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ABSTRACT

Graphene sensors show promising capabilities in detecting various gases, thanks to the
unique properties of graphene, such as its electrical conductivity, high surface area to
volume ratio and chemical configurability. Their practical use in the current state of
development is difficult. Although graphene sensors can detect various molecules with
great resolution, the electrical characteristics of graphene under certain environments is
not well understood. This thesis provides an in-depth research of gas sensing theory,
2D materials used in gas sensing applications and it elaborates on graphene physics,
to introduce the root mechanisms that allow graphene to sense gases. Theoretical
text includes noise sources in graphene and it does not omit several discoveries and
methods very relevant to practical 2D material gas sensor testing. Graphene samples
prepared by chemical vapor deposition were tested under the effects of isopropylalcohol,
acetone, exhaled gas, temperature, humidity, visible and UV light. These experiments
were performed independently, some in DC and some in spectral domain and conclusion
is derived for each separately. This thesis provides a solid introduction to the theory of
gas sensing based on 2D materials and a starting point for good quality graphene gas
sensors testing.
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ABSTRAKT

Grafénové senzory vykazuji subné schopnosti detekcie réznych plynov, vaka jedinenym
vlastnostiam grafénu, ako si jeho elektrickd vodivos, vysoky pomer povrchu k objemu
a chemicka prisposobitenos. Ich praktické vyuitie v siasnom tadiu vyvoja je vak naroné.
Aj ke grafénové senzory dokau detegova rozne molekuly s vysokym rozlienim, elektrické
charakteristiky grafénu v uritych prostrediach nie st dobre pochopené. Tato praca posky-
tuje hbkovo spracovan teériu detekcie plynov, 2D materialov vyuivanych v senzorickych
aplikaciach a predklada fyzikalny zaklad pre grafén, z ktorého st odvodené principy ktoré
umoujd grafénu detegova plyny. Teoreticka as tie obsahuje zdroje umu v graféne a ne-
vynechava viaceré objavy a metddy, ktoré si vemi relevantné pre praktické testovanie
senzorov plynov zaloenych na 2D materidloch. Grafénové vzorky pripravené metédou
chemickej depozicie z plynnej fazy boli testované pod vplyvom izopropylalkoholu, ace-
ténu, vydychovaného plynu, teploty, vlhkosti, viditeného a UV svetla. Tieto experimenty
boli vykonané nezavisle, niektoré v jednosmernej doméne a niektoré v spektralnej oblasti
a pre kady experiment je odvodeny samostatny zaver. Tato praca poskytuje solidny tvod
do tedrie detekcie plynov na baze 2D materidlov a poiatony bod pre kvalitné testovanie
grafénovych senzorov.
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ROZSIRENY ABSTRAKT

Senzory na baze grafénu st popularnym predmetom s$tidii vo vedeckej komunite.
Grafén patri do skupiny 2D materidlov a jeho vlastnosti si unikdtne v porovnani
s inymi materidlmi. Jeho elektronicka struktiura obsahuje linearny prechod medzi
vodivostnym a valenénym pasmom v oblasti Dirakovych bodov. Vdaka tomu sa
dokazu elektréony v graféne spravat ako nehmotné Dirakové fermiény. Koncentracia
volnych nosicov moze byt menend dopovanim pomocou elektrického pola smeru-
juceho na plochu grafénu. Grafén ma pevnost 325x vyssiu ako A36 ocel a dokéaze
absorbovat relativne vysoké mnozstvo svetla. Tieto a dalSie vlastnosti st priblizené
v texte v sekcii o fyzikalnych a chemickych vlastnostiach grafénu. Tieto vlast-
nosti maju priamy dopad na merané javy v laboratériu a ponikaju vysvetlenie v
preskimanych oblastiach grafénu. Praca vsak zac¢ina tivodom o senzoroch. Oblast
senzorov je potom zizena na oblast chemickych senzorov a ta je zizena na oblast
plynovych senzorov, ktord bola relevantna v obdobi rozsireného ruéného tazenia
uhlia. V praci s spomenuté vlastnosti tychto senzorov, akymi st napriklad selek-
tivitya a doba zotavenia. Tiez si spomenuté mechanizmy, na zédklade ktorych tieto
senzory pracuju. Praca sa po fyzike grafénu sustreduje na 2D materialy pouzivané
pri detekcii plynov. Je spomenutych niekolko dalsich 2D materidlov, ktoré si popri
graféne aktivne skimané. Tato teoretickd cast prace dobre uvedie citatela do prob-
lematiky grafénovych senzorov. Prakticka cast prace ma niekolko celkov. Prvym je
analyza vzorkov pouzitych v meraniach, po nej nasleduje celok s fyzikdlnou analyzou
meraného modelu relality so senzorom, od ¢oho je odvinuty idedlny meraci aparat,
ktory izoluje mnozstvo neziaducich javov, ktoré ovplyvuju cielovy merany jav a tym
je vplyv konkrétneho plynu na elektronicku reakciu grafénu. Tento idedlny aparat
je mozné vyrobit, no nie je pre rozsah tejto prace relevantny. Praca pokracuje
pripravou vzorkov, experimentalnou sekciou a zaverom. Pri priprave vzorkov je ro-
zobrata problematika ich rezania a c¢istenia. Na meranie bol obdrzany kremikoy
platok na ktorom sa nachadza 36 senzorov. Tieto senzory boli ochrdnené povr-
chovym polymerom a lasérovo rezané. Lasér vSak tento polymer poskodil a to ov-
plyvuje nasledné merania, napriek tomu Ze sa senzory javia ako funkéné. Vlastnd
doska plosného spoja bola navrhnuta pre ¢o najpohodlnejsie vyuzivanie vzorku v
laboratérnom prostredi. Pre samotné merania boli pouzité 3 rezané vzorky s poly-
merom a 2 pévodné bez polymeru. Ramanova spektroskopia bola prevedena nad jed-
nym vzorkom, ktory bol poskodeny a dalej sa nepouzival. Na vzorkoch s polymerom
bola prevedend volt-ampérova charakteristika. Bolo zistené, Zze vzorky nejavili velmi
presnu koreldciu s velkostou ich grafénového kanalu. Volt-ampérova charakteristika
pod vplyvom acetonu, izopropylalkoholu a svetla ukazala o¢akavany smer rozdielov,
aj ked rozdiely boli malé. Vzorka s grafénom bola podrobend zmietanému sinusu

od 3 do 50kHz a bolo zistené, Ze amplitida vo frekvenénom spektre moze maft



vypovedni hodnotu pre identifikdciu konkrétnych meranych javov, aj ked primarna
odozva bola odporova, nez spektralna. Meranie rezistivity vzorku v case odhalilo
velky rozsah zmeny odporu v zavislosti na mnozstve vystavenia izopropylalkoholu.
Senzor sa po merani zotavoval na pévodnu hodnotu vyse hodiny. Vydychovany vz-
duch mal efekt znizovania odporu a senzor sa z neho zotavoval velmi rychlo, zatial
¢o izopropylalkohol zvysil odpor grafénu a senzor sa zotavoval pomaly. Na zaver
boli prevedené unikatne spektralne merania, kde bol zisteny derivacny efekt voci
sledovanému javu. Senzor reagoval na zmeny v koncentracii aceténu, izopropylalko-
holu a tiez boli sledované reakcie na svetlo vo viditelnej, UV aj IR oblasti. ¢im bola
zmena rychlejsia, tym boli efekty pozorovatelné vo vyssich frekvenciach spektra.
Efekty svetla na frekvencéné pasmo su vsak priradené reakcii samotného substratu,
nez grafénu. Tieto merania ponukaju zaklad pre dalSie experimenty s kvalitnejsim

meracim aparatom.
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Introduction

Sensing of substances in an environment is demanding in many areas. Gas sensing
market in 2024 reached USD 1.621 and is estimated to grow. These sensors allow for
the measurement of humidity, manufacturing conditions in many areas, detection
of hazardous chemicals in working environments and in the atmosphere. They are
used in research environments and in storage facilities to allow for safe and mon-
itored conditions for people, products, devices and materials. These sensors can
operate on many principles and this thesis addresses some of them. Physics allows
for the creation of devices that can reliably monitor concentrations of desired gases
in many types of environments. These sensors however tend to degrade over time or
they reach their limitations in resolution, minimum concentrations, selectivity only
to the desired chemicals and more. Every major framework for currently available
commercial sensors was firstly researched in a laboratory. Sensors based on 2D ma-
terials show very promising abilities to reliably sense gases and if they are configured
properly, they may surpass other frameworks for gas sensing, because of their unique
physical abilities. One of the mostly researched 2D materials is graphene. It has
been proven that even though sensors based on 2D materials are very configurable,
there are big problems in mass production and out-of-the-lab ability to perform
sustainable and reliable measurements, while using their actual superior properties.
That’s why research on graphene and other 2D materials continues. Currently, a
solid understanding of physical phenomena relevant to gas sensing is available and
many experiments were already performed since these materials were first synthe-
sized. Due to the wide sea of possibilities, some experiments have not even been
tried, or widely adopted. In this thesis the main points of gas sensing research are
presented in a deeper way. Resources cited span the field of research on 2D materials
and namely on graphene very well, although several interesting findings were not
included in this thesis because of its limited scope. Sources of noise and overview
of the graphene physical framework are also elaborated here. Experimental section
provides details on several measurements of phenomena that graphene samples react
to and it gives the reader a good starting point for their own graphene research. The
goal of this work is to inform the reader about the field of graphene gas sensing and
inspire them to perform higher-quality measurements and analysis that would bring
the scientific community closer to creation of a commercially viable graphene-based

chemical sensor.
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1 State of The Art

As industry was evolving in the early 19th century, manual coal mining was spread
around the world and many people were mining coal. In some coal mines, people
were fainting and the cause was traced to a lack of oxygen. Probably one of the
very first gas sensors was a flaming light. This light was brought into the mine and
when the flame was fainting or was extinguished [2], it was an alerting signal that
the level of oxygen is below the safe level for human operation and miners had to
go out of the mine. In coal mines, people could be exposed to dangerous gases,
such as carbon monoxide (CO), hydrogen sulfide (HS) and methane. These gases
have neither color, taste, nor smell [2]. Because of this, the workers themselves were
oblivious to the concentration of these gases in their working environment. Without
proper detection of these gases, these miners were exposed to deadly poisoning and
explosions. It was later figured out, that canary birds have smaller lungs and much
higher blood circulation, which makes them more sensitive to carbon monoxide [3].
When a canary started to have problems, it was a sign that miners would have a
problem too. As technology advanced, more areas where gas sensing was required
arose. This is why research of major technologies that were promising for potential
of gas sensing (such as field-effect transistors), were also researched for this purpose.
Among the early more sophisticated chemical sensors was a sensor developed in the
year 1970 by Johannessen and it was based on an Open Gate Field Effect Transistor
(OGFET), which was able to detect polar gases, such as water vapor (H,O) and
methanol (CH3OH) [1]. The architecture of this sensor is shown in Figure 1.1.

