

In this thesis, we present large-area graphene-based ion sensitive field effect transistor (ISFET)
as an attractive candidate for detecting ion concentrations in a solution on-site using a portable
device. Graphene ISFETs are compact and low-cost sensors that can be used in real-time and on-
site. They also offer a resolution that is comparable to a spectrophotometer and atomic
absorption spectrometer (AAS), which are high cost, bench-top laboratory instruments ill-suited
for on-site measurements. We have been using a semiconductor parameter analyzer (SPA) to
operate graphene ISFETs but they share the same limitations as high cost, bench-top laboratory
instruments. We used an SPA because it is a low noise device where the inherent noise that is
introduced in our measurements is predominantly from the graphene ISFETSs.

We present here a portable device that we designed and built as on-site alternative to the SPA.
We discuss the design and development process of the portable device to fulfill the same
functionality as the SPA. Mainly, the portable device’s interrogation circuit biases a graphene
ISFET and measures the drain-source current (lgs) that correlates to a molar concentration of an
ion in an analyte. The portable device has a customized case that holds a graphene ISFET and the
interrogation circuit. Additionally, the portable device is connected to an Internet of things (loT)
platform that enables real-time access to measurements. The interrogation circuit is powered by
a pocket size 24 Ah battery bank that can provided more than 40 hours of continuous use.

We calibrated three graphene ISFETs, correlating the molar concentration to the lgs of each
graphene ISFET designed for detecting K*, Na* and NH4* ions in a solution, using the SPA and the
portable device. We compared the graphene ISFET performance as interrogated by the SPA and

the portable device in terms of resolution (R), detection limit (D), sensitivity (S), and l4sroot mean



square (RMS) fluctuation (Algs). The detection limit (D) and sensitivity (S) were comparable
between the portable device and the SPA, to within the limits imposed by drift in sensor
performance between measurements conducted in this study. The fluctuation in current (Algs)
and thus the resolution (R) was at most three times larger for graphene ISFETs interrogated with
the portable device as compared to the SPA. Lastly, we present an example of on-site and real-

time measurements using the portable device.



Abrégé

Dans cette these, nous présentons un transistor a effet de champs sensible aux ions (ISFET) fait
a partir de graphéne de grande surface comme candidat pour détecter des concentrations d’ions
dans une solution sur-site, grace a un dispositif portatif. Les ISFETs de graphéne sont des
détecteurs compacts et non-dispendieux, qui peuvent étre utilisés en temps réel sur-site. Ceux-
ci offrent une résolution comparable a celle d’un spectrophotomeétre ou d’un spectrometre a
absorption atomique (AAS), qui sont dispendieux, concus pour le laboratoire et ne sont donc pas
des instruments utilisables pour des prises de mesures sur-site. Nous avons employé un
analyseur de parametres semiconducteurs (SPA) afin de mettre en opération les ISFETs de
graphene, malgré que ceci souffre des mémes limitations que les instruments de mesures
dispendieux uniqguement congu pour le laboratoire. Le SPA a été utilisé pour son faible bruit lors
des mesures, la ou le bruit intrinseque introduit dans les mesures provient particulierement des

ISFETs de graphene.

Nous présentons ici un dispositif portatif que nous avons concu et fabrigué comme alternatif au
SPA. Nous discutons alors de sa conception et du processus de développement afin d’obtenir une
fonctionnalité identique au SPA. Principalement, le circuit d’interrogation du dispositif introduit
un biais dans un ISFET de graphene et mesure le courant source-drain (l4s) qui est corrélé avec la
concentration molaire d’'un ion dans un analyte. Le dispositif portatif est composé d’un étui
personnalisé qui contient le ISFET de graphéene ainsi que le circuit d’interrogation. De plus, le

dispositif portatif est connecté aupres d’une plateforme d’internet des objets (loT) qui permet



I'accés aux mesures prises en temps réel. Le circuit d’interrogation est alimenté d’une pile de

24Ah portatif, capable de fournir plus de 40 heures d’utilisation continue.

Nous avons calibré trois ISFETs de graphéne, en corrélant la concentration molaire avec le l4s de
chaque ISFET fabriqué pour détecter le K*, le Na* et le NH4* en solution, avec le SPA et le dispositif
portatif. Nous avons comparé la performance du ISFET de graphéne interrogé par le SPA et le
dispositif portatif en termes de la résolution (R), la limite de détection (D), la sensibilité (S) et la
valeur moyenne quadratique (RMS) des fluctuations de lgs (Algs). La limite de détection et la
sensibilité étaient comparables entre le dispositif portatif et le SPA, a l'intérieur des limites
définies par la dérive de la performance de détecteurs entre les mesures de cette étude. La
fluctuation du courant Algs et ainsi la résolution était en dessous de trois fois plus pour les ISFETs
de graphéne interrogés avec le dispositif portatif que pour le SPA. Finalement, nous présentons

un exemple de prise de mesures sur-site en temps réel avec le dispositif portatif.
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1. Introduction

1.1  Current Methods for Measuring lon concentration

The measurement of ion concentration accurately, in real-time, and on-site is essential in a vast
range of applications that include, water quality monitoring [1], wastewater treatment [2], food
processing [3], pharmaceutical production [4], and clinical applications [5]. There are several
ways to measure the ion concentration in water accurately, the main ones are; 1.
spectrophotometry, 2. atomic absorption spectroscopy, and 3. potentiometry [6], [7], [8].
Spectrophotometry and atomic absorption spectroscopy can measure very low ion concentration
in water accurately and precisely [6]. We define a few terms that will be used throughout this
paper. Resolution (R) is the smallest measurable change in molar concentration that can be
measured. Detection limit (D) is the lowest measurable molar concentration, in other words, the
lowest concentration that can be measured. Sensitivity (S) is the change in current or voltage per
decade of molar concentration. Real-time measurement is the ability to measure the
concentration with negligible time delay. In the context of environmental monitoring
applications, the relevant time delay for real-time measurement is a few seconds. The term on-
site, refers to the ability to carry out measurements at the site of the water source. For example,
a lake, factory, or river. Table 1.1. illustrates a comparison between the different measurement

methods in terms of cost, resolution, size, and real-time and on-site measurement for pH.

Measurement method Cost Minimum Size Real-time and on-
Resolution site Measurement
Spectrophotometry $50k-$100k ~ 0.1 mpH ~m No
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Potentiometry - Glass S$500-S2k ~ 5 mpH ~ mm Yes
Electrode

Potentiometry — Silicon S500-S2k ~ 2 mpH ~ mm Yes
ISFET
Potentiometry - <$100 ~ 0.1 mpH ~mm Yes

Graphene ISFET
Table 1.1: The cost, resolution, size, real-time and on-site measurement for different
measurement methods of pH [6], [9], [10], [11], [12].

We can see that spectrophotometry offers the highest resolution of ~ 0.1 mpH. However, both
these methods require large and expensive equipment making them an unfeasible option
especially for real-time and on-site measurements [6]. Potentiometric sensors are very attractive
candidates for real-time and on-site measurements, due to their relatively small size, and
potential for real-time, and on-site measurement but they lack in terms of their resolution,
except for graphene ion selective field effect transistors (ISFETs) [6] [12]. Graphene ISFETs are
low size, low cost, can be used in real-time and on-site and offer a resolution comparable to that
of spectrophotometry and atomic absorption spectroscopy [12]. Graphene ISFETs are a type of
potentiometric sensors [6]. Potentiometric sensors measure the potential difference between
two electrodes [11]. The potential difference is used to infer the concentration of the ion of
interest in a solution [10]. Potentiometric sensors are ion selective electrodes (ISE) or silicon
based ISFETs [6]. By incorporating graphene into ISFETSs, the resolution is enhanced, achieving a
resolution of 0.1 mpH for hydrogen [6]. Broadly speaking, a sensitivity (also known as Nernstian
response) of 59 mV per decade over the concentration range 107 to 10~ M for various ion
solutions was achieved for several ion sensitive graphene ISFETs [6] [12]. A large and low noise
device known as a Semiconductor Parameter Analyzer (SPA) was used to calibrate and test the
graphene ISFETs to record the detection limit, resolution, and sensitivity mentioned earlier [6].
Having understood the graphene ISFET’s operation, a compact interrogation circuit was
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developed to operate the ISFET. In this thesis, we refer to the term sensor as the graphene ISFET.
We refer to the term portable device as the interrogation circuit with its case and the connection
to the graphene ISFET. The portable device was developed and tested for three sensors that can
detect one of the following ions; K*, Na*, or NH4*. Finally, the portable device was incorporated
into an internet of things (loT) platform. This allowed us to monitor molar concentration
measurements across various geographical locations in real-time. To properly understand how
the portable device works we will first need to understand how ISFETs work and what makes

graphene ISFETs unique.

1.2 lon Sensitive Field Effect Transistors (ISFETSs)

We briefly review the operating principle of an ISFET, which is important in determining the
requirements of the interrogation circuit. ISFETs are one of the most common chemically
sensitive field-effect transistors [11]. They were first developed and demonstrated by Bergveld
in 1970 [10]. An inclusion of a reference electrode in contact with the electrolyte was later
reported in 1974 [10]. The structure of ISFETs are based on those of metal-oxide semiconductor
field-effect transistors (MOSFETs) [11]. The fundamental modification is the replacement of a
metallic gate with an electrolytic solution [10], [11]. Fig. 1.1 illustrates the fundamental structure

of an ISFET.
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\U/ RTERW, \U/ Si0-
N

Bulkl \

Sensitive membrane

Fig. 1.1: An illustration of the structure of an ISFET [11].

The transistor lays on top of a p-type silicon substrate (an n-type substrate could also be used,
with corresponding changes in transistor structure). The source and the drain are separated by a
channel with layers of silicon dioxide and a metal gate placed on top in a conventional FET
structure. The length and width of the ISFET channel is typically on the order of tens to hundreds
of microns [10]. Due to the fundamental requirement of detecting ions, the electrolyte containing
the ions is in direct contact with the top layer. In early ISFETs, the conventional poly-Si gate of a
MOSFET is replaced with the electrolyte, which functions as the gate [11]. The electrolytic
solution is directly in contact with a sensitive layer designed to maximize the sensitivity and
selectivity of the ion of interest and prevent the solution from penetrating the surface to reach
the SiOyx or Si interface. More complex structures employing back end of line processing of
conventional MOSFETSs are typically found in modern ISFET implementations. The ion sensitive

layer can either be dielectrics such as Al;0s, and Ta;0s or plastic membranes infused with
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ionophores. A reference electrode, often a Ag/AgCl electrode, is used to regulate the electrolytic
potential. The voltage applied to the electrolytic solution acts as the reference voltage, which is
equivalent to gate voltage (Vs) of a MOSFET. In the case of a MOSFET, applying a gate voltage
above the threshold voltage creates an inversion layer and allows current flow from the source
to the drain. The threshold voltage (V1) is the voltage required to turn the transistor on. The
transistor can operate in either the triode region or saturation region, depending on the applied

drain voltage (Vp) [10]. The triode region has the following I-V characteristic:

_ uC;W(Vg — V) Vp
ITriode - L

The saturation region has the following I-V characteristic:

_ uGW (Vg — Vp)?
ISaturation - 2L,

where pis the charge carrier effective mobility, Ciis the gate oxide capacitance per unit area, Vg
is the gate voltage, Vris the threshold voltage, Vpis the drain voltage, W is the gate width, and L

is the gate length [10]. Fig. 1.2 illustrates the electric schematic of an ISFET [10].
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Fig. 1.2: An illustration of the electric schematic of an ISFET [13].

For an ISFET, the same characteristics apply but the threshold voltage has different contributions
[6]. The ISFET is sensitive to changes in the ion concentration through the modulation of the
surface potential of the insulator () due to a dipole layer at the dielectric side of the
electrolyte/dielectric interface with ion concentration [12]. This is described quantitatively with
the Bergveld model [12]. The Bergveld model leads to a sensitivity described by the following

equation:

YN kgT
——=aln10—
6log|a| am e

where a is the ion concentration in question, e is the electron charge, ks is Boltzmann’s constant,
T the absolute temperature, and a is a dimensionless sensitivity factor between 0 and 1 that

depends on the properties of the ion sensitive layer and the electrolyte. Ideally, a = 1 and the
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ISFET sensitivity is 59.2 mV/ decade at room temperatures. This is known as the Nernstian limit.

However, a sub-Nernstian response can arise from non-ideal ion sensitive layers where a < 1 [6].

The ISFET’s signal current is proportional to molar concentration of the electrolyte [10]. The
ISFET’s signal current is expressed as follows:
Is = 8md®o

where gm is the (field effect transistor) FET transconductance. The signal to noise ratio (SNR) of

the power noise current can be expressed as follows:

<i>
<iZ>+<iZ>

SNR =

where < i2 > is the current noise power from the ISFET and < i2 > is the current noise power
from the read-out electronics [6]. ISFET noise is dominated by charge fluctuation in the sensing

layer in a well-designed ISFET as follows:

2

e“N
<2 >=g2 ——CAf

fC2A

where N,is the areal density of active sites in the oxide layer contributing to charge fluctuation,
C is the capacitance per unit area between the channel and electrolyte, A is the active sensing
area of the device, f is the mean frequency within the bandwidth Af of the electrical

measurement circuit [6]. The SNR of the ISFET can be expressed as:

5o
SNR =24 Af | <ig>
e?No £~ gk
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To maximize the SNR, A and gm must be maximized [6]. The transconductance g,,, is maximized
in order to minimize the effect of < i2 > to achieve a noise performance that is intrinsic to the
ISFET. Since, gy, < UperC, where uggr is the field effect mobility and C is the capacitance, the
variables upgr and Cshould be maximized [6]. There are many ions whose concentration can be
measured via ISFETs by simply modifying the sensing layer that has a strong selectivity to that
specific ion [11]. These ions include H*, Na*, K*, Ca?*, CI', F;, NO%*, and CO3% [10]. In this thesis, we
will only focus on three ions NH4*, Na*, K* to highlight the enhanced resolution of graphene ISFETs

for real-time and on-site measurements.

1.3 Graphene ISFETS

By incorporating graphene into ISFETs, the resolution is enhanced by a factor of ~10, and like all
potentiometric sensors, measurements can be carried out on site and in real-time. More
specifically, a graphene channel layer substitutes the silicon channel layer. This allows for the
maximization of the channel area, the charge carrier mobility, and the capacitance between the
ISFET channel and ion binding sites in order to minimize noise and improve the resolution. Finally,
the fabrication process for large area-graphene ISFETs is simple due to a process that relies on
chemical vapor deposition growth technique instead of traditional semiconductor growth
methods [6], [12]. Figure 1.3 illustrates a picture of the graphene ISFET sensor that was used in

this thesis.
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Fig. 1.3: A picture of a graphene ISFET

The sensor is made of a printed circuit board (PCB) with the graphene mounted on it. The sensor
has a length of ~8 cm and width of ~1.5 cm. The ISFET itself is ~1x1 cm? with an active area of
~0.4 cm?. Each sensor has a specific sensing layer that has a strong selectivity to the ion of interest
[12]. The gate’s top layer is made of an ion sensitive layer that enables ion binding events to

modulate surface potential and thus transistor channel conduction [6].

The graphene layer is encapsulated with parylene C to protect the graphene FET channel from
degradation during the deposition of sensing layers and to reduce hysteresis. Parylene C
encapsulation also improves the long-term stability and reliability of the graphene ISFET. The
detection layer is made of an ionophore that is sensitive to the ion in question. For example, to
detect potassium ions in a solution, potassium ionophore Il was used as the sensing layer [12].

The structure of the graphene ISFET sensor selective to K* is illustrated in Fig. 1.4 [12].
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Fig. 1.4: A Cross-sectional schematic of graphene ISFET encapsulated with parylene and a layer
of potassium ionophore membrane as a sensing layer on a Si-SiO; substrate. Note that this is
only a schematic of the layers and shows only one electrical contact [12].

Two different kinds of large-area graphene-based ISFETs were demonstrated at McGill University
with a metal oxide layer for protons (pH) and ionophore layers have been used for all other ions.
We reproduced the same experiments from [6] and [12] for three ions NH4*, Na*, K* using the
same SPA, the Agilent Semiconductor Analyzer 15008, to extract the sensitivity, resolution,
detection limit, and RMS current fluctuation for each sensor. We reproduced the same
experiments but by replacing the SPA with the portable device that we built and compared our
results. Table 1.2 illustrates the results for protons and potassium ions that were established in

these papers [6] and [12]. Fig. 1.5 illustrates a schematic of how the graphene ISFET is operated
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Parameters H* K*
Resolution 0.1 mpH 2 x 102 log[K*]
Sensitivity 55 mV/decade 37mV/decade
Detection limit 0.1 mpH 10°M
RMS current noise (in a 60Hz 1nA 5nA
electrical bandwidth)

Table 1.2: The graphene ISFET parameters for hydrogen and potassium ion electrolyte [6], [12].

Fig. 1.5: An illustration of the bias setup for measuring the channel current for different molar
concentrations. lgsis the drain source current and Vgs is the drain source voltage [6].

In [6] and [12], the drain source current (l4s) was measured, with the SPA, versus the electrolytic
gate potential (Vrer), which is regulated through Ag/AgCl reference electrode at a constant drain-
source bias voltage Vgs=100mV. The range of Vet was controlled to prevent electrolysis of the
analyte and to limit the current through the electrolytic gate to a maximum of 0.5% of the

measured channel current lgs. The ISFET’s responses were measured by sweeping Vier across
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different molar concentrations. The results of this measurement are illustrated for K* ISFET
sensor in Fig. 1.6. It can be clearly seen as the concentration of K* increases the transfer curve
shifts uniformly and there is a decrease in the potential voltage at neutral point (Vnp) required to
reach charge neutrality. A Vit is selected at a point where the largest number of curves intersect
allowing for the largest range of molar concentration to be measured [6], [12]. In this thesis, we
do not repeat this experiment, instead we rely on a more practical approach that will be discussed

later to select Vet

50
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45 —-2.0 -6.3
-3.0 —-7.3

—-40 —-8.0
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Fig. 1.6: The channel current, Ids of ISFET versus Vs for different K+ molar concentrations [10].

The real-time response of graphene ISFETs to changes in molar concentration was also
characterized. Fig. 1.7 illustrates this characterization for K* ISFET [12]. l¢gs was measured versus

time with a constant Vies = OV and Vg¢s=100mV as the K* concentration was varied [12]. The
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concentration was increased decade wise at uniform time intervals from 101°M to 102 M which
resulted in discrete current changes that range from 70 pA to 130 pA [6], [12]. Similarly, the
interrogation circuit we developed for this project was primarily assessed by measuring the
change in current as the molar concentration is increased decade wise at uniform time intervals
from 107M to 102 M. We carry this experiment out for three ISFET sensors that target three ions,

Na*, K*, and NH4".

130
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110

70
0 200 400 600 800

Time (s)

Fig. 1.7: A continuous real-time measurement of lgs when increasing K* molar concentrations
[12].
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1.4 Rational for Selection of Analytes

Three graphene ISFETs that target K*, Na*, and NHa* ions in a solution were selected because they
are the most well-developed graphene ISFETs that were available for experimental work. The

concentration of these ions is also important for environmental reasons.

NHs* is one of the most important analytes for environmental sensing in fresh water. Ammonia
exists in water in two primary forms; ionized NH4* (or ammonium) and unionized NHs, which are
in equilibrium in water. Toxicity arises primarily from ammonia NH3 and not ammonium NHs*.

The relation equilibrium between the two is established by the chemical reaction:
NH; + H,0 < NH;} + OH~

The ratio of ammonia to ammonium depends on temperature and pH. Fig. 1.8 illustrates the
percentage of NHs3 in water at various pH levels and temperatures. As pH and temperature
increases the relative concentration of NH3 increases. The toxicity of ammonia is dependent on
the organism and length of exposure. Fish are usually severly impacted due to the increase of
ammonia concentration in large bodies of water such as lakes, rivers, and oceans. Ammonia
contamination is typically attributed to several sources that include dumping of agriculture

waste, industrial waste, and sewage water from sewage treatment plants [14].
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Temperature °C

PH 16 18 20 22 24 26 28 30 32

7.0 0.29 0.34 0.39 0.46 0.52 0.60 0.69 0.80 0.91
7.2 0.46 0.94 0.62 0.82 0.83 0.96 1.10 1.26 1.44
7.4 0.73 0.85 098 1.14 1.31 1.50 1.73 1.98 2.26
7.6 1.16 1.34 1.55 1.79 2.06 236 271 3.10 3.53
7.8 1.82 2.1 2.44 2.81 3.22 3.70 423 4.82 5.48
8.0 2.86 3.30 3.81 4.38 5.02 5.74 6.54 743 8.42
8.2 4.45 5.14 5.90 6.76 772 8.80 998 11.29 12.72
8.4 6.88 7.90 95.04 10.31 11.71 13.26 14.95 16.78 18.77
8.6 10.48 11.97 13.61 15.41 17.37 19.50 21.78 24 22 26.80

8.8 15.66 17.73 15.98 22.41 25.00 2774 30.62 33.62 36.72
9.0 2273 2546 2836 31.40 34 .56 37.83 41.16 44 53 47.91
9.2 31.80 35.12 38.55 42.04 45.57 4908 52.58 5599 59.31
9.4 42.49 46.18 49.85 53.48 57.02 6045 63.73 66.85 69.79
9.6 53.94 57.62 6117 64.56 6777 70.78 73.58 7617 78.55
9.8 64.99 66.31 71.40 74.28 76.92 7933 81.53 83.51 85.30
10.0 74.63 77.35 79.83 82.07 84.08 85.88 87.459 88.92 90.19
10.2 82.34 84.41 86.25 87.88 8933 90.60 91.73 92.71 93.58

Fig. 1.8: Percentage of NH;s relative to total NH3 and NH4* at various pH and temperature in
fresh water [15].