Humidity measurement

Gas
Source y Drain
- NS D O v C -
Oxide | Oxid% | Oxide
Nt Nt

Silicon
P

Fig. 1.1: Diagram of an Open Gate Field Fig. 1.2: Example of gas sensing appli-

Effect Transistor (Inspired from [1]) cations in our daily lives.

Today, the society has developed many industries, which require some form of

gas sensing (Figure 1.2). For example, if a factory solders components onto a printed

14



circuit board, innertness of the atmosphere must be monitored, in order to prevent
oxidation and pass the product quality tests. In the working environment and in
cities, where people spend most of their lives, gas sensing is necessary to prevent
harm from dangerous gases. From an understanding of the chemical composition in
the air, it is possible to properly identify the root causes of pollution, and steps can
be taken to improving the air quality. CO, detection in the atmosphere can be used
to monitor the greenhouse effect and ozone detectors enable periodical checking of

the protective layer, which was for many years degrading, possibly because of freons
[4].

This chapter lays down what a sensor is and since there are many kinds of sensors,
the focus is then drawn to the chemical ones. It their working principle, properties,
methods of the signal analysis and it ends with graphene physics and an introduction

to 2D materials in gas sensing.

1.1 Chemical sensor

In general, a sensor is a device, which allows to sense something in its surroundings.
It provides an insight into what is happening at a point in space. Just like a human
body has many sensors, such as eyes, ears or touch, which provide an insight to a
person about what is happening around them, sensor devices enable systems to have
an insight into what is happening in the environment they are sensing [5] [6]. There
are many ways how sensors can be classified, and the classification given here is just
one of them. The term sensor can be applied to a wide variety of systems, such as
biologically based receptors, photon detectors, particle sensors, or reactive elements,
which as a result of the reaction, sense the presence of a chemical. Some of these
systems are visualized in Figure 1.3. All sensors work under a common principle,
and that is a reaction to some physical phenomena, which produces some action at
the output of the sensor. Sensors can be further classified as physical sensors and

chemical sensors.

Physical sensors

Physical sensors are sensors which react to physical phenomena through physical
or chemical process. Physical sensors are for example hall sensors, which measure
electric field orientation and their output can be interpreted as a rotor position, an
optical sensor, which can measure proximity, or spectral light intensity, which is in
some form used in cameras, which produce pictures. These sensors are visualized
in Figure 1.4. The other category of sensors is chemical sensors, and they are a

primary focus of this thesis.
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Pacinian corpuscle Olfactory cell Photon detector Particle sensor

Vibration/Pressure Odors/Smells Photons Dust
biologically based receptors Physically based receptors

q

PH indicators lon-selective sensor
Acidity/Basicity Chloride, ..

Chemically based receptor

Fig. 1.3: An illustration of different kinds of sensors that operate on different prin-
ciples. Biological sensors are grown structures that through a chemical or physical
process detect something and send the response usually as a neural impuls. Physi-
cal sensors receive something physical and react usually in an electrical manner and
chemical sensors react to the environment in a chemical way and the response may

be produced visually or electrically.

a) . b) )
~

Hall-Bar Sensor Laser Distance Sensor Image sensor

Physical sensors

Fig. 1.4: Physical sensors measure some physical quantity, such as a) magnetic field
intensity or direction, b) distance, ¢) color intensity at various places, weight and

others. They can measure the physical quantity in physical or chemical way.
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Chemical sensors

Based on the classification style of physical sensors above, chemical sensors are
sensors which react to chemical phenomena through physical or chemical process.
Chemical sensors are for example dopamine receptors, PH sensors, or gas and hu-
midity sensors. Chemical sensors work under a general architecture that is found in
the literature [5] [6]. This architecture defines a receptor and a transducer. Recep-
tor and transducer are often combined into one block that is called ‘sensing layer’,
‘active layer’ or ‘sensing material. Examples of sensing materials include metal
oxides, polymers, catalytic metals, semiconductors and graphene [7] [8]. This archi-
tecture is visualized in Figure 1.5 along with a simple explanation of a receptor and

a transducer and the role of a receptor and a transducer is explained further down.

Measurement Transducer Sensing element Analyte

Fig. 1.5: Visualization of a general sensor architecture. Analyte is an atom, molecule
or a chemical structure of interest (structure such as protein), sensing element is
the material the analyte attaches to, and transducer is a material that changes its

properties, which are directly measurable.

1.1.1 Ways of detection in chemical sensors

Here is a non-exhaustive list of how chemical sensors detect the analyte. The de-
tection methods are split into groups of recognition and transduction, to better
illustrate the function of the two blocks. Goal of section is to introduce the com-
plexity of chemical sensing. As the thesis is focused on 2D structures, chemical
sensors discussed in this thesis mainly revolves around gas and vapor sorption. To
avoid confusion, it is important to note that many chemical sensors contain 2 pri-
mary electrodes that interface the sensing (recognition and transduction element in
one) element and these electrodes do not contribute to the sensing process and their
function is to electrically interface with the sensing element. These electrodes must
be chemically stable. Chemical sensors that measure the analyte in an aquenous

solution contain usually two or three electrodes where two or all of them perform
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some sensing function by themselves and this function concerns interaction with ions

in the solution.

Recognigion (sensing):
- Ion recognition: The sensing element contains charged ions with charge oppo-

site to the analyte.

- Affinity interaction: An interface of two chemicals is made, where the binding
between atoms is possible due to opposite atomic affinities. This attracts the
atoms together and two structures are bound. These bonds are either ionic,

hydrogen, metallic, or van der Waals.

- Nucleic acid (or other bio-receptor): Configuration of nucleic acid that forms
the sensor provides specific spatial electrostatic configuration, which allows
only certain molecular structures to bind to them. With other biosensors the
process of detection may include an enzyme and the detection is performed in
a series of several steps where the enzyme reacts with the analyte, performs

its recognition action and then reverts to its original state.

- Gas and vapor sorption: Gas and vapor molecules are detected by either being
adsorbed (attached to the surface of a sensing material), or absorbed (attached
into the sensing material). This sorption can be either entirely physical or
accompanied by a chemical reaction that modifies the sensing element, or the

analyte, if it is composed of multiple molecules [5].

Transduction:
- Thermometric: When the analyte interacts with the sensing element, it gen-
erates heat, which is then measured. Example of this is detection of flamable

gases that burn on the surface of the sensing element.

- Mechanically based transduction: This method measures the change of mass
of a sensing element. Mass change is proportional to the amount of detected

analyte. This change is usually measured by resonance.

- Resistive: As the analyte reacts with the recognition element, the element

changes its resistance. This is usually a function of the analyte concentration.

- FElectrochemical: The sensor contains two electrodes. These two electrodes in-
teract with an aquenous solution. It may be for example water-like substance,
or drops of sweat. Reference electrode is exposed to reference concentration
of analyte ions. When a detection electrode is in contact with the analyte
solution, ion transportation takes place. The detection electrode (recognition

element) detects these ions via its receptor sites and a potential difference
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based on the difference in ion concentration between the reference and de-
tection electrode is built up. This potential is the quantity that represents
the analyte concentration in the place of detection. This was potentiometric
transduction. Instead of voltage, in a similar way a current can be measured
and these sensors are amperometric. Another option is the measurement us-
ing alternating current flowing through the solution and detection of current
change. This gives information on the state of the analyte solution and these

sensors are in electrochemical impedance category.

- Optical: This method uses interaction of photons of light with the recognition
element. As the analyte interact with the recognition element (also sensing or
active element), the element changes its reaction to the incoming photons and
it either changes its reemisive characteristics or refractive index and similar

physical properties related to light.

1.1.2 Properties of chemical sensors

Chemical sensing is not a straight-forward task, and practical sensors have multiple
limitations. These limitations along with advantages are reflected in the main prop-
erties of chemical sensors. These properties are general, so they apply to chemical
sensor with any construction. These properties also define the quality of the sensor

and viability of use in an environment of choice.