The concentration of K*and Na* are not as critical as NH4* but monitoring their concentration in
water is important. Na*is abundant in water due to its high solubility of many sodium salts. The

dissolution of sodium chloride can be represented by the following chemical reaction:
NaCl(s) » Na*(aq) + Cl™ (aq).

The concentration of Na* varies from 30mg/L to 120mg/L depending on the location and type of
body of water such as surface water or ground water and sea water or river water. As a result,
very different organisms can survive in these different bodies of water. The Environmental
Protection Agency (EPA) recommends that Na* in drinking-water not exceed 20 mg/L [16]. High
concentration of Na* in water can be attributed to several reasons that include road salt, water
treatment chemicals, domestic water softeners, sewage effluents, as well as the presence of

water treatment chemicals [16].
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Potassium is an essential element and is present in animals, humans, and plants. The primary
source of potassium for humans is through food and water consumption. A survey from the
World Health Organization indicates that the average concentrations of potassium in raw and
treated drinking water in different areas vary between <1 and 8 mg/ in Canada, but
concentrations of up to 51 mg/l in Saskatchewan were recorded [17]. Consuming a high dosage
of potassium could result sever illness especially among infants due to their limited renal reserve

and immature kidney function [17].

1.5 Original Contributions

In this thesis, we report the design and development of the portable device that we built which
can operate graphene ISFETs on site and in real-time. The portable device is made up of three
main parts; the interrogation circuit, the case of the interrogation circuit, and the case of the
graphene ISFET. We demonstrate the interrogation circuit that we built which is used to bias a
graphene ISFET and measure lgs. The lgs measurement correlates to a molar concentration of the
target ion. The interrogation circuit is operated via a wireless connection using secure shell (SSH)
connection and is powered by a 24 Ah battery bank which allows us to power the interrogation
circuit for over 40 hours before needing to recharge. We also present the 3D printed case that
holds the graphene ISFET sensor in place with the reference electrode and provides the proper
electrical wiring to the graphene ISFET. We also present the case that we assembled that holds

the interrogation circuit.
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We evaluated the performance of the portable device using three graphene ISFET sensors that
target K*, Na*, and NHs* ions in a solution. Table 1.3 illustrates the performance of the portable

device in terms of the detection limit, sensitivity, l¢s RMS fluctuation (A I4), resolution, and lgs

range (luasrange) fOr each graphene ISFET.

ISFET sensor Detection Sensitivity, S las RMS Resolution, las range, lys-
ion detection | limit (log(M)) | (uA/decade) | fluctuation, | R (Log(M)) range (MA)*
Algs (HA)
K* -6.5 -8.04 0.11 0.014 87.94-52.41
Na* -6.5 -12.89 0.17 0.013 129.14-71.34
NH4* -5.5 -21.36 0.13 0.0061 199.95- 119.16

Table 1.3: The detection limit, sensitivity, lss RMS-fluctuation, resolution, and mean lgs range for
K*, Na*, and NH4* sensitive ISFET sensors
* lgs-range is for a log molar concentration range of -6.5 to -2

A calibration function was generated for each graphene ISFET that correlates l¢s and the molar
concentration. The calibration functions were used in real-time to report the lgs measurements

in terms of the molar concentration on the loT platform https://thingspeak.com/. We present

the real-time and on-site measurements of a demo that we conducted for Ericsson at their office

in Ville Saint Laurent, Quebec, Canada on the loT platform.

1.6 Thesis organization

The thesis is organized into the following chapters, described below.

Chapter 2: Molar Concentration Measurements via SPA
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In this chapter, we summarize the setup and results for calibrating and measuring the molar
concentration of three ISFET sensors that target K*, Na*, and NH4* ions in a solution using a SPA.
We generated a series of lgs versus time curves and lgs versus molar concentration curves to
extract the detection limit, sensitivity, lgs RMS fluctuation, resolution, and lgs range for each

graphene ISFET.

Chapter 3: Portable Device Design

In this chapter, we present the portable device that we built as an on-site alternative to the SPA
presented in Chapter 2. We present each part of the portable device which is a compact and
integrated solution that includes: 1. interrogation circuit to measure and supply
voltages/currents to an ISFET sensor 2. a case that holds the interrogation circuit 3. a case that
holds the ISFET sensor and reference electrode. We discuss each one of these parts in rigorous
details in this chapter and we present the loT platform that we used to post our measurements

in real-time.

Chapter 4: Molar Concentration Measurements via Agilent B1500A

In this chapter, we summarize the setup and results for calibrating and measuring the molar
concentration of three ISFET sensors that target K*, Na*, and NH4* ions in a solution using the
portable device. We generated a series of l4s versus time curves and lgs versus molar
concentration curves to extract the calibration function and evaluation metrics which include;
the detection limit, sensitivity, las RMS fluctuation, resolution, and lgs range for each graphene

ISFET. We then compared the evaluation metrics results of the SPA to portable device.
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2. Molar Concentration Measurements via
Agilent B1500A

2.1 Introduction

In this chapter, we summarize the setup and results for calibrating and measuring the molar
concentration response of three graphene ISFET that target K*, Na*, and NHs* ions in a solution
to compare the ISFET sensors’ behavior to the interrogation circuit that we built. We increased
the ion concentration of the analyte gradually by adding a higher concentration solution to it (this
process is referred to as “spiking” the analyte). As the solution is spiked, we measured the lgs of
the graphene ISFET versus time. We then generated a series of lgs versus time curves and lgs
versus molar concentration curves to extract the detection limit, sensitivity, resolution, and lgs
range for each sensor. It is important to note here, that the detection limit, sensitivity, resolution,
and lgs range are properties of the sensor. However, the current range is a variable that is

important for the design of the biasing circuit.

The measurements were conducted via a well-known instrument in the field of semiconductors,
known as an SPA. More specifically, we used the Agilent B1500A SPA. The Agilent B1500A is an
integrated solution for semiconductor device DC/AC parametric measurement and analysis
applications [14]. We selected this device for two reasons. First, the Agilent B1500A can provide
an AC and DC voltage/current output as well as an AC and DC voltage/current measurement [14].
This allowed us to measure the change in lgs as the ion concentration of the test solution is

increased and to supply the biasing voltage to the source, drain, and electrode terminals of the
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ISFET sensor. The second reason is that the Agilent B1500A is a very low noise measurement
device [14]. Table 2.1 illustrates the current measurement resolution of the SPA [14]. As stated
in Chapter 1 the lgs range is expected to lie between 504A and 200 pA with a current resolution
of 1nA [6] [10]. From Table 2.1 we can see that we are within the required resolution limit for the
sensors [14]. Thus, the inherent noise that is introduced in our measurements is predominantly
from the sensor. Fig. 2.1 is a picture of the Agilent B1500A that we used to run our experiments.

We describe the experimental setup and results in the next two sections, respectively.

Range Resolution
t1 pA 0.1fA
+10 pA 1fA
+100 pA 2 fA
t1 nA 10 fA
+10 nA 10 fA
+100 nA 100 fA
1 pA 100 fA
+10 pA 100 fA
+100 pA 100 pA
1 mA 1nA

Table 2.1: The Agilent B1500A Measurement Resolution for Various Current Ranges [18].
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Fig. 2.1: The Agilent Technologies B1500A SPA that was used for measuring lgs versus time as
the concentration of the analyte is increased.

2.2 Experimental Setup

In this section, we present the methodology and discuss the steps for calibrating and measuring
the molar concentration of three ISFET sensors to target K*, Na* and NH4* ions in a solution. Fig
2.2 is an illustration of our experimental setup. The graphene ISFET and reference electrode are
submerged in the analyte held in a beaker, ensuring that the sensing layer is fully submerged. We
connected the source measurement units (SMUs) of the SPA to the source and drain of the ISFET
sensor and reference electrode using the sensor holder. The SMUs measures and supplies
voltages and/or currents. We used them explicitly to supply 0.1 V to the source, 0 V to the drain,
0.1 V to the reference electrode, and we measured lgs. Vrer is set to 0.1 V to ensure the ISFET

remains in the linear region of its operation to capture the largest change of molar concentration
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that is reflected by lgs. Vgsis set to 0.1V to minimize the required current to operate the sensor.
Fig. 2.3a-b are pictures of our setup that shows how the sensor holder encloses the graphene

ISFET and reference electrode with the cables that are connected to the SPA.

Agilent B1500A
SMU1ISMU2|SMU3
g A A
Source
_—
~H Drain
-
“.: Reference Electrode
—
./ LA Sensing Layer
Analyte

Fig. 2.2: An illustration of the connections of the SPA (Agilent B1500A) to the graphene ISFET
and reference electrode in the analyte.
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(a) (b)

Fig. 2.3: The sensor holder with the ISFET sensor and reference electrode (a) front view (b) side
view.

We prepared ~200 mL stock solutions of 10, 104, 1073, 102, 10'%, and 1 M of NaCl, KCl, and NH4CI.
This was done through the dilution process. We began by making the highest molar
concentration solution, 1 M, by diluting the solute in DI water. To calculate the required mass of

the solute we use the following equations (using NaCl as an example):

Mass of solute (g)

Mol trati 1LY =
olar concentration (mo ) Molar mass (g mol~1) * Volume of solution (L)

Lmol -1 = Mass of solute (g)
mo ~ Molar mass (g mol=1) * Volume of solution (L)

Mass of solute = 1 mol L™ = (58.44 g mol~! = 0.2L)
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Mass of solute = 11.688 g

To prepare the remaining molar concentration, we use the molar concentration stock solution
that is one order of magnitude larger than our target molar concentration and diluted it in DI
water. For example, to prepare 101 M stock solution we diluted 1 M stock solution in DI water.
To determine the exact quantity of the added molar concentration stock solution and DI water,

we used the following formulae:

Cinitial * Vinitial = Cfinal * Vfinal

1M * Vigigia) = 0.1M % 0.200 L

0.1M * 0.200 L
Vinitial = M = 0.02L =20 mL

Vb1 water = Vfinal — Vinitial = 200 mL — 20mL = 180 mL.

We begin our measurement of lgs with DI water and increase the molar concentration of analyte
in a logarithmic fashion with half decade steps (increase in concentration by a factor of 10°%° for
each step) every ~3 minutes until the analyte reaches a molar concentration of 10! M. Increasing
the molar concentration of the analyte is done by adding the proper concentration and volume
of stock solution. We have created a MATLAB script (presented in section A. 1) to calculate the
volume of stock solution required for a given initial analyte molar concentration and volume, the

desired molar concentration, and the stock solution molar concentration.

We used a pipette to add the stock solution to the analyte to ensure that we are adding the
precise amount determined. In general, we used a stock solution that is two orders of magnitude

higher than the target molar concentration of the analyte to minimize the volume of stock
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solution we add to prevent the analyte in the beaker from overflowing. Table 2.2 illustrates the
initial volume and molar concentration of the analyte, the volume and molar concentration of
the added solution, and the final molar concentration of the analyte after adding the stock

solution in our experiment. In the next section, we present and discuss the results from this

experiment.
Sample Initial Initial Molar Added Added Stock Final Molar
Number Volume of | Concentration | Volume of solution Concentration
Analyte (pL) of Analyte stock Concentration of Analyte
(log(M)) solution (uL) (log(M)) (log(M))
1 45000 DI water 455 -5 -7
2 45455 -7 100 -4 -6.5
3 45555 -6.5 315 -4 -6.0
4 45870 -6.0 1025 -4 -5.5
5 46895 -5.5 325 -3 -5.0
6 47220 -5.0 1055 -3 -4.5
7 48275 -4.5 335 -2 -4.0
8 48610 -4.0 1085 -2 -3.5
9 49695 -3.5 345 -1 -3.0
10 50040 -3.0 1115 -1 -2.5
11 51155 -2.5 355 0 -2.0
12 51510 -2.0 1150 0 -1.5
13 52660 -1.5 4000 0 -1.0

Table 2.2: The initial volume and molar concentration of the analyte, the volume and molar
concentration of the added stock solution, and the final molar concentration of the analyte
after adding the stock solution for the SPA.

2.3 Results and Discussion

In this section, we present and discuss our results for measuring l4s as the molar concentration of
the analyte is increased. Fig. 2.4a-c illustrate our measurements of lgs versus time as we increased
the molar concentration of the analytes KCl, NaCl, and NH4Cl, respectively. We began our

measurment with a concetration of 107 M and increased it to 10"* M in a logarithmic fashion with
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half decade steps (increase in concentration by a factor 10%° for each step). Each transient spike
in lgs, in Fig. 2.4a-c, indicates the addition of the stock solution that increases the molar
concentration of the analyte. Over time, the added stock solution establishes a new equilibrium
analyte concentration and a new equilibrium lgs. Fig. 2.4a-c all show a decrease in lgs over time as
the molar concentration of the anaytle increases. However, the range varies slightly for each
analyte. From Fig 2.4a we can see lgs ranging from ~140uA to ~70uA for KCl, from Fig 2.4b we can
see lgs ranging from ~140uA to ~110pA for NaCl, and Fig 2.4c we can see lgs ranging from ~140uA

to ~90uA for NH4Cl.
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Fig. 2.4: |4 versus time of the target ion (a) K* (b) Na* (c) NH4* sensitive ISFET as the molar
concentration of the analyte is increased. Each spike on the graph indicates the addition of stock
solution to increase the concentration of the analyte by half-decades, from 107 M to 10"t M.
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From Fig. 2.4a-c we generated Fig. 2.5a-c that illustrates the mean lgs versus molar concentration
of each analyte in a logarithmic scale for KCI, NaCl, and NH4Cl, respectively. It should be noted
here when calculating the mean we only used the steady state values of lgs at each molar
concetration, which coresponds to the last ~120 seconds of the measured lgs at a fixed molar
concentration. The transient spikes were disregarded because they correspond to the mixing
process of the analyte with the stock solution. From the data presented in Fig. 2.5a-c we
extracted the sensitivity, detection limit, and resolution of each graphene ISFET and we present
them in Table 2.3. We also present the lgs RMS fluctuation (Algs) and the lgs range (lgs-range) for each
ISFET sensor using the data from Fig. 2.4a-c. Each parameter is defined in Table 2.3. We will use
Table 2.4 in chapter 4 to compare the performance of the portable device and SPA for the
graphene ISFETs. In the next chapter, we discuss the design and development of the portable

device.
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Fig. 2.5: I4s of the (a) K* (b) Na*(c) NH4* sensitive ISFET versus log(molar concentration) of the
analyte as we increased the concentration of the analyte by half-decades, from 107 M to 10!
M. (a) S: -14.54 pA/dec Algs: 0.04 pA (b) S: -8.01 pA/dec Algs:0.14 pA/dec (c) S: -11.92 pA/dec
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dlas

S = d(log(@)

where a is the molar concentration

D =log(c) |S(c) = %max(S)

P
1Y
dS_P

p=0

1v _
Nz{(lds)n - Ids} z

where P is the number of fixed molar

concentration, N is the number of /g
measurements, and I;; is mean of the /g

measurements

lgs—range = max(Iq) and min(Iy,)

Table 2.3: The definitions of the evaluation metrics of graphene ISFET sensor response.

ISFET sensor Detection Sensitivity, S las RMS Resolution, lgs range, lgs-
ion detection | limit (log(M)) | (uA/decade) | fluctuation, | R (Log(M)) range (LA)*
Algs (HA)
K* -5.5 -14.54 0.04 0.002 138.52- 69.38
Na* -4 -8.01 0.14 0.017 132.81-106.5
NH4* -5 -11.92 0.10 0.0084 139.58 —91.41

Table 2.4: The detection limit, sensitivity, lgs RMS-fluctuation, resolution, and mean lgs range for
K*, Na*, and NH4* sensitive ISFET sensors.

* lds-range is for a log (molar concentration) range of -7 to -1
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3. Portable Device Design

3.1 Introduction

In this chapter, we present the portable device that we built as an on-site alternative to the SPA
presented in Chapter 2. The portable device is a compact and integrated solution that includes
an interrogation circuit to measure and supply voltages/currents to an ISFET sensor, a case that
holds the interrogation circuit, and a case that holds the ISFET sensor and reference electrode.
Fig. 3.1 is a picture of the portable device that we built (with an ISFET sensor connected to it) and
used for conducting our experiments. Fig. 3.2 is an illustration of the different parts of the
portable device. In Fig. 3.2, we display the two main components of the interrogation circuit, the
control board and the expansion board. The control board is a Raspberry Pi 3 — Model B board
which is a single board computer (SBC). The expansion board is a series of ICs that include a
transimpedance amplifier circuit, two digital to analog converters (DACs), an analog to digital
converter (ADC), and three connectors to connect a graphene ISFET. The expansion board
realizes functionality that the SBC cannot achieve that are required for our experiments. The
interrogation circuit is operated through the SBC, either by directly programing it or via secure
shell (SSH) connection from any smart device such as a smart phone or laptop. In Fig. 3.2, we also
display the ISFET sensor holder that is connected to the interrogation circuit via a ribbon cable
and a power supply cable that is connected to an external power source. In the next sections, we
present and discuss the valuable insights of the control board, the expansion board, the circuit

interrogation case and the ISFET sensor case.
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Fig. 3.1: The portable device that is made up of the interrogation circuit and its case and the
ISFET sensor case with an ISFET sensor connected to it.

SBC
Raspberry Pi 3

Connection .

|Transimpedance Amplifier |
ADC
DAC DAC

Power supply cable I

| Connectors 1, 2, 3 |

Interrogation Circuit (+ case)
Expansion board

Ribbon Cable

Sensor Holder

Fig. 3.2: An lllustration of the portable device that shows the interrogation circuit (SBC +
expansion board) and the ISFET sensor holder.
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3.2 Control board — Single Board Computer

In this section, we discuss the reasons for selecting the Raspberry Pi 3 — Model B as the controller
board for the interrogation circuit. The Raspberry Pi 3 — Model B is an SBC that can be
programmed to read/write digital signals to/from its general purpose input/output (GPIO) pins.
Fig. 3.3 is a picture of the Raspberry Pi 3 — Model B with the key components labeled and a GPIO

pinout diagram.

GPIO Pinout Diagram

oPI026 @@ GPI020
Ground @@ GPIo21

4 Squarely Placed 40 GPIO SMSC LANS514 USB

Mounting Holes Headers Ethernet Controller
Run Header Used | _ ___ _ _ _ __ _
to Reset the I | G s

2x2 USB-A
Ports to PC

Broadcom BCM2835

MicroSD Card Slot
(Underneath)

DSI Display Connector
Switching Regulator for

Less Power Consumption | s Ethernet Out Port

3.5mm Audio and

SV Micro USBE  HDMI Out Port Composite Output Jack

Power
CSI Camera
Connector

Fig. 3.3: A picture of the Raspberry Pi 3 — Model B with the main components labeled and a
GPIO pinout diagram [19].
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This SBC has a Debian-based (i.e. Linux Kernel) operating system (OS) which made it easy for us
to program and operate the interrogation circuit. A controller board with an OS installed on it,
enabled us to program the interrogation circuit directly. Specifically, we did not need a
connection to another computer to upload the code onto the controller board. Additionally,
having an OS made it possible for us to carry out all the programing of the interrogation circuit in
Python, which is a high-level programing language, that makes the programing process easier
and more user friendly. An OS is required because a Python interpreter and complier must be
installed to run Python scripts. Additionally, there were several open source libraries that were

available to us that made the programing process easier.

To communicate between the SBC and the ICs on the expansion board we used Inter-integrated
circuit (12C) communication protocol. 12C communication protocol is a serial communication
protocol that allows the SBC to send and receive data, to and from the ICs on the expansion board
along the SDA (serial data) line while synchronizing the clock speed along the SCL (serial clock)
line. The data being sent to the ICs is their configuration and settings, and the data received by
the SBC is the measurements conducted by the ICs [20], [21], [22], [23]. The GPIO2 and GPIO3,
pin 3 and 5 in Fig 3.3, are the two GPIO pins on the SBC dedicated for SDA and SCL lines that we

used

All the ICs on the expansion board require a 3.3 V voltage supply and GND connection which we
supply through the 3.3 V voltage supply pin (pin 1) and GND (pin 6) that are illustrated in Fig 3.3.
The SBC is powered via a 5 V micro USB port, that then powers the expansion board via the 3.3

V pin and GND pin. We used a 24 Ah waterproof portable battery bank that can power the
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portable device for more than 40 hours which enabled us to conduct on-site measurements. Fig

3.4 is a picture of the portable device with the power bank connected to it.