Selectivity: Sensing material is responsible for interaction with gas and provid-
ing physical change that can be measured, effectively measuring the gas adsorbed
onto the sensing material. Generally however, many kinds of molecules can attach
to sensing material. Selecting one concrete molecule is not always possible, but
the sensing material’s detection range can be reduced by changing its affinity to
molecules that attach onto it, and this is done by tuning the energy of the active
areas, preventing or allowing chemical interaction of concrete molecules with the
active material. One parameter that can be used to tune the energy level of the
sensing layer is the temperature. Each gas has some temperature level at which the
detection of that gas has best response and this can be used to better detect multiple
gases on the same sensing material. Functionalization of the sensing material can
improve selectivity too. Some gas molecules almost cannot interact with the base
sensing material. By introducing other compounds into it, such as oxides or metal
atoms, gases interact with those and the electrochemical effect can be sensed in the

sensing material.
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Sensitivity: Sensitivity is provided by the sensing material. Sensitivity depends on
sensing material’s properties over time of interaction with analyte. When chemire-
sistive sensors are exposed to analyte, sensitivity is defined by the formula S =
(Ro — Ry)/R,, where S is sensitivity, Ry is the initial resistance of the sensing ma-
terial and R, is resistance of the sensing material after gas exposure [7]. It is being
discussed, that on materials such as graphene, we can measure gas concentration as

little as one molecule.

Stability: Stability of gas sensor names repeatability of sensing capability over pe-
riod of time. Some sensors degrade over time and have only a finite number of
measurement cycles. Stability of these sensors is low. Operating temperature may

have impact on sensor’s stability.

Response time: Measure of how long exposure the sensing material needs in order
to reach 90%-, detection in form of resistance change for example. Short response
time means that umpon the exposure to the analyte, sensor quicky adsorbs the gas

molecules and its response to gas can be quickly measured.

Recovery time: Time it takes for the sensing layer to get rid of the gas molecules
it sensed and recover to 10% of its saturation. Recovery time in some sensors can
be as high as 2000s, which means that the measurement cycles can be long. On the
other side, there are sensors with 35s down to 11s of recovery time. Recovery time
depends on how well the gas molecules can let go of the sensing material. Heavier
molecules have problem with desorption, while light molecules such as alcohols let

go easily and lead to fast recovery time. Heat can shorten sensor’s recovery time.

Operating temperature: Not all sensors can operate in room temperature, although
researchers are trying to find a way to accomplish this. In some cases the sensing
material is not able to adsorb required gas molecules and the energy of the system

must be increased for sensor to work. This is why some sensors operate at about
200°C.

Reliability: This is more of a general property of a chemical sensor. A reliable
sensor must be able to repeatedly and consistently report a concentration of gas or
a set of gases based on the mathematical function it is tuned to. For example, if a
sensor defined to detect NO, in air and ten ohms of resistance are to match 10 parts
per milion concentration, reliable sensor will adhere to this function for its stated

lifespan.
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Limit of detection: Smallest concentration of analyte detectable by the sensing ma-
terial is dependent on the signal-to-noise ratio of the recognition and transducing

element. It is measured in parts per milion (PPM) or parts per billion

1.2 Gas sensors

Chemical sensors detect chemical quantities in an environment and this includes
detection of ions ions in a liquid, chemical composition of solids, or composition of
gas. All these areas of detection are broad and this section focuses on sensing the

molecules in a gaseous environment.

1.2.1 Working principle of a gas sensor

Any sensor, not just a gas sensor, is a device that reacts to a change or a state of
some physical phenomena in an environment and as a response it produces a signal
on its output, that represents the measured quantity. Gas sensors are devices, that
transform chemical information, such as concentration or composition of chemicals
into a signal useful for analysis [6]. Gas sensor process chain is a simple model that
shows how the sensor operates. This chain is composed of several blocks that are
visualized in Figure 1.6. In terms of gas sensors, discrete chemical units, such as
atoms, molecules, or other more complex chemical structures like dopamine (irrele-
vant to gas sensors), that are desired to be detected, are called analytes. This chain
starts with a receptor and a transducer. Purpose of a receptor is to interact with the
analyte and as a result, it changes its physical property that is not directly measur-
able in this model. It passes the detection information to the transducer, whose task
is to respond to the receptor’s change and produce an activity that can be directly
measured. Since nowadays almost all sensors are connected to some kind of electri-
cal processing circuitry, the transducer reacts to the changes of the receptor, and it
responds by changing its electrical properties, such as voltage, or conductance. The
rest of the chain is data processing. Different types of gas sensors require different
complexity of signal processing, until a measured quantity is produced.

Gas sensors operate on various technologies and principles. There are gas sen-
sors based on polycrystalline semiconductors, which are based on tin or zinc oxide.
They require pre-heating and detect gases including NO, NO,, CO and CO, [9].
Gas sensors based on gels can use surface accoustic waves to detect volatile or-
ganic compounds (VOCs). These sensors can work on a frequency phase shift that
is converted to voltage and to a digital value [10]. Conductive polymer, such as
polyaniline (PANT), polypyrrole (PPY), polythiopene (PTH) and poly(3,4-ethylene
dioxythiophene) (PEDOT) can be used in gas sensors to detect NHsz, Hy, HoS, COo,
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Fig. 1.6: Chemical sensor chain from detection, up to reaction to the measured

quantity. [6]

CO, NO; and VOCs. Sensing on most polymers happens through gas adsorption
onto the polymer and resulting polymer doping through redox reactions [11]. A
whole family of gas sensors is built on field-effect transistors. Some of these sensors
contain palladium in the gate of the MOS, because it is highly sensitive to hydrogen
[12]. MOS gas sensors can be based on silicon, with the operating temperature limit
at about 250°C, or on silicon carbide, which pushes this limit to about 800°C [12].
Then there is a family of gas sensors based on 2D materials, which is a primary

focus of the thesis.

1.2.2 Methods of gas sensor operation

It has been explained above, that the physical framework allows for many different
gas sensors to be created. These gas sensors utilize different methods to sense gases.
In this section, several of the most important and used gas sensing mechanism
are mentioned. They are based on various recognition type and transduction type

combinations that can achieve viable gas sensing.

Chemiresistive Gas Sensors: This category falls into a broader category of electrically-
transduced sensing architectures. The basic principle of chemiresistive (chemoresis-
tive) sensors is a resistive or conductive response to the analyte gas. [7][13]. Usually
a sensing element (recognition element) is exposed to reducing/oxidizing gases (re-
dox), where the gas atom or molecule adsorbs onto the surface of the sensing element

and reducing gas looses an electron and transfers it to the sensing element, while
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oxidizing gas withdraws an electron from the sensing layer. Oxidation in this matter
is not connected with the word "oxygen". An alternative naming for these gases is
electron donating and withdrawing molecules. If the sensing layer (usually also a
transducer) is a P-type semiconductor, the electron donating gas (reducing) molecule
decreases the conductivity and if it is a P-type semiconductor, the electron increases
the conductivity [13]. The sensing element is usually contacted with two electrodes
and the resistivity between the electrodes is proportional to the free electrones/holes
in the sensing material and this is proportional to the analyte molecules adsorbed
on the sensing layer. In case of graphene as a sensing layer, the gases dope the
graphene, so gases that donate the electrons are N-doping and withdrawing gases

are P-doping. Some electron donating and withdrawing gases are shown here:

Electron-Donating Gases (N-type effect):

o Ammonia (NHj)

o Hydrogen (H,)

« Carbon monoxide (CO)

o Methane (CHy)

« Ethylene (CoHy)

o Acetylene (CoHy)

« Ethanol vapor (CoHgO)

Electron-Withdrawing Gases (P-type effect):
« Oxygen (O»)
 Nitrogen dioxide (NOg)
« Chlorine (Cly)
« Ozone (O3)
o Sulfur dioxide (SO2)
« Hydrogen chloride (HCI)

This adsorption is made possible by Van Der Waal’s forces, which is a weak form of
molecular interaction. Electrons are exchanged between two atoms. In this case it is
an atom of the analyte and an atom of the sensing layer. The electron is transferred
to the atom with the higher electron affinity, moving from a valence orbital of one

atom to the valence orbital of the other atom.

Catalytic Gas Sensors: These types of sensors are ones of the oldest and are used
for detection of combustible gases. The sensor contains recognition element and a
transducer. Recognition element is usually a catalytic element coated onto a resistive
element, or it can be a catalytic wire directly [14]. This catalyst is heated using a

voltage to relatively high temperature (500°C). The combustible gas to be detected,
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which would normally burn at an ignition temperature, thanks to the catalyst, the
gas can ignite even at lower temperature [15]. It oxidizes on the heated catalyst
surface and this chemical process produces heat. The transducer picks up the heat,
increases its resistance and this is measured by the connected electronic circuit.
Wide range of combustible gases can be measured this way, including;:

« Methane (CHy)

o Ethane (CyHg)

» Propane (C3Hs)

« n-Butane (C4Hyy)

» n-Heptane (C7Hyg)

» Methanol (CH30H)

Accoustic and Surface Accoustic Wage Gas Sensors: Detection mechanism of these
sensors is mechanical, rather than chemical. A receptor film is vibrated by an
electrically powered transducer. When analyte binds to the receptor film, its mass
and thickness changes. This affects the vibration and wave content such as frequency,
amplitude and phase is measured back to figure out the type and concentration of
the analyte. This way of analyte detection allows for wireless separation between the
sensing layer and the evaluation circuitry [16], which is an unique advantage in the
field of gas sensing. For example, the detection system sends a 440MHz excitation
wave to the sensing element and the transmitted response is evaluated. Surface
accoustic wave sensor is based on the Rayleigh waves. Since the surface waves
have the most of their energy localized near the surface of an object, they are easily
influenced by the change of the object’s surface characteristics [17]. An interdigitated
transducer (IDT) receives an electrical signal, converts it into a mechanical wave
and then reconverts this wave back to the electrical signal. Two main types of
accoustoelectronic sensors are based on a delay line and a resonator. A piezoelectric
effect is used in the transducer for both types of sensor. In case of a delay-line
sensor, the transducer has an input and output electrode sides spaced by a delay
line. An active element such as a thin polymer is placed across the delay line and it
absorbs the analyte. Resonator is more difficult to design. It has the interdigitated
transducer in the center of the sensor base. Further out from the IDT are reflectors
and at the end of the base is an optional absorber. The resonator is coated by a
sensing film that absorbs the analyte. Both the resonator and the delay line operate
at a usual operating range of 40-600MHz [15]. Gases these sensors can detect include

hydrogen and methane [17].
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2 Gas sensor measurement

Gas sensors relevant to this thesis operate on a chemiresistive principle. This chap-
ter focuses on practical ways of sensing the target gas and interpreting the received
data. Graphene-based gas sensors are studied in this section. Focus is drawn to
chemiresistive principle of operation, although some graphene sensors work on op-
tical ways of gas detection [18], change in frequency of the surface accoustic waves
[19], Hall resistivity changes [20], Dirac voltage shifts [21] and plasmons detection
[22]. All these are sensing parameters that have been tested.

Before the actual graphene chip can be used for the measurement, it must be
prepared. Sensors must be sliced from the original wafer and bonded to a contacting

array. An example of a prepared sensor sample is shown in Figure 2.1.

(a)

Graphene sensor Evaluation kit

Fig. 2.1: Pictures of a graphene sensors testing apparatus a) graphene sensor bonded

to a package, b) Testing circuitry for the sensor. Image adapted from [23]

One of the most widely used way of measuring a chemiresistive gas sensor, is to
acquire a change of conductivity in time, while the sensing material is exposed to
the analyte gas. The sensor is usually tested under atmospheric pressure and it is
exposed to a mixture of an analyte gas and a carrier gas. If the carrier gas is air,
relative humidity is taken into an account. If the carrier gas is not air, it is usually
an innert gas, such as argon, helium or nitrogen [23]. An example of a chemiresistive
reaction to various gases is shown in Figure 2.2. Sensitivity is denoted in relative

conductance or resistance: AR/R = (Rearrier — Ranaiyte)/ Ranaiyte [24].
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Fig. 2.2: Resistivity of a graphene sen-
sor responding to various analyte gases.
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Fig. 2.3:  Theoretical response of a

chemiresitive gas sensor to an analyte.
This figure shows a comparison be-
tween electron donating and withdraw-
ing gases, how exposure to various an-
alyte concentrations may look like and
how well can a material recover from the
analyte. When a material is able to com-
pletely recover from the sensing phase,
it is suitable for sensing. Figure inspired
by [13]

still adsorbed on the surface. Anneal-
ing the sensor under vacuum at 150°C
in phase IV was able to bring the sen-
sor to its former undoped state. Figure

adapted from [20]

In the same way a transient response (also called a dynamic response) is obtained.
A sensor is exposed to levels of an increasing concentration of the analyte gas. The
sensor is exposed to a target amount of concentration and the sensor reacts. After a
period of time the analyte is removed and sensor is purged. In paper [25], they flush
the sensor with argon for 300s and the sensor is exposed to another concentration.
Group of R.K. Paul [26] purged their sensors with dry air for 200 minutes. Light
can also be used to trigger gas desorption. UV laser with a wavelength of 365nm
was able to photodesorb oxygen and ammonia from a pristine graphene surface [27].
The transient response to various gas concentrations shows how well the sensor can

recover and how it reacts to an already exposed sensing layer. Figure 2.4 shows this
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transient response in time. If some way of sensor cleaning is not used, desorption

process can be observed even after 24 hours [28].
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Fig. 2.4: Real-world example of two transient responses of a Graphene/MoS; het-
erostructure sensor to NOy and NHj gases. Graphs show the ON and OFF phases
of the analyte gas exposure and the concentration of the analyte for each exposure.

Figure reconstructed from [24]

Instead of the sensitivity difference in percent, a difference in voltage or current
can be plotted. Various baselines can be measured and the information obtained
should be approached statistically. Response to various gases can be measured
too. In an inert atmosphere, different analytes react differently. Reaction with an
introduction of humidity may be a viable information too, since it is closer to the
out-of-the-lab environment.

After the data from the sensor is acquired, the data can be post processed to
increase the accuracy of the detected gas type and concentration. It is known that
sensors tend to have long detection and recovery time and this poses problem when
the sensor is continuously measuring gas concentration. That is why advanced
methods of gas sensor data processing have been developed, such as back propagation

neural networks [29].
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Fig. 2.5: Conductance response of a  Fig. 2.6: Exposure of a graphene sensor
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time. Maximum fluctuation in relative  gas. Inset shows a zoomed window of the
conductance is less than 4%. Figure 5 ppb area. ON means the NO, gas is
adapted from [25] fed to the sensor and OFF means feeding

is switched off. Figure adapted from [25]

2.1 Noise in graphene

There are four main intrinsic sources of noise in graphene:

« Thermal noise (Johnson noise)

+ Generation-Recombination noise (G-R noise)

« 1/f noise (Flicker noise)

» Shot noise
During the noise characterization of graphene, contacts to the graphene play an im-
portant role, because of the voltage distribution between contacts and the graphene
sheet [30]. In the following text these four main sources of noise in graphene are
introduced, but they are not presented in a specific relation to graphene, as they

happen in all conductive materials in some proportion.

Thermal noise is caused due to random motion change of the free charge carriers
(electrons or holes) across the conduction path of a material. This change of motion
happens due to scattering of the wave function on the defects in the wave path
in the conductor, based on the quantum theory model. In a more classical view,
vibrations of the atoms due to temperature, cause the electrons to gain variable
amount of kinetic energy and random direction of motion. On the macro scale,
this effect statistically manifests as voltage perturbations at the terminals of the

conductive path. The spectral density is given by Nyquists formula in Eq. 2.1.
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where kg is Boltzmann’s constant (1.3806504 - 10723), T is the temperature of the
conductive path and R is the resistance of the conductive path. Thermal noise is
present in the material even at no voltage applied across it and because the density
is distributed across the whole frequency spectrum evenly, it can be distinguished
and isolated from the other sources of noise.

Sl(f) = 4k§T

(2.1)

Generation and recombination noise is influenced by local fluctuations of of the
steady-state electron and hole densities in the conduction and valence band of the
conductive material. This noise can be approached statistically by seeing random
transitions of the charge carriers between localized (bounded) states and/or band
(extended) states [31]. The spectral density of G-R noise is described by a Lorentzian
in Eq. 2.2 [32]. where Sy is the frequency independent portion of the noise at
frequencies below (27)~! and 7 is the time constant of a specific trapping state that
causes the noise, such as an ionized impurity [32]. In graphnene this electron-hole
recombination and generation happens mainly by optical phonon assisted interband
transitions [31]. Generation and recombination noise can be seen below 0.1Hz due
to the DC current instability [33].

Sif) =17 % (2.2)

(2mfT)?
1/f noise is also called flicker noise, or excess noise. It is an important factor for
graphene gas sensor measurement, as it limits the sensitivity of sensors [30] [32]. The
source of this noise was not fully understood and the state of the art in this field
was controversial [32] in 2013, even after many years of research. Its characteristics
in graphene and other materials, such as silicon semiconductors is slightly different.
It can be formed by various fluctuation processes, such as current fluctuation due to
mobility fluctuation and carrier number (carrier density) fluctuation [32]. Mobility
fluctuations can arise from electron scattering on various lattice scattering centers,
where the scattering center parameters can fluctuate as well. Mobility and carrier
number fluctuations can be closely related, since the scattering centers cross sections
can fluctuate due to capture or emission of electrons in their vicinity. The 1/f noise
in complementary metal-oxide-semiconductors field-effect transistors is described
by McWhorter model, which is based on carrier number fluctuation approach. In
metals, including graphene, 1/f noise is usually attributed to mobility fluctuations
[32]. This noise is present below 100kHz. In graphene, the conduction electrons are
exposed to traps (such as charged impurities) in the substrate or the environment,
which can result in carrier number fluctuations. Flicker noise in bilayer graphene

at f < 10Hz is attributed to "slow" traps, due to contacts and graphene edges
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contributions and its behavior is rather 1/ 273 than 1/f [33]. Grain boundary noise
of graphene contributes to 1/f noise [34] too and potentially graphene edges are also
contributing to 1/f noise [20]. There are conclusions, that graphene performance
can be pushed up to thermal noise limit and that graphene is a low-noise material
[35] [36]. It has been found that the bigger the graphene area (W x L), the smaller
is the 1/f noise in the system. Since the noise is in direct relation with graphene
area, it can be concluded that it is the dominant source of noise and contact do
not influence the noise as much as the graphene itself [30]. Single-layer graphene
has the most 1/f noise. As the number of graphene layers increases, the noise
decreases. This phenomenon is explained by a theory where the band structure in
bi-layer or few-layer graphene varies the charge distribution in the graphene planes,
which results in screening of the potential fluctuations [32]. This 1/f noise can be
used as a sensing parameter to distinguish various adsorbed gases on the graphene
sensing layer [21]. The exposure of contacts and graphene to the environment causes
contacts resistance increase and charge mobility degradation, which is attributed to
increasing of the 1/f noise of the device over time. Since most graphene gas sensors
rely on electrical response, their performance is limited by 1/f noise and this noise
influence cannot be reduced by extending the measurement time [32]. Reaction
process at the sensing material can be so slow, that the 1/f noise of the system may
overtake the measurement and it can be compromised. Also, the 1/f noise is the
major contributor to the phase noise of the oscillating systems [32]. The 1/f noise of
graphene depends on the gate voltage applied to it. With an increasing gate voltage,
resistance of the graphene channel decreases and the 1/f noise increases. The 1/f
noise in graphene is decreased after low-energy 20KeV electron beam bombardment.
By decreasing the mean-free path of the electrons by the lattice change caused by
the beam bombardment, the 1/f noise is also reduced [37]. Thus, the noise reduction
comes at the expense of mobility degradation. The general spectral density of 1/f
noise is shown in Eq. 2.3, where v &~ 1 [32]. It decreases with increasing frequency,
forming a knee called f;. At this knee the noise decreased to the point where it

equals the thermal noise. This knee can be few Hz up to several kHz wide [32].
S(f)~1/17 (2.3)