Fig. 3.4: The portable device powered by a 24 Ah waterproof portable battery bank.

The SBC has an 802.11n Wireless LAN adapter that allowed us to operate the interrogation circuit
over the same Wi-Fi network using a smart phone/laptop [24], [25]. The communication
between the SBC and the smart phone or laptop is carried out using SSH, which is a cryptographic
network protocol for operating network services securely over an unsecured network [26], [27].

Upon connection, we ran Linux commands and programmed python scripts in the terminal.
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Finally, the portable device was incorporated into an internet of things (loT) platform. loT is a
network or system that incorporates devices capable of interacting with each other. These
devices can be as small as a photonic sensor and as larger as a drone or vehicle. Usually, the
devices on an loT platform are placed in two categories: sensors and/ or actuators. Sensors are
devices that convert physical parameters into an electric signal such as converting the
temperature measured by a thermometer into a digital signal and actuators are devices that
convert electrical signals into a physical output such as triggering an electric motor. However, the
concept of loT is continuously evolving where we see new types of devices such as servers,
routers, and cloud platforms. These networks can hold as little as two devices and as many as

millions of devices [28], [29], [30] .

For the scope of this thesis, we used an online loT platform called ThingSpeak

(https://thingspeak.com/) which is an loT platform service that allowed us to collect, visualize,

and analyze live data streams of the measured molar concentration from different graphene
ISFETs. On this loT platform, we created a unique channel that hosts an interactive dashboard
which stores and visualizes the measured molar concentrations from our experiments in real-
time. The interactive dashboard displays a graph of the log molar concentration versus time, and
a numerical display of the most recent log molar concentration measurement of each graphene
ISFET. Fig. 3.5 is screenshot of the interactive dashboard. The data displayed are measurements
conducted in real-time and on-site using the portable device at the Ericsson office in Ville Saint

Laurent, Quebec, Canada. We discuss the results of the experiments in Chapter 4.
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Fig. 3.5: A screenshot of the interactive dashboard on the loT platform
https://thingspeak.com/. On the right side, the log molar concentration versus time plot is
displayed for each graphene ISFET. On the right side, a numerical display of the most recent log
molar concentration measurement is displayed for each graphene ISFET. The data displayed are
measurements conducted in real-time and on-site using the portable device at the Ericsson
office in Ville Saint Laurent, Quebec, Canada.

We now turn our attention to the physical aspects of the device including its case. The SBC is a

small and compact device with the following dimensions; 85.6 x 56.5 x 11 mm and weight ~45g
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[31]. Thus, the SBC is small and light enough to be an ideal solution for on-site measurements.
The SBC board also has four screw mounting holes which we used to attach the case we created
for the interrogation circuit. The case was made by combing two Raspberry Pi 3 Model B Smraza
Compatible cases to create vertical space for the expansion board [32]. The vertical space is
needed because the expansion board is mounted on the top of the GPIO pin by sliding the female
headers of the expansion board onto of all 40 of the GPIO pins as illustrated Fig. 3.6. Fig. 3.7a is
a picture of an SBC board enclosed in its case. Fig. 3.6b is a picture of the interrogation circuit
enclosed in the case we created by combining Raspberry Pi 3 Model B Smraza Compatible cases

board [32].

Fig. 3.6: A picture of the expansion board that is pinned on the GPIO pins of the Raspberry Pi-
Model B.
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Fig. 3.7: (a) A picture of an SBC board enclosed in its case [32]. (b) A picture of the interrogation
circuit enclosed in the case we created by combining the Raspberry Pi 3 Model B Smraza
Compatible cases [32].

The SBC replicates most of the required functionalities of the SPA. However, the SBC cannot
produce analog signals, which are required to bias the ISFET sensor. The SBC also cannot measure
the current lgs which is essential to the sensor’s operation. In the next section, we discuss the

57



expansion board that we created to fulfill the remaining functionalities required to operate the

ISFET sensor.

3.3 Expansion Board:

In this section, we discuss the architecture of the expansion board and how it builds on the
functionality of the SBC to operate the ISFET sensor. More specifically, we present the layout of
the board and discuss how the board enabled us to measure lgs and supply the bias voltage to
the ISFET sensor. Fig 3.8 is a picture of the expansion board and Fig. 3.9 is the printed circuit
board (PCB) layout of the expansion board that we designed and that was manufactured at a
commercial facility. All the ICs were soldered on the top of the PCB, except for the 20 x 2 female
pin header, which was soldered at the bottom of the PCB as illustrated in Fig. 3.8. The female
headers are connected directly to the GPIO pins of the SBC as illustrated in Fig. 3.6. They are used
to hold the expansion board to the SBC without contacting other parts of SBC board. Additionally,
we used four pins from the SBC board to operate the expansion board. We used the 3.3 V and
GND pins to power the ICs and the SCL and SDA pins to communicate with the ICs via 12C
communication protocol. Fig. 3.9 is the schematic of the expansion board where we can see the

connections between the pins and the ICs.
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Fig. 3.8: The expansion board of the interrogation circuit with all the parts soldered on it.

Fig. 3.9: The PCB board layout of the expansion board with the measurements in millimeters.
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Fig. 3.10: Schematic of the expansion board. The transimpedance amplifier circuit is enclosed in the
blue line.

Next, we discuss how the expansion board enabled us to measure lgs. We selected the ADS1115
16-Bit ADC to measure the change of lgs. The ADS1115 is an analog to digital converter that
measures the change in voltage at a 16-bit precision for a voltage range between 0 Vand 3.3V
[33]. Thus, the theoretical voltage resolution of the device, Ry, which is defined here as the

smallest measurable change of voltage, is calculated using the following equation:

_33V-0V

RV— TZSOHV

We verified the ADC’s performance by testing it and calibrating it using the SPA. We supplied
voltages from 0 V to 3.3 V at a step size of 0.5 mV from the SPA to the ADC’s measurement pin,

A0, and recorded the measured voltage. The resolution achieved was:
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Ry = 125 pV

To determine the RMS fluctuation of the ADC, AV, we used the following equation:

1% / 1% _
AV:FI;\ NnZl{(V)n—V}z — 50 4V
p

where, N=10, is the total number of measurements for a fixed voltage and, P=6600, is the total

number of fixed voltages we supplied from the SPA to the ADS1115.

The ADC is only capable of measuring voltage signals [33]. We measured lg4s by converting the
current and amplifying it using a transimpedance amplifier circuit. Fig. 3.11 is an illustration of
the transimpedance amplifier we built that is part of the expansion board and is illustrated in a
blue box in Fig. 3.10. We selected the operational amplifier (OPA) LPV821 for our transimpedance
amplifier circuit. The OPA is a low power low-drift amplifier that can be used to measure currents
as low as ~1 pA [34]. In Fig. 3.11, the input resistance, Rin, acts as the ISFET sensor. The value of
Rin varies depending on the concentration of the analyte the sensor is placed in. In Fig. 3.11, Rin

is replaced with four male headers which are used to connect to the ISFET sensor.
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Fig. 3.11: An illustration of the transimpedance amplifier circuit.

In the transimpedance amplifier circuit, lqs is transformed to a voltage, Vout, using the following

formula:

As demonstrated in chapter 2, lgs ranges from ~40pA to ~150pA. We designed the
transimpedance amplifier circuit to function for an lgs range of ~OpA to ~250uA using the

following two equations:

_ Vout-max — Vs
lds—min = — R¢

Ids—max - Rf

We then divided the last two equation to get:
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Vout—max _ Vs

Ids—min _ Rf
Ids—max Vout—min _ Vs
R¢

We substitute the values in the equation and solve for Vs :

0V -V,
OpA R¢
250 pA ~ 3.3V -V
R¢
V, =33V

In chapter 2, we stated that V4s = 0.1 V. Thus, to calculate V4 we used the following equations:

Vias = Va — Vs
0.1=33V-V4
Vg =32V

To determine the value of the feedback resistance, Ry, we used the following equations:

— _Vout - Vs
ds Rf
250uA 0—3.3V
HA = —————
R¢
Rf = 13.2kQ

The Rf resistor we selected has a resistance of 12.974 kQ.

The SBC is not capable of supplying analog voltages that are required to bias the graphene ISFET,

consequently we used two MCP 4725-12bit DACs as illustrated in Fig. 3.9 and Fig. 3.10. The DAC
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is a low-power, high accuracy, single channel, 12-bit buffered voltage output DAC for a voltage
range between 0V and 3.3 V [35]. Thus, the theoretical voltage resolution of the device, Ry, which
is defined here as the smallest measurable change of output voltage, is calculated using the

following equation:

_33V-0V

v =~ =0806mV

We verified the DAC’s performance by testing it and calibrating it using the SPA. We supplied
voltages from the DAC and measured it using the SPA. More specifically, we set the DAC’s output
pin from 0 to 4095 (2%4-1) decimal digits at a step size of one, which corresponds to the voltage
range of 0 Vto 3.3 V. We achieved a resolution that is equivalent to the theoretical value. Finally,
we were required to set Vgs to 0.100 V but for our experiment, Vgs= 0.1015 V due to the limited

resolution of the DAC.

After soldering, the female pin headers, the ADC, the DACs, the OPA, the R;, and a 1 x 4 male
headers onto the PCB, we tested and configured the expansion board. We calibrated the
expansion board by mounting it on top of the SBC, as illustrated in Fig. 3.7, and we ran a Python
script (presented in the Appendix- section 6.2) that instructs the board to supply V4s=0.1015 V
and measure Vout Which is a function of lgs. We then varied the resistance connected to the male
pin headers from ~400 Q to ~2600 Q. From this experiment, we generated the calibration

equation:

lys = —82.91 * Vo + 262.20 pA
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The calibration curve, for the equation, is illustrated in Fig. 3.12. We also determined the RMS

fluctuation seen by the ADS measurement pin, AVou:, using the following equation:

P 10
1 / 1 _
AV, = FZ NZ{(V)H Wz | =00012V
p=0 \ n=1

p

where, N=100, is the total number of measurements of Vou for a fixed Rin and, P=20, is the total
number of Ri, resistor values we used for calibration. We also calculated the RMS fluctuation in

terms of lgs, Algs, using the slope of the calibration equation:

Algs = AVpy * |—82.91|Alys = 0.0012 V * 82.91 = 0.10 pA

250 1.
<
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>
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Fig. 3.12: Calibration curve of the expansion board; l4s versus mean Vout as we increased the
resistance of Ri» from ~400 Q to ~2600 Q.
Calibration equation: lgs =-82.91* Vout + 262.2 HA
Algs: 0.10 pA  AVoutr: 1.2 mV
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After we calibrated the expansion board, we connected a ribbon cable from the 3 male pin
headers on the expansion board, as illustrated in Fig. 3.13, that terminates at the ISFET sensor
case, as illustrated in Fig. 3.14a-c. The ribbon cable is connected such that V4 = Vief = 3.3 V and
Vs =3.2 V. The ISFET sensor case holds the ISFET sensor and reference electrode so they remain
intact when they are submersed in the analyte and prevents any liquid from contacting the wires.