Shot noise is similar to thermal noise. It has a white noise characteristic, which
means that its spectral density spans the whole frequency spectrum (the density
function does not use frequency in any relation). It is caused by the discrete nature
of electric charge and random arrival times of individual carriers crossing a barrier or
a junction, such as the one between graphene and its contact interface. Tunneling,
quantum interference and scattering on various lattice non-symmetries contribute

to shot noise [38]. The spectral density of shot noise is given by Schottky’s theorem
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in Eq. 2.4, where q is electron charge (1.602176634»10') and <I> is the average

value of an electrical current

Si(fy=2¢<1> (2.4)

2.2 Advances in graphene research

As it happens with many other things in physics, graphene was too predicted theo-
retically at first, in 1947 [39]. Historical progress of graphene research is documented
and tracked [40]. It was produced in 2004 by the group of A. Geim and K. Novoselov
using famous scotch tape technique. A subsequent paper was published that year
[41] and the same two people produced another paper related to graphene in 2007
[42]. Throughout the years graphene has been applied to immunosensors [43], tri-
boelectric nanogenerator in wearable electronics [44], aerogels [45], hexadecaol [46],
composites for antibiotics removal [47]. It is being experimentally used as trans-
parent conductive electrode in solar panels [48] or as a part of microwave absorber
[49]. An optical modulator has been also build using graphene [50]. This is just a
tiny sample from thousands of research papers produced throughout many years.
This selection was to depict the scale of possible applications where graphene may
be proven, thanks to its properties. This thesis is focused on exploiting noise char-
acteristics of graphene inside of a chemical sensor. To start from the beginning,
graphene in its purest form (also called pristine graphene) was used in a chemi-
cal sensor and discrete detections of molecules on graphene surface were recorded
[20]. Noise parameter has been also studied and proven in characterization of dif-
ferent gasses adsorbing on pristine graphene structure [21]. A review of graphene
from 2010 [51] reports (without clear referencing) that the real drawback is a lack of
selectivity for pristine graphene sensors, as it responds to different analytes very sim-
ilarly. This is attributed to the fact that pristine graphene is relatively chemically
stable material and it lacks dangling bonds that are good for analyte adsorption
[52]. Pristine graphene by itself (omitting graphene edges) has low-energy bind-
ing sites and graphene with introduced defects of functionalization has high-energy
binding sites [53]. Therefore, as graphene is being used in chemical sensing, various
graphene modifications, structural enhancements, doping and topology modifica-
tions are experimented with. Graphene nanosheets have been implemented with
SnO2 nanofibers that detects acetone and HoS [54]. Multilayer graphene has been
used to detect NO, [55]. Graphene/polyaniline (PANI) composite can be used to
detect methane [56]. There is a big range of graphene structures used for chemical

sensors. Many of them can be found in this review [57].
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2.3 Chemical and physical properties of graphene

Interest in graphene and its application into all kinds of fields arises from graphene
properties. In this section, well-researched parameters of graphene are listed and
some of them are compared to other well-known materials to show how much
graphene surpasses other materials. Both physical and chemical properties are listed
and these properties are also relevant in setting up the measurement apparatus and
in the choice of measurement strategy.

Graphene is one atom thick sheet of carbon atoms organized into a hexagonal array,
seen in Figure 2.8. Other literature mentions benzene-ring structure [41] or hon-
eycomb structure [42][58]. Benzene ring with its hydrogen stripped away is like a
single graphene cell. The graphene cell is visualized in Figure 2.8.

The unaltered clean carbon sheet is also called pristine graphene [52]. Pristine
graphene is made out of carbon to carbon bonds that are 1.420A apart [59]. Carbon
is on sixth place in the periodic table. This means that it has 6 electrons around
its nucleus. Two electrons with up and down spin are in 1s orbital and they are
generally inaccessible to any experiments relevant to his thesis, because they require
too much energy to be useful. Other four electrons are in the valence shell and
they are all contributing to the structural effects. Two of these four electrons are
present in 2s orbital with spin up and spin down variant. The last two electrons
are in 2p, and 2p, orbital with spin up only. The electrons are visualized in Figure
2.7. This atomic configuration allows for various forms of hybridization, which can
create different carbon structures, such as diamond [60] or graphene.

Pristine graphene sheet (layer) can be placed on top of another. These layers
are connected together using Van der Waals forces and double-layer or few-layer
graphene can be created this way. This compound structure is too called graphene.
Stacking many layers of graphene together forms graphite. With 3 and more layers
the electronic spectra of graphene become more complicated and thus these struc-
tures are taken as a standalone graphene configuration for research[42]. This thesis
is however focused on the single-layer graphnene, which is a 2D crystal.

Graphene configuration has three identical sp? hybridized orbitals 120°apart and
each of these orbitals connects to one of three neighboring atoms in the crystal
lattice. These connections share one electron with up spin in one atom and one
electron with down spin from the other atom. This way, the carbon bonds have
filled shell (orbitals) and thus the valence bond is strong. The structure of these
connections is called trigonal planar structure and is made out of o (sigma) bands.
The unaffected p orbital which has one extra electron, can form half-filled pi ()
band, which is available on both surfaces of the graphene sheet [61]. These 7 bands

are in their hybridized configuration referred to as m and 7+ bands [62]. ¢ electrons
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Fig. 2.7: Top of the image represents electron
occupation of a carbon atom in SPDF orbitals
model. Bottom part of the image visualizes the
orbitals. Inspiration was taken from the online

PTable project.

form energy bands far away from the Fermi energy [63]. Fermi energy is the highest
possible energy that an electron of an atom or a structure can possibly have, while
still remaining bound to the atom and not being fee. This is a statistical value and
it does not denote physical possible band at that energy.

Graphene crystal structure can be mathematically analyzed to yield some in-
sight into electronic properties of the structure. Tight-binding approximation (also
named linear combination of atomic orbitals [65]) was developed for this purpose.
This method calculates hopping and overlap integrals (usually nearest-neighbor (nn)
and next-nearest-neighbor (nnn) interactions are taken into account) which yield an
energy dispersion result. In graphene, 3 of 4 valence electrons are in the sp2 bond,
holding the graphene structure together and they are responsible for graphene me-
chanical properties. The last electron present in the P, orbital and is a member of
7 bond with another carbon atom. This bond is made of small orbital overlap and
thus it is responsible for electronic properties of graphene [66]. The tight binding
method is based on the assumption, that electrons are localized around the atom
in their orbital and they do not move freely across the crystal. These electrons

can hop between atoms and this phenomenon forms the conductivity of the crystal.

33



Fig. 2.8: Single graphene cell with its Fig. 2.9: A visualization of symmetric
outer orbitals hybridized. This a con-  graphene sheet with its orbitals.
ceptual visualization and is not a result

of simulation. (Inspired from [64])

The orbital structure of the whole graphene crystal is composed of energy bands,
which are made up of the orbitals of individual carbon atoms and if the electron
has sufficient energy, it can jump between the orbitals of other atoms within the
energy band, or in the conduction band. A conceptual model of this phenomenon
is visualized in Fig. 2.10

To calculate a tight-binding approximation, the crystal lattice needs to be de-
scribed. First, it is necessary to have a physical representation of the graphene
lattice. The atoms of the lattice are visualized in Figure 2.11. The lattice is de-
scribed by two vectors - aj and a3. Papers [66][39][61][62][63][67][60] have equivalent
vector geometry as in the Figure 2.11, but have different rotation and starting point.
The @ vectors determine the 2D Bravis unit cell in a direct (also real-space) lattice,
which tiles an infinite crystal structure. Next, it is necessary to define K vectors.
K, vector is to be perpendicular to a; and K, is perpendicular to a; in this case.
These vectors are defined in reciprocal space and periodicity of this space is defined
by a relation to direct space [66]. The K vectors are shown in Figure 2.12. The
smallest and thus elementary graphene crystal cell that can be physically formed by
carbon atoms is the hexagonal cell. K vectors specify the Brillouin zone, which is
a primitive lattice cell in the reciprocal space. The results of the tight-binding ap-
proximation are available throughout this zone. Lastly, the nearest neighbor vectors
must be defined. Graphene atom has 3 nearest neighbors and their vectors are also

shown in Figure 2.11.
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Fig. 2.10: A conceptual view on atomic orbitals and bands in hypothetical line of
carbon atoms. Here, the hexagonal structure is broken and the atoms are layed
with constant spacing on the line. Each atom has its own orbitals and this is a
visualization before their hybridization. The electrons can hop between atoms when
they go from an available orbital in one atom to an orbital of another atom. The
lines represent orbitals of specific atoms and the arrows represent the electrons with

their spins in the orbitals of each carbon atom.