The ISFET sensor case is sealed from the front side as illustrated in Fig. 3.14c.

Fig. 3.13: Interrogation circuit with a ribbon cable that terminates at the graphene ISFET holder.

We manufactured the ISFET sensor case, illustrated in Fig. 3.14a-c, from polylactic acid (PLA)
plastic via 3D printing. We used PLA because the material is low cost and does not react with the
analyte molar concentration levels we tested for. The detailed 3D schematics are illustrated in

the Appendix-section 6.3.
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(a) (b) (c)

Fig. 3.14: (a) Front view of ISFET sensor case with the wires distribution (b) Side view of ISFET
sensor case (c) Front view of ISFET sensor case after sealing the case with an ISFET sensor
connected to it.

In the next chapter, we summarize the setup and results for calibrating and measuring the molar
concentration of three ISFET sensors to target K*, Na*, and NHs* ions in a solution using the

portable device.
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4. Molar Concentration Measurements via
Portable Device

4.1 Introduction

In this chapter, we summarize the calibration process and present the measurement results of
three ISFET sensors to target K*, Na*, and NHz* ions in a solution using the portable device. We
developed a Python script (presented in the Appendix-section 6.2) to calibrate each ISFET sensor
that is sensitive to the ion in question. In this script, we set the voltages that we wanted the
interrogation circuit to apply as follows: Vq = 3.3V, Vs=3.2 V, and Vs = 3.3 V. We also set the
number of measurements we wanted to take for a fixed molar concentration to 90
measurements and we set the time between each measurement to 0.5 s. Lastly, we entered the
calibration equation from Chapter 3, I3 = —82.91 * V,,; + 262.20 pA, to convert the voltage
reading by the ADC to current. The portable device was operated from a laptop, via SSH, and the

measurements were stored locally and posted on the loT platform https://thingspeak.com/ via

hypertext transfer protocol (http) requests and using the platform’s application programming

interface (API) in real-time.

In Chapter 2, we presented the experimental setup using an SPA, which is illustrated in Fig. 2.2.
In this chapter, we present a similar setup where we substitute the SPA with the portable device.
Fig 4.1 illustrates the experimental setup using the portable device. In our experiment, we began
our measurement of lgs with DI water and increased the molar concentration of analyte in a

logarithmic fashion with half decade steps (increase in concentration by a factor 10%° for each
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step) every ~3 minutes until the analyte reached a molar concentration of 102 M. Increasing the
molar concentration of the analyte was done by adding the proper concentration and volume of
stock solution. The steps of preparing stock solution are illustrated in chapter 2. We created a
MATLAB script (presented in Appendix-section 6.1) to calculate the volume of stock solution
required for a given initial analyte molar concentration and volume, the desired molar
concentration, and the stock solution molar concentration. Table 4.1 illustrates the initial volume
and molar concentration of the analyte, the volume and molar concentration of the added
solution, and the final molar concentration of the analyte after adding the stock solution in our

experiment.

We increased the ion concentration of the analyte gradually by adding a higher concentration
solution to it (this process is referred to as “spiking” the analyte). As the analyte is being spiked,
we measured the lgs of the sensor versus time. We then generated a series of lgs versus time
curves and lgs versus molar concentration curves to extract the calibration equation that
correlates lgs to the molar concentration, detection limit, sensitivity, resolution, lsgs RMS
fluctuation and lgs range for each sensor. We present our results and discuss them in the next
section. We also, present the results of a live demo that we conducted on-site and in real-time
where we varied the molar concentration of the analyte and post the measurements on the loT

platform.
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Fig. 4.1: (a) An illustration of the connections of the SPA (Agilent B1500A) to the ISFET sensor
and reference electrode in the analyte. (b) An illustration of the connections from the
interrogation circuit to the ISFET sensor and reference electrode in the analyte. The wireless
connections to the loT platform and laptop are also presented via the wireless LAN adapter.

Sample Initial Initial Molar Added Added Stock Final Molar
Number Volume of | Concentration | Volume of solution Concentration
Analyte (uL) of Analyte stock Concentration of Analyte
(log(M)) solution (pL) (log(M)) (log(M))
1 45000 DI water 140 -4 -6.5
2 45140 -6.5 310 -4 -6.0
3 45450 -6.0 1015 -4 -5.5
4 46465 -5.5 3530 -4 -5.0
5 49995 -5.0 110 -2 -4.5
6 50105 -4.5 345 -2 -4.0
7 50450 -4.0 1120 -2 -3.5
8 51570 -3.5 3890 -2 -3.0
9 55460 -3.0 120 0 -2.5
10 55580 -2.5 380 0 -2.0

Table 4.1: The initial volume and molar concentration of the analyte, the volume and molar
concentration of the added stock solution, and the final molar concentration of the analyte
after adding the stock solution for the portable device.
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4.2 Results and Discussion

In this section, we present and discuss our results for measuring lgs as the molar concentration of
the analyte is increased using the portable device and we report the results of a demo we
conducted on-site and in real-time. Fig. 4.2a-c illustrate our measurements of Igs versus time as
we increased the molar concentration of the analytes KCI, NaCl, and NH4Cl, respectively. We
began our measurment with a concetration of -6.5 log(M) and increased it to -2 log(M) in a
logarithmic fashion with half decade steps (increase in concentration by a factor 10%° for each

step).
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Fig. 4.2: |45 versus time of the (a) K* (b) Na*(c) NHa* sensitive ISFET as the molar concentration
of the analyte is increased from -6.5 to -2 log(M).



From Fig. 4.2a-c we generated Fig. 4.3a-c that illustrates the mean lgs versus molar concentration
of each analyte in a logarithmic scale for KCI, NaCl, and NH4Cl, respectively. From the data
presented in Fig. 4.3a-c we extract the sensitivity, detection limit, and resolution of each ISFET
sensor and present them in Table 4.2. We also present the lgs RMS fluctuation (Algs) and the lgs
range (lgs-range) for each graphene ISFET using the data from Fig. 4.3a-c. The evaluation metrics

are defined in Table 2.4.
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Fig. 4.3: I4s of the (a) K* (b) Na*(c) NH4* sensitive ISFET versus log(molar concentration) of each
graphene ISFET as we increased the concentration of the analyte by half-decades, from -6.5 to -
2 log(M).

(a) S:-21.36 pA/dec Algs: 76.93 pA (b) S: -12.89 pA/dec Algs: 49.26 pA (c) S: -8.043 pA/dec
Algs: 37.51 pA
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ISFET sensor Detection limit Sensitivity, S las RMS Resolution, lds-range (HA)*
ion detection (log(M)) (nA/decade) fluctuation, R (Log(M))
Algs (HA)
K* -6.5 -8.04 0.11 0.014 87.94-52.41
Na* -6.5 -12.89 0.17 0.013 129.14-71.34
NH,* -5.5 -21.36 0.13 0.0061 199.95- 119.16

Table 4.2: The evaluation metrics; detection limit, sensitivity, l¢s RMS-fluctuation, resolution,

and mean lgs range for K*, Na*, and NH4* sensitive ISFET sensors using the portable device.
* lgs-range is for the log molar concentration range of -6.5 to -2 log(M).

ISFET sensor Detection limit Sensitivity, S Algs (HA) Resolution, lds-range (MA)*
ion detection (log(M)) (nA/decade) R (Log(M))
K* -5.5 -14.54 0.04 0.002 138.52-69.38
Na* -4 -8.01 0.14 0.017 132.81-106.5
NH4* -5 -11.92 0.10 0.0084 139.58 -91.41

Table 4.3: The evaluation metrics; detection limit, sensitivity, l¢s RMS-fluctuation, resolution,
and mean lgs range for K*, Na*, and NHa* sensitive ISFET sensors using the SPA. This table is

identical to Table 2.3.
* las-range is for the log molar concentration range of -7 to -1 log(M).

We present table 4.2 and table 4.3 to compare the performance of the portable device to the
SPA in terms of the evaluation metrics. Note that, Table 4.3 is identical to Table 2.3, we present
it here again to make it easier for the reader to follow. The detection limit of the portable device
exceeds the detection limit of the SPA and there are variations in the sensitivity and lgs-range
between the portable device and the SPA. This behavior is inherent to the ISFET sensors. More
specifically, we conducted our measurements using the SPA approximately six months prior to
conducting the measurements using the portable device. The ISFET sensors behavior during this
time period are likely to have drifted, resulting in drift of the evaluation metrics. The physical
origin of long-term drift is not fully understood and remains an active subject of research.
However, the SPA has an Algs that is lower than the Algs of the portable device by less than a

factor of three, and in one case the resolution agrees to within 21% between device and SPA
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interrogated operation. Hence, the design of the portable device has minimized the Igs

measurement fluctuation to a comparable level to the SPA.

In Table 4.4, we illustrate the lgs to log molar concentration calibration equation for each
graphene ISFET. The calibration equations for each ISFET sensor were extracted from a line of
best fit (LOBF) as illustrated in Fig. 4.3a, Fig. 4.4, and Fig.4.3c that target K*, Na*, and NH4* ion,
respectively. We did not use the LOBF in Fig 4.3b because there is a non-negligible curvature for
this ISFET sensor for reasons that we do not yet fully understand, but the systemic curvature is
reproducible and stable. Consequently, the sensitivity and resolution do vary with the
concentration, so we analyzed the response with a second order polynomial as shown in created

Fig. 4.4.

130 =

L]

120 -

110 e

100 +

70 bt

-7 & 5 4 3 -2
Molar Concentration [log{M)]

Fig. 4.4: The lgs of the Na* sensitive graphene ISFET versus log molar concentration of NaCl as
we increased the concentration of the analyte by half-decades, from 10%> M to 102 M. The
LOBF is a a second order polynomial equation.
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ISFET sensor ion Calibration Equation
detection
K* log(M) =-0.0007111(lgs) - 3.285
Na* log(M) = -0.0007111(las)? + 0.06711(las) - 3.285
NHz* log(M) =-0.0007111(lgs) + 3.285

Table 4.4: The calibration equations for K*, Na*, and NH4* sensitive ISFET sensors

We incorporated the calibration equations from Table 4.4 into a Python script (presented in
Appendix-section 6.2) that converts the lgs measurements to the log molar concentration of each

ISFET sensor. The script also posts the data collected to the loT platform in real-time.