After having all the vectors defined, the tight-binding approximation requires a
Hamiltonian for the isolated carbon atoms in graphene [66]. The Hamiltonian is a
matrix formed from a wavefunction of the P, orbital and it is necessary for solving the
Shrodinger equation. Bloch’s theorem is used while constructing the Hamiltonian.
Solution that comes from this method is an electronic energy dispersion, which is
included in the electronic band structure of graphene and papers [60] [61] [69] agree
on the spatial solution 2.5 with v = 2.8eV. The first Brillouin zone’s K and K’
points there are Dirac points, which are points where the conduction and valence
bands of carbon meet (electron and hole energy bands touch each other [68]). The
3D function is a representation of the m and 7* orbital, but this method allows for

calculation of other orbitals, such as those in Figure 2.14.

35



Fig. 2.11:

graphene atomic structure in the physi-

Graphical representation of

cal (also direct) space. The axis is in the
unit of atomic distance a = 1.42A. The
smallest spatial unit that describes this
infinite lattice (Bravis unit cell) is high-
lighted by purple rhombus. This cell is
described by @ vectors. Nearest neigh-
bors are defined by ¢ vectors. (Image
inspired by [68])
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Fig. 2.12: Brillouin zone of the 2D recip-
rocal lattice. Light-green points are K-
points, which are fully defined by two K
vectors. This reciprocal space is native
to momentum space, describing wave
vector of particles in a periodic system.
This space is indirectly related to the
physical lattice space. The Reciprocal
lattice vectors b are not shown. The vi-
olet triangle is an example of traverse
for this momentum space, going fro
through K7 through M back to §. This
is the X axis for the momentum space

diagrams. (Image inspired by [68])

(2.5)

(2.6)

There is a problem with a disagreement on the band structure among the sources.
The Tight Binding Method reports m and 7* crosspoint at -5e¢V, but The Band
Structure of Graphene reports -10eV 2.14. Report [70] shows a symmetrical = and

7* structure peaking at about 8e¢V. Paper [66] and thesis [71] seems to agree on that.

Note [63] and a review [61] disagree on these plots. They show a non-symmetrical
graph of dispersion at peaks +t and -2t with ¢ ~ 3eV for [63] and ¢t = 2.7eV for [61]
Source [72] reports a non-symmetrical plot with peaks at about -6.5 and 15.5 eV.

This is probably due to different choices in modeling.


https://www.physics.rutgers.edu/~eandrei/chengdu/reading/tight-binding.pdf
https://www.youtube.com/watch?v=xFdn_naGPX4
https://www.youtube.com/watch?v=xFdn_naGPX4
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Fig. 2.13: Energy dispersion over the
Red
part is the conduction band and blue is

first Brillouin zone of graphene.

the valence band. They are symmetri-

cal. (Image reconstructed from [61])

Energy (eV)

Fig. 2.14: A view of the energy disper-
Five bonds
Sigma 1, 2 and 3
bonds are active in the binding of car-

sion in a Brillouin zone.

are computed here.

bon molecules and are not interesting in
terms of electronic properties. Interest-
ing is 7 orbital, which is bonding and 7*
which is anti-bonding orbital. (Recon-
structed from a youtube video "Lecture
33 The Band Structure of Graphene" up-
loaded by Pat’s Perovskites)

Based on this physical model of graphene and some other calculation, series of

assumptions and experiments, a set of physical properties of graphene has been

predicted and measured:
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Carrier mobility Research team came to a conclusion, that if other sources of scat-
tering are omitted, electron-phonon scattering has such a low effect that a
carrier mobility of 200000 - C&”j [73] could be observed at room temperature,
however typical mobility of graphene on SiO2 ranges from 10000 to 15000

cm?V-151 Extrinsic disorders that are sources of scattering include charged
impurities (such as adsorbed molecules) or microscopic ripples. This quantity
defines how fast the charged carriers move through a material when an electric
field is applied at the material. At room temperature (u = 300K), real carrier
mobility with value up to 100000 - C‘}”j can be achieved. The charge mobilitiy

due to ambipolar electric field effect can exceed 15000 - ‘;’/”j [42]. The mobility

depends on the temperature only weakly[42]. High carrier mobility leads to

higher conductivity. Concrete geometry and voltage setup for the experiment
lead to the values mentioned here is not known.

Ballistic transport A quantity that refers to distance the electron travels without
any significant scattering. In graphene, this distance can reach up to 0.3um
[42], which is about 1050 graphene cells long.

Specific surface area A theoretical value for graphene specific (dependent on mass)
surface area is determined to be 1005’”72 [74].

Thermal conductivity Thermal conductivity of graphene is experimentally mea-
sured to be (4.84 & 0.44) - 103t0(5.30 £ 0.48) - 1032 [75].

Breaking strength Intrinsic strength of graphene is experimentally measured at
42 + 4% [75]. This means that 42 newtons of force are required to break
a 1m long sheet of graphene, which is very much, considering its one atom
thickness.

Tensile strength The amount of force graphene can sustain before breaking is 130GPa.

Stiffness Young’s modulus for graphene is 1.0+0.17pa [75]. This quantity measures
how much pressure stress needs to be applied to graphene in order to deform
it.

Spring constant Compression and dilatation of graphene is energetically costly.
This is because its spring constant is about 57 [61].

Optical transparency Transparency is based on how much can photons with visible
energy spectrum interact with the graphene structure. Graphene’s transmit-
tance is determined to be 97.7% [62]. Graphene is visible on a substrate (such
as Si02), with visibility being much stronger in reflection, than in transmission
[76].

Work function If an electron is able to leave a graphene surface and place itself to

the outside environment, it needs at least 4.7¢V of energy [24].
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Graphene doping
Doping in materials increases or decreases the number of free carriers. For example,
in Silicon, phosphorus dopant introduces an electron to the structure’s conduction
and boron introduces an electron vacancy (hole). Doping of graphene is split into
two main categories.
« Electrical doping (Ambipolar electric effect)
Graphene as a field effect channel can be ’doped’ just by introducing an elec-
tric field through the sheet (DC gate voltage has to be applied between the
graphene layer and the substrate separated by dielectric [68]). This effect
is called ambipolar gating. The voltage shifts the Fermi level (chemical po-
tential) above or below the neutrality point (to the upper or lower energy
band [68]). Upward shift due to positive external voltage introduces electrons,
which become majority carriers and downward shift introduced by negative
external voltage introduces holes. This process tunes charge carriers (electron
or hole density) along the graphene sheet up to a concentration as high as
103em~=2 [42]. The voltage moves Fermi energy away from the Dirac point
by 10 to 400mEv [62]. The external voltage influences the conductivity of the
graphene linearly [58]. This effect is observable up (but not exclusively) to
room temperature. In bilayer graphene with SiOs as a dielectric the electric
field effect is more pronounced. Electronic band structure can be continously
changed by tuning 6 E gap from zero to about 0.3eV [42]. Resistivity and con-
ductivity changes on graphene due to this effect can be seen in Figures 2.15 and
2.16 respectively. Methods for doping characterization include photo-emission
spectroscopy, angle-resolved photoemission spectroscopy, Raman spectroscopy
and transport measurement [77].
e Chemical doping
Atomic or molecular impurities can be introduced into or onto the graphene
structure. Chemical doping can be further categorized into:
— Surface transfer doping
An atom or molecule is adsorbed onto the graphene surface by Van-
der-Waals forces and an electron is exchanged between the graphene and
dopant [77]. It is very often a reversible process. Charge transfer happens
between graphene and dopant. The direction of this transfer depends by
the relative position of the density of states between the highest and
lowest occupied molecular orbital of the dopand and the Fermi level of
graphene [77]. If the highest occupied orbital of a dopant is above the
Fermi level of graphene, then charge transfers from dopant to graphene
and dopant acts as a donor. IF the lowes unoccupied orbital of the dopant

is below the Fermi level of graphene, charge transfers from graphene to
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p(kQ)

the dopant and dopant becomes an acceptor.

Substitutional doping

This process replaces the carbon atoms in the graphene crystal lattice
by other atoms with different number of valence electrons. The sp2 hy-
bridized bonds would be replaced by a new configuration, based on the
type of dopant. Nitrogen or boron are possible dopants.

Nanoparticles

Various metals or other substances can coat or be grown on top of
graphene. This changes graphnene’s topology and breaks graphene’s sub-
lattice symmetry [78], which is responsible for the continous energy levels
modeled by Dirac cones. This introduces a bandgap for the graphene

sheet. This process is also called decoration.
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Fig. 2.15: Resitivity of a graphene sheet
based on the gate voltage. Experiment
was conducted at T=1 Kelvin and at 0
tesla of magnetic field. Adapted from
[42].
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Fig. 2.16:  Conductivity of graphene
based on the gate voltage. Experiment
conducted at T=10 Kelvin and at 0 tesla
of magnetic field. Adapted from [58].
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Fig. 2.17: On top is a cutout of the En-
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Fig. 2.18: Graphene layer deposited on
a silicon wafer with silicon-dioxide as an
insulator. The layer of SiO2 is several
hundreds of nm thick. An electric field
is created between the relatively conduc-
tive silicon base and the graphene sheet,
This
field shifts the Fermi level of graphene

interfaced by a golden electrode.

and electrons or holes are introduced in

the graphene. This is called Ambipolar

electric effect.