Finally, Fig. 4.6 is a screenshot of the interactive dashboard that displays a graph of the log molar
concentration versus time, and a numerical display of the most recent log molar concentration
measurement of each graphene ISFET from the demo. This experiment was conducted as a live
demonstration for Ericsson at their office in Ville Saint Laurent, Quebec, Canada. These were
experiments conducted outside of a controlled laboratory environment, in a conference room.
Fundamentally, we demonstrated the capability of our portable device and graphene ISFETs to

measure the molar concentration of the analyte in real-time using our loT platform.
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Fig. 4.5: A screenshot of the interactive dashboard on the loT platform
https://thingspeak.com/. On the right side, the log molar concentration versus time plot is
displayed for each graphene ISFET. On the left side, a numerical display of the most recent log
molar concentration measurement is displayed for each graphene ISFET. The data displayed are
measurements conducted in real-time and on-site using the portable device at the Ericsson
office in Ville Saint Laurent, Quebec, Canada.

In the next chapter, we summarize the findings and results of this thesis and we discuss

potential areas for improvement and further development.
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5. Conclusion and Future work

5.1 Conclusion

In this thesis, we presented the portable device that we built as on-site alternative to the SPA to
measure the molar concentration of an ion in a solution using graphene ISFETs. The graphene
ISEFTs we used target K*, Na*, and NH4" ions in solution. They were operated by biasing their
drain and source terminals such that Vgs= 0.100 V and by biasing the reference electrode such

that Vyef = Vg while we measured lgs.

We calibrated the graphene ISFETs, using the SPA and the portable device, by increasing the ion
concentration of the analyte gradually and we recorded the l4s to establish a relationship
between lgs and the molar concentration. We then generated a graph that shows the relationship
between lgs and time as the molar concentration increases and we generated a graph that shows
the mean lgs versus the log molar concentration for each graphene ISFET. We extracted the
evaluation metrics; the detection limit, sensitivity, l4s RMS-fluctuation, resolution, and mean lgs

range from these data sets.

We discovered that the SPA has a Algs that is lower than the Algs of the portable device by less
than a factor of three, and in some cases differing by only 21%. Hence, the design of the portable
device has minimized the l4s measurement fluctuation to a comparable level to the SPA. However,
the results of the detection limit, sensitivity, l¢s range, and resolution are somewhat inconclusive

with the variation between the SPA and the portable device potentially due to drift in the
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graphene ISFET characteristics. We conducted our measurements using the SPA approximately

six months prior to conducting the measurements using the portable device.

The portable device we built is a compact and integrated solution that includes an interrogation
circuit to measure and supply voltages/currents to an ISFET sensor, a case that holds the
interrogation circuit, and a case that holds the ISFET sensor and reference electrode. The
interrogation circuit is made up of a control board and expansion board. The expansion board
realizes functionality that the SBC cannot achieve that are required for our experiments. The
interrogation circuit was operated through the SBC via SSH connection from any smart device
such as a smart phone or laptop. Finally, the portable device was incorporated into an online loT

platform called ThingSpeak (https://thingspeak.com/). This platform allowed us to collect,

visualize, and analyze live data streams of the measured molar concentration from different
graphene ISFETs. We demonstrated this capability in real-time and on-site using the portable

device at the Ericsson office in Ville Saint Laurent, Quebec, Canada.
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5.2 Future work

There are three main areas that are open for improvement and further development including:
the graphene ISFETs, the portable device, and the loT platform.

From our experiments, we discovered that the graphene ISFETs had a potentially unstable
behavior that resulted in inconclusive the evaluation metrics. The sensitivity, detection limit,
resolution, and lgs range for each graphene ISFET showed variations when we calibrated them
using the SPA and the portable device. While the developing the graphene ISFETs was outside
the scope of this thesis, there remains a need to understand the origin of and thereby improve
the reliability and stability of the graphene ISFETs This will contribute to reliable on-site and real-
time measurements For the scope of this thesis, we limited our experiment to graphene ISFETs
that are sensitive to K*, Na*, NH4" ions primarily because they are the most reliable ISFETs
available to us. We should explore the feasibility of developing graphene ISFETs that are sensitive
to ions that are critical for water quality monitoring applications such as H* [36]. Furthermore,
ion concentrations are insufficiently measured in both space and time even in developed
countries such as Canada. Across Canada, there are only 19 sites that continuously monitor water
quality of water ways, such as rivers and lakes, with automated water quality monitoring systems
[36]. In Quebec, to monitor the 500 km long St. Lawrence river, water samples are taken to labs
from 10 different locations once every few weeks to be measured by either chromatography or
spectroscopy [37]. Fig. 5.1 is a map of the St. Lawrence river with the locations of the water
collection sites for water quality monitoring. By adding more graphene ISFETs that are sensitive
to ions that are relevant for water quality monitoring applications we can enable the possibly of

monitoring water quality in real-time and on-site. Nevertheless, the graphene ISFETs must be
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tested under the physical conditions of the external environment, that includes extreme

temperatures and bio flawing ensure reliable functionality.
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Fig. 5.1: A map of the St. Lawrence river. The red dots are the 10 locations water is collected
from to conduct water quality assessment [37].
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The portable device has several areas of improvement that are primarily the interrogation circuit
and its case. Regarding the interrogation circuit, we can develop a more efficient and compact
design. The control board we selected for our portable device is the Raspberry Pi 3- Model B.
More compact models are available with the same functionality as the Raspberry Pi 3- Model B.
For example, the Raspberry Pi Zero W is a smaller size board. Fig. 5.2 shows a picture of the
Raspberry Pi 3 (on the right side) and Raspberry Pi Zero W (on the left side) to show the size of
the two boards. The Raspberry Pi Zero W also requires less power than the Raspberry Pi 3- Model
B. More specifically, the Raspberry Pi Zero W consumes ~0.4 W of power while the Raspberry Pi
3- Model B consumes ~1.2-1.4 W of power [38]. Furthermore, we can explore the feasibility of

the replacing the SBC with a microcontroller because microcontrollers tend to be cheaper and
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can fulfil the same functionality required for the portable device. The main difference between
an SBC and a microcontroller is that an SBC runs on an operating system. This is important
because we can program an SBC with a higher-level programming language such as Python while
a microcontroller requires a lower level language such as C, and thus the microcontroller requires
more custom programming. However, the simplicity of the SBC approach comes at the expense

of large size, higher cost, and higher energy consumption [39], [40].

Fig. 5.2: On the right we present the Raspberry Pi 3 and on the left we present the Raspberry Pi
Zero W [41].

The expansion board can also be improved to reduce the size of the expansion board, reduce the
las RMS fluctuation of the l4s measurement, and increase the functionality of the expansion board.
All the components on our expansion board are through hole devices. We can replace these
components with surface mount devices, which are smaller, to make the expansion board smaller
or to provide space to increase or improve the functionality of the expansion board. For example,
the lgs RMS fluctuation of our interrogation circuit is almost three times higher as compared to
the SPA for one of our graphene ISFETs. We can add noise filtering components, such as an RC
circuit, to reduce the noise and as a result potentially reduce the lgs RMS fluctuation. We did not

explore adding noise filtering components to the expansion board due to space limitations. Also,
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we can explore using a higher resolution ADC to increase the resolution of our l4s measurements.
For example, another option is the MCP3424 18-Bit ADC [42], which has a resolution that is 2 bits
higher than the ADS1115 used in our current work. We could not use the MCP3424 ADC for our
expansion board because it is slightly larger than the ADS1115 [42], [43]. Finally, we could use
the additional space to add to the functionality of our expansion board. For example, we can
explore the possibility of increasing the number of graphene ISFETs that the portable device
operates simultaneously. The ADS1115 has four voltage measuring channels which allows us to
operate up to four graphene ISFETs simultaneously. This can be achieved by simply adding three
transimpedance amplifier circuits that connect the graphene ISFETs to the voltage measuring
channels of the ADS1115. We can also explore the feasibility of developing a completely new
design for the interrogation circuit that allows us to operate more than four graphene ISFETs
simultaneously.

The case we developed for the interrogation circuit was preliminary in nature. For our
interrogation circuit, we simply combined two Raspberry Pi 3 cases to create space for the
expansion board. However, the case does not offer protection against water or harsh conditions
such as high temperature, physical impact, or high relative humidity. It is important to develop
a more robust case that encloses the interrogation circuit and the graphene ISFETs such that they
can withstand harsh conditions allowing us to conduct on-site measurements in the field such as
rivers and lakes.

Lastly, we did not use the loT platform to its fullest potential. At all times only one portable device
was connected to the loT platform, and the molar concentrations were posted for only one ISFET

at any given moment. To fully capitalize on the potential of loT, we want to post molar
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concentration measurements from multiple portable devices from different geographical
locations. Also, we can explore alternative loT platforms that does not restrict us to only posting
data but allows us to operate the devices from the loT platform instead of our current method

where we SSH into the portable device from a laptop or smart device.
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6. Appendix

6.1 MATLAB Script for Creating Stock Solutions

The MATLAB script illustrated in Fig. A.1 was used to calculate the volume of stock solution required for a
given initial analyte molar concentration and volume, the desired molar concentration, and the stock

solution molar concentration. These parameters are set in lines 5 to 8.

clear all
close all

%set these parameters and run le-2

molarityinit = 1*10"(-2.5);

volinitml = 45 + 140e-3 + 310e-3 + 1015e-3 + 3530e-3 +110e-3 +
1120e-3 + 3890e-3 + 120e-3;

addconc = 1le-0;
molaritydesired = 1*10"(-2.0);
§o—-——————------%D

points = 10001;
addvolml = linspace (0,8,points);

for 1 = l:points
concentration (i) =
(addvolml (1) *addconc+molarityinit*volinitml) / (volinitml+addvolml
(1))
err (i) = abs(concentration(i)-molaritydesired);
end

[n ,m] = min (err);

plot (addvolml, concentration)

xlabel ('volume to add (ml) ")

ylabel ('concentration (M) ')

legend (['Volume to add = ' numZ2str (addvolml (m)*1e3) ' ulL'])
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6.2 Python Scripts for the Portable Device

6.2.1 The Python script that was used to generate the calibration
equation of the expansion board. The calibration equation
converts the measured |45 to a voltage Vout.