Dirac fermions in graphene

Due to graphene’s highly symmetrical hexagonal lattice, the 7 orbitals provide con-
tinous energy levels between valence and conduction band. This effect can be seen
The

Fermi energy of an ideal graphene is at the Dirac energy, which is the energy of

from the energy dispersion modeled over the first graphene Brillouin zone.
a dirac point [62]. Electrons within about 1eV above or below the Dirac energy
have a linear dispersion relation. This is why these electrons are better described by
Dirac equation for massless fermions, rather than Schrodinger equation, by which
the electrons would normally be described. This is because graphene is a zero-gap
semiconductor and along the Dirac points in the Brillouin zone, the charge car-
riers behave as quasiparticles [42]. These quasiparticles introduce properties such
as pseudospin and chirality. The quasiparticles in graphene are massless and ex-
hibit little scattering under ambient conditions [42]. They are called massless Dirac
fermions (or Dirac electrons) and can be seen as electrons that lost their rest mass,

or as neutrinos that acquired an electron charge [42]. These relativistic particles
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have effective "velocity of light", which is 299 792 458 m/s [68]. They propagate in
waves on the graphene sheet by a potential proportional to the square of the sheet

curvature and that increases graphene’s resistivity [69].

Conductivity of graphene

In a simplified view, charge excitation has two main sources. Electron hole pairs,
which is an incoherent excitation of the Fermi sea and it is governed by Pauli’s
principle and collective modes, such as plasmons. In usual metals and semiconduc-
tors whose lattice has nonrelativistic dispersion, there is a large Fermi surface and
energy bands have a parabolic shape. The continuum of intra-band electron-hole
excitations can happen down to zero energy. Plasmons also appear as collective
charge-density waves and happen outside of the electron-hole continuum [61]. In
graphene, where the Fermi energy is at the Dirac point, the Fermi surface shrinks to
a point and because of this there are no intra-band excitations. Interband excitations
between the Dirac cones can happen. Therefore, neutral graphene has no electron-
hole excitations at low energy because they cost energy.[61] When a graphene sheet
is exposed to an oscillating electric field between the source and drain electrodes
(between the two contact terminals), graphene reacts by frequency dependent con-
ductivity, which concerns linear response theory of graphene. This conductivity has
two contributions. Intra-band and inter-band conductivities. Intraband transitions
are electrons jumping between the energy levels inside the valence band or conduc-
tion band. Inter-band transitions are electron transitions between the valence and
conduction band [66]. For the intra-band conductivity, in collisionless approxima-
tion (which is dominant at high purity samples), it has the value of imaginary part
of the conductivity function and it falls down with growing frequency (1/w). The
inter-band conductivity becomes dominant at high frequencies (infrared, optical)
[68]. Its value is from the real part of the conductivity function. The transition
point between intra and inter-band happens at frequencies from 10 to 100 THz [68].

According to [60], in a lowly doped graphene, no intraband transitions can take place.

Quasi-classical theory of conductivity and frequency mixing

It is possible to approach conductivity by Quasi-classical theory by modeling the
conductivity using Boltzmann kinetic equation. This analysis shows, that at low
frequencies the conductivity is imaginary, concerns intra-band contribution (as in
classical view) and at high frequencies, quantum inter-band contribution dominates
[68]. When the graphene is irradiated (or otherwise affected) by two electric waves
with different frequencies and both waves are linearly polarized in the same direc-
tion, graphene induces second-order and third-order (produced by low-frequency

Drude conductivity) harmonic current. In addition to this, graphene produces fre-
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quency mixing effect with complex expression written in [68]. This model is valid
for fuw < ||, which corresponds to radio, microwave and terahertz range of frequen-
cies [68]. According to quantum theory, where graphene is modeled by a Quantum
kinetic equation (including Hamiltonian), the induced currents from two waves are
at frequencies wy, ws, 3w, 3w, (2wy £ ws) and (2ws +wy) [68]. These frequency mix-
ing effects are based on non-linear modeling and the non-linear response at lower
frequencies is much greater in graphene than in many other non-linear materials
[68]. Graphene should also experience frequency multiplication effect. If graphene
is exposed to an oscillating electric field, the induced current does not contain only
the fundamental driving frequency, but also the odd harmonics (3w, 5w, Tw, ..) The
even order harmonics are not to be present because of central crystal symmetry.

This should be true for infinite and uniform graphene layer [68].

Influence of wave vectors on graphene conductivity

Conduction in graphene is influenced by its wave vectors. These wave vectors are
a result of confining the system by the geometry of the graphene sheet or ribbon.
These wave vectors are called transverse modes or sub-bands. Bending introduces
flexural modes into the graphene sheet and strain introduces optical and accoustic
modes. Sub-bands that cross the Fermi level can carry current. Near the Dirac
point, many of these allowed wave vectors end up gapped or pinned in energy, and
so their influence on conduction is suppressed. There are three possible sheet con-
figurations. Zig-zag, which is half-metallic, armchair, which is semiconducting [79]
and chiral, where it depends on the chirality. The wave vectors determining conduc-
tance depend on the length of the ribbon. The transverse channels are dependent
on the width and their total contribution to conductance of graphene ribbon scales
as a diffusive metal [61]. The shot noise to current dependence of graphene is also
that of a diffusive metal. Midgap states which are a result of graphene disorder can
enhance conductance emerging from evanescent waves [61] By modifying graphene’s
geometry, band-gap can be engineered at the Dirac energy and this allows for tun-
ing of graphene’s conductance. Modeling of the electromagnetic wave propagation
along a graphene nanoribbon can be done for a low-frequency regime where only
intraband transitions of the m electrons with unchanged traverse quasi momentum
are allowed. The transitions contribute to an axial conductivity along the ribbon

and not to the transverse conductivity [67].

Quantum hall effect
Graphene is a material that experiences quantum hall effect. In graphene, this effect
can be observed even at room temperature [42]. This effect takes place when a mag-

netic field goes perpendicular to the current flow. The current drifts sideways based
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on the Lorentz force. The ratio between the current flow and the voltage in the drift
direction is constant. The general quantized hall resistance is 25812.8 ohms, which
is a result of % The Hall conductivity ratio in graphene is 0., = — (%) (2n+1)
[80], which is the general ratio, with a half-integer shifted sequence of quantized

values, reflecting graphene’s Dirac-fermion-type dispersion.

Phonons in graphene

Phonons in the graphene sheet can create electon-hole pairs from the Fermi sea.
If phonon energy (determined by its frequency) is larger than twice the chemical
potential (u), real electron-hole pairs are created from the filled state of an energy
band of a carbon atom. This process "softens" the crystal lattice, which means
that the phonon reduces its frequency and the phonons dampen by loosing their
energy into the excitation. If the phonon energy (frequency) is smaller than twice
the chemical potential (Fermi energy EF), because electronic states near the Fermi
level are already occupied (Pauli principle), electron-hole pairs are not created from
the phonon. The phonons thus don’t get screened as much and the lattice "hardens".
Phonons then have a longer lifetime. Only virtual excitations can be generated here,

which leads to polarization [61].

Surface plasmon-polaritons in graphene

When an electron with high velocity enters a material, a portion of its energy can
convert to an electromagnetic field coupled with charge density oscillations. It is
called a surface plasmon polariton (SPP) and it propagates along the conducting
material from which it is excited and a dielectric medium [81]. In graphene, SPP
are supported with extremely small mode volumes [82]. These SPP can be used for

various light-matter interactions or broadband signal interconnection.

Screening effect in graphene

When an external electric field is applied to graphene, either by introducing a charge
on the surface of by applying an external field, electrons from graphene are attracted
or repelled the external field, which partially cancels the external field. This re-
sponse to reduce the external electric field is called screening. Pristine graphene is a
semimetal with a vanishing density of states at the Fermi level. Because of this the
linear Thomas-Fermi screening length diverges and long-range coulomb interaction
is not screened. The electron-electron is also not screened because of zero density
of states at the Dirac point [61]. With increased doping the coulomb interaction is

screened [61].
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Defects in graphene
Due to covalent sigma bonds, it is very hard for external atoms to replace the
carbon atoms in the graphene crystal [69]. However, disorders can be present in the
graphene:

o Surface ripples (deformation in the direction of a perpendicular axis to the

graphene plane)

» Topological defect (similar to grains)

« Structural defects (such as formation of n-tagons)

e Vacancies

o Embedded impurity atoms

o Cracks

o Edges

o Adsorbants (Van-der-Waals-force attached impurity atom or molecule)

e Thermal fluctuations
These disorders create localized charge imbalance that breaks the charge symmetry;,
increases scattering. Larger defects modify electron trajectories. Local density of
states are affected close to the impurities. Point defects, similar to impurities and
vacancies can create additional electron energy levels and this can affect conduction
of current though the lattice, if the number of point defects is significant. Local
charge density decays by 1/r% and local electronic density decays monotonically by
1/r? at large distances [61]. Some disorders change the angles between p, orbitals
and this changes the hopping energies between different sites. This leads to the need
to remodel the Hamiltonian for the graphene configuration [61]. Such a change can
happen when the graphene sheet is bent. Breaking the perfect electron-hole symme-
try around the Dirac points may lead to localized self-doping [61]. Self-doping breaks
graphene sheet charge neutrality also because of the zigzag edges of the graphene
sheet. Energy bands are slightly shifted in these areas. If the Fermi level stayed
at the original Dirac point energy, those bands would end up filled, which brings
additional charge in and this breaks graphene sheet neutrality. Graphene sheet re-
stores the charge neutrality across itself by globally shifting the Fermi level from the
Dirac point. This virtually unfills some bands near the Dirac point and balances out
the electrons near the edge of the graphene [61]. At the neutrality point, graphene
remains metallic [42]. Standard area of the graphene unit cells can be disturbed
by dilatation or contraction of the sheet. This disturbance changes local density
of electrons, which changes local chemical potential around the disturbed graphene
cells. Magnetic impurity (introduced by deposition or doping) changes Kondo res-
onance betweeen the magnetic impurities and the graphene’s electrons. Adsorbing
alcali metal atoms changes chemical potential of the graphene and adsorbing tran-

sition elements can lead to strong hybridization, which changes electronic propery
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of graphene [61]. Doping the lattice with d-electron and f-electron atoms changes
electron-electron interactions [61]. Ultra thin materials tend to be thermodynami-
cally unstable and stabilization for example by a matching substrate lattice may be
necessary. Decoupling, bending and stretching modes can stabilize these thin films
as well [72]. When graphene is suspended on a microfabricated metallic scaffold, it
has localized 7 electrons throughout the sheet. This leads to an assymetric distri-
bution of carbon-carbon bond lengths and this forces the graphene to minimize the
energy by rippling up to Inm in height and during this process graphene becomes
non-polar. These ripples in the suspended graphene are dynamic and are denser
near the graphene edges [72]. Ripples and wrinkles of graphene are thus a com-
mon source of disorder. Some of these defects are totally unwanted for gas sensing
applications and some (such dopants) are deliberately introduced to functionalize

graphene surface and adjust its adsorption properties for gas sensing applications.