import time

import smbus2

import csv

import ADS1115_Configuration
import DAC_MCP4725_Configuration
import math as mp

import statistics as st

file_name ='20190706.csV'
SPS =128
Number_of_samples = 100
DAC_VDD_value = 4096
DAC_GND_value = 3982
Vin_Vs_difference = 100.0 # mV
Vin_Vs_difference_fluctuation = 0.05 # mV
voltages_reading =[]
voltage_difference_list =[]
Resistor_values = {0:100000000, 1: 2568.8, 2: 2464.5, 3: 2359.7, 4: 2255.2,
5:2150.6, 6: 2045.7, 7: 1935.96, 8: 1826.39,
9:1717.05, 10: 1606.83, 11: 1497.09,
12:1390.46, 13: 1283.27, 14: 1177.16,
15:1070.48, 16: 963.49, 17: 861.80,
18:759.83, 19: 660.09, 20: 560.08, 21: 463.89, 22:401.43, 23: 374.06}

# ADS Initiation
A3 _READ = ADS1115_ Configuration.ADS1115(pin_selector="A3", SPS=SPS)

# DAC Initiation

# Address 0x62 A1 => GND # Vs on the board

DAC_GND = DAC_MCP4725_Configuration.MCP4725(address=0x62)
# Address 0x63 A0 => 3.3V # Vin on the board

DAC_VDD = DAC_MCP4725_ Configuration.MCP4725(address=0x63)
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# Setting the DAC voltages; the voltage difference is 100.0 +- 0.05mV
DAC_VDD.set_voltage(DAC_VDD_value, persist=False)
DAC_GND.set_voltage(DAC_GND_value, persist=False)

print('Enter the position of the resistor')
position = int(input())

positions_list = position * Number_of _samples
time.sleep(0.5)

foriin range(0, Number_of samples):
reading_A3 = A3_READ.Retrieve_Reading()
voltages_reading.append(reading_A3)
print(reading_A3)
time.sleep(0.5)

mean_voltage = [st.mean(voltages_reading)]* Number_of samples
diff = map(float.__sub__, voltages_reading, mean_voltage)

MSE = list(map(abs, diff))

average_MSE = st.mean(MSE)

for count, volt in enumerate(voltages_reading):
with open(file_name, mode='a') as our_data:
our_data_writer = csv.writer(our_data)
our_data_writer.writerow([position,count, Resistor_values[position],
voltages_reading[count], mean_voltage[count], MSE[count], average_MSE, SPS,
Number_of_samples])
our_data.close()

6.2.2 The Python script that converts the Ids measurement to the log
molar concentration of a graphene ISFET and posts the log
molar concentration on the |oT platform in real-time.

88



import time
import csv

# Import the ADS1x15 module.
import Adafruit_ADS1x15
import Adafruit_ MCP4725

# Initialize DAC MCP4725 instance

# Create an ADS1115 ADC (16-bit) instance

# Set the gainto 1

adc = Adafruit_ ADS1x15.ADS1115()

# top (vs)

dac = Adafruit_ MCP4725.MCP4725(address=0x63, busnum=1)
# bottom

dac2 = Adafruit_MCP4725.MCP4725()

GAIN =1

with open('configuration_voltage values.csv') as readFile:
reader = csv.reader(readFile, delimiter =',")
lines = list(reader)
print(lines)
print(type(lines))
readFile.close()

print(lines[2])

DAC = [[];[];[]l[]]

for count, row in enumerate(lines):
for item in row:
DAC[count].append(float(item))
print(DAC)

print("Enter Voltages between OV and 3.3 V")
print("Enter voltages between 0V and 3.3V")
entered_voltage_1 = input()

entered_voltage_2 = input()

entered_voltage = [float(entered_voltage_ 1), float(entered voltage 2), 0, 0]
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differences_list = [[],[],[1,[]]
positions_of smallest_difference=[]

for count, row in enumerate(DAC):
for count2, value in enumerate(row):
differences_list[count].append(abs(value-entered_voltage[count]))
print(differences_list)

for count, row in enumerate(differences_list):
minpos = row.index(min(row))
positions_of smallest_difference.append(minpos)
print(positions_of smallest_difference)

foriin range(0,2):

print("The output voltage for DAC" + str(i) +" " +
str(DAC[i][positions_of smallest_differenceli]]) + " The DAC value is "+
str(positions_of_smallest_differencel[i]))

dac.set_voltage(positions_of smallest_difference[0])
dac2.set_voltage(positions_of smallest_difference[1])

print('Reading ADS1x15 values, press Ctrl-C to quit...")

# Print nice channel column headers.

print('| {0:>6} | {1:>6} | {2:>6} | {3:>6} |'.format(*range(4)))
print('-' * 37)

# Main loop.

foriin range(0,100):

# Read all the ADC channel values in a list.

values = [0]*4

foriin range(4):
# Read the specified ADC channel using the previously set gain value.
values[i] = adc.read_adc(i, gain=GAIN)*0.000125020670961 - 0.000015820602657
# Note you can also pass in an optional data_rate parameter that controls
# the ADC conversion time (in samples/second). Each chip has a different
# set of allowed data rate values, see datasheet Table 9 config register
# DR bit values.
#values|i] = adc.read_adc(i, gain=GAIN, data_rate=128)
# Each value will be a 12 or 16 bit signed integer value depending on the
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# ADC (ADS1015 = 12-bit, ADS1115 = 16-bit).

# Print the ADC values.

print(‘| {0:>6} | {1:>6} | {2:>6} | {3:>6} |'.format(*values))

# Pause for half a second.

time.sleep(0.5)

with open('voltages_list', mode ='a') as our_data:
our_data_writer = csv.writer(our_data)
our_data_writer.writerow(values)

our_data.close()

6.2.3 The Python script that calibrates l4s measurement to the log
molar concentration for the graphene ISFETSs.

import time

import smbus2

import csv

import ADS1115_Configuration
import DAC_MCP4725_Configuration
import math as mp

import statistics as st

import requests

import math

API_ENDPOINT = 'https://api.thingspeak.com/update'
APl_KEY = "JYUAJLAMG63PZIAF8"

selected_sensor = str(input())

print(‘'we are here!')
file_name ='20190816_01.csv'
file_name_100="'20190816_01_ last100.csv'

SPS =128

Number_of samples = 600

DAC_VDD value = 4096

DAC_GND_value = 3982

Vin_Vs_difference = 100.0 # mV
Vin_Vs_difference_fluctuation = 0.05 # mV
voltages_reading =[]
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voltage_difference_list =[]
Resistor_values = {0: 100000000, 1: 2568.8, 2: 2464.5, 3: 2359.7, 4: 2255.2,
5:2150.6, 6: 2045.7, 7: 1935.96, 8: 1826.39,
9:1717.05, 10: 1606.83, 11: 1497.09,
12:1390.46, 13: 1283.27, 14: 1177.16,
15:1070.48, 16: 963.49, 17: 861.80,
18:759.83, 19: 660.09, 20: 560.08, 21: 463.89, 22: 401.43, 23: 374.06}

# ADS Initiation
A3_READ = ADS1115_Configuration.ADS1115(pin_selector="A3", SPS=SPS)

# DAC Initiation

# Address 0x62 A1 =>GND # Vs on the board

DAC_GND = DAC_MCP4725_ Configuration.MCP4725(address=0x62)
# Address 0x63 A0 => 3.3V  # Vin on the board

DAC_VDD = DAC_MCP4725_Configuration.MCP4725(address=0x63)

# Setting the DAC voltages; the voltage difference is 100.0 +- 0.05mV
DAC_VDD.set_voltage(DAC_VDD_value, persist=False)
DAC_GND.set_voltage(DAC_GND_value, persist=False)

print('Enter the position of the resistor')
position = int(input())

positions_list = position * Number_of _samples
time.sleep(0.5)

# foriinrange(0,5):
# time.sleep(60)
# print("Minutes of waiting complete: " + str(i))

foriin range(0, Number_of samples):
reading_A3 = A3_READ.Retrieve_Reading()
voltages_reading.append(reading_A3)
print(str(i) + ": " + str(reading_A3))

if selected_sensor =="'K'":
A3 Reading_converted = 0.0000000274 * reading_A3 ** 3 -0.0001865362 * reading_A3
**2+0.4291380427 * reading_A3 - 337.1473295468
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data = {'api_key': API_KEY, 'field1": str(round(A3_Reading_converted, 4))}
r = requests.post(url=API_ENDPOINT, data=data)
pastebin_url = r.text
elif selected_sensor == 'Na'":
A3 Reading_converted = 0.0000000497 * reading_A3 ** 3 - 0.0003285990 * reading_A3
**2+0.7286591876 * reading_A3 - 544.9830203054
data = {'api_key': API_KEY, 'field2'": str(round(A3_Reading_converted, 4))}
r = requests.post(url=API_ENDPOINT, data=data)
pastebin_url = r.text
elif selected_sensor == 'NH4'":
A3 Reading_converted = 0.0000000131 * reading_A3 ** 3 - 0.0000516504 * reading_A3
**2+0.0709137793 * reading_A3 - 37.1289390446
data = {'api_key': API_KEY, 'field3'": str(round(A3_Reading_converted, 4))}
r = requests.post(url=API_ENDPOINT, data=data)
pastebin_url = r.text
else:
print('Sensor does not exist')
time.sleep(5)

mean_voltage = [st.mean(voltages_reading)] * Number_of samples
diff = map(float.__sub__, voltages_reading, mean_voltage)

MSE = list(map(abs, diff))

average_MSE = st.mean(MSE)

voltages_reading last_100 = voltages_reading[500:599]

mean_voltage last_100 = 100 * [st.mean(voltages_reading last_100)]

diff 100 = map(float.__sub__, voltages_reading_last_100, mean_voltage last_100)
MSE_100 = list(map(abs, diff _100))

average_ MSE_100 = st. mean(MSE_100)

for count, volt in enumerate(voltages_reading):
with open(file_name, mode="a') as our_data:
our_data_writer = csv.writer(our_data)
our_data_writer.writerow(
[position, count, voltages_reading[count], mean_voltage[count], MSE[count],
average MSE])
our_data.close()

for count, volt in enumerate(voltages_reading_last_100):
with open(file_name_100, mode='a') as our_data:
our_data_writer = csv.writer(our_data)
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our_data_writer.writerow(
[position, count, voltages_reading_last_100[count], mean_voltage_last_100[count],
MSE_100[count],
average_MSE_100])
our_data.close()
print("Complete!")

6.3 Schematic of the 3D printed ISFET sensors holder
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Fig. 6.1: The schematic of the 3D printed ISFET sensors holder.
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