2.4 2D materials for chemical sensing

Extraordinary properties of graphene lead to the research of other 2D materials that
might be usable for gas sensing. These chemical sensors may detect gas molecules,
but solid particulate detection and even detection of bacteria or other biomolecular
systems are in this category. More over, these sensors may have their transduction
based in optics, electrochemistry, temperature or gravimetrics [13]. Chemical sen-
sors based on 2D materials are primarily chemiresistive, which are in the category
of electrically-transduced sensors. Other way of electrical transduction is piezoresis-
tive [83]. This thesis is focused on electrical transduction method and gas sensing
usecases. Sensing of the gas molecules can be usually done via adsorption, which
is further categorized into chemisorption and physisorption. Chemisorption occurs
when an analyte binds to the sensing surface and forms a chemical bond. Physisorp-
tion occurs when the analyte binds to the sensing material by Van-der-Waal’s force
or dipole interaction [7]. Chemisorption is a slower process than physisorption and
it often requires more energy. According to first-principles density-functional the-
ory, gases that experience chemisorption to graphene are CO, CO,, Oy, Hs, and
NH;. Physisorption experience No, HoO and HyS [84]. This sensing process can
be a funcion of conductivity, work function or electrical permitivity and can be
transduced as a change in capacitance, resistance or inductance [13]. Magnitude,
frequency and phase of the measured quantity can provide the insight into the
sensing event. Materials that have been discovered and are relevant to chemical
sensing include graphene, phosphorene (Figure 2.19), hexagonal boron nitride (h-
BN), transition metal dichalcogenides (TMDs), layered metal oxides (MoOs3, SnO,),

2D metal-organic frameworks and covalent organic frameworks. These materials
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are used for an active (sensing) layer for an analyte and they are interfaced with
electrodes that can be under the sensing material [85][86][85][23] or over the sensing
material [87][88].

Fig. 2.19: 2D material - Phosphorene. Fig. 2.20: 2D material - Molybdenum

disulfide. The turquoise colored atom is

molybdenum and yellow is sulphur.

2.4.1 General advantages of the 2D materials

The most common advantage for 2D materials in comparison to others is their large
surface-to-volume ratio, which provides direct interaction with all or most of the
atoms of the sensing material with the analyte. This infers, that the sensing mate-
rial could detect most of the interactions of the sensor with the gas, which increases
sensitivity. Another advantage is the ease of surface functionalization. The goal of
electrically transducing sensing element is to easily receive the analyte of choice in
a way that would change its electrical conductivity in most cases. The analyte must
be able to easily bind with the sensing 2D element and for that, the sensing element
must have binding sites available. Many 3D materials by themselves have binding
sites for the analyte. Binding sites on graphene are visualized in Figure 2.21 It can
be seen that the edges have electrostatic field around them and this field creates sites
that the analyte can bind to. The surface of the graphene however, is not that reac-
tive [89]. The binding sites depend on the hybridized nature of the atomic orbitals
around the sheet. For example, graphene has 7 orbitals available per each carbon
atom. Each phosphor atom of phosphorene can potentially function as an active
site [13]. In cases where the surface itself does not provide an electrostatic config-
uration for binding the analyte, since the electrostatic configuration of the sensing

layer depends on the orbital configuration of the atoms the sensing layer is made of,
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there are ways to modify the atomic structure of the sensing material to allow for
new binding sites. Graphene can be easily functionalized. Functionalization can be
performed by introducing various defects in the lattice of the 2D material. Vacancy
defects break the symmetry and atoms around the defect rehybridize. The new hy-
bridization configuration may allow for better analyte binding. Surface oxidization
introduces many new binding sites [90]. Process called decoration which introduces
mainly metal particles onto the surface of 2D materials provides active binding sites.
Performance of the sensing layer is mainly dictated by its band gap [13] between the
valence and conduction band. Presence of a band gap decreases the initial conduc-
tance of the sensing element and improves the signal-to-noise ratio. This bandgap
can be tuned using functionalization [79] and in graphene a bandgap is introduced by
breaking its crystal symmetry. Many of the 2D materials have thickness-dependent
bandgap. This is why the semiconducting tendency and a band gap that can be

modulated are advantages of specifically 2D materials.

Fig. 2.21: (A) Electrostatic potential around pristine graphene terminated with un-
known molecule. (B) Electrostatic potential of a pristine graphene with one phos-
phorus dopant. Negative electrostatic field creates a binding site for various analytes,

primarily with molecule with positive electrostatic field. Figure adapted from [91]

Contacting the active layer

Generally, a sensing material of an electrically transducing sensor is not directly
integrated into the evaluating circuitry and is rather provided as a standalone block.
Usually, the sensing layer is interfaced via electrodes, which are in most cases from
a different material, like gold or platinum. Flexible sensors (not necessarily based
on 2D sensing material), can have other electrodes, such as silver pads with reduced
graphene-oxide [92]. The problem when interfacing two different materials is the
broken crystal symmetry at the interface. Namely, each metal has its work function,
which denotes a minimum energy required to remove an electron from the surface
of the metal to a point in vacuum just outside the metal. When two materials

with different work function are connected together, the electrons tend to flow from
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the metal with lower work function to the one with higher work function. This
creates a voltage at the metal junction. When a metal and a semiconductor are
in contact, their difference in work function creates a barrier, which lowers the
transport of charge carriers between the materials, because not all of the carriers
have enough energy to jump up the barrier when going in the direction of the barrier
[13]. Semiconductor side of the junction can be doped by impurity dopants or by an
electric field perpendicular to the graphene sheet [93]. This doping modulates the
Schottky barrier [13]. A bias voltage applied to the can bend the barrier lower from
the semiconductor side, but the barrier from the metal side does not change and
this forms the Schottky barrier, which conducts the charges for one bias polarity,
but not the other [13]. Even analyte adsorption can modify the Fermi level of the
semiconductor and alter the work function, which leads to the modulation of the
barrier height. Electron donor and acceptor modulates the barrier in the opposite
direction [13]. This effect is mainly present in semiconductors such as MosS, and the
a sensor can be built on this principle and it is called a junction-controlled device
[13]. Electrode and sensing material interface’s primary function can be a simple
ohmic contact. This junction has a negligible modulation of the Schottky barrier
and the effect on the conductance is neglected. When graphene is used as a sensing
layer, its interfacing type is ohmic contact. When graphene is transferred onto pre-
patterned electrodes, the Cu electrodes contact resistance can have a range 1.25 +
1.54 KQ. Resistance of Au electrodes can have resistance of 30 £ 10 © [94]. The
electrodes have significant resistance in the spectral domain and are a contributing
factor to flicker noise [95]. For graphene, the electrodes themselves, according to
density functional theory act as a dopant. The metal electrodes that weakly bond
onto the graphene, like gold, copper, platinum or aluminum can raise the Fermi level
of graphene by up to 0.5 eV and they preserve the graphene band structure [96].
High-work function metals relative to the work function of graphene (~4.5 eV) [96]
like silver or titanium pull electrons from graphene, thereby P-doping it and low-
work function metals like silver and titanium push electrons into graphene, thereby
N-doping it [94].

2.4.2 Phosphorene (black phosphorus)

Black phosphorus is made up of P, atoms that forms sp® bonds with bond angles
96.34°and 103.09°[97]. This material is similar to graphene, because from a top
view, the atoms are arranged in a hexagonal lattice. It is produced by mechanical
or liquid exfoliation under high pressure. Phosphorene is the most stable allotrope
of phosphorus [97]. Monolayer of phosphorene exhibits a direct band gap of up to
~2.0 €V. The bandgap of phosphorene depends on the thickness of the stack where
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phosporene layers are placed on top of another. By stacking the sheets of phos-
phorene on top of one another, direct bandgap can be modulated from 1.51 eV to
0.59 eV [13]. The thicker the stack, the more redshifted the trasmitted light is.
Carrier mobility inside phosphorene increases smoothly with an increasing number
of layers up to a thickness of 10nm, exceeding 1000cm?V-'*! [97]  which is com-
parable to graphene. Phosphorene works as a sensing layer because gas molecules
get physisorbed on the surface using van-der-Waals forces, which changes phospho-
rene electronic properties [35]. Because phosphorene has a puckered surface, many
adsorption sites are available on its surface. An NO, sensor based on few-layer
phosphorene FET was created with surprisingly high sensitivity (Figure 2.22). This
sensitivity was attributed to the fact that phosphorene’s out-of-plane conductance
is lower than the in-plane conductance. Also, high adsorption energies of NOy to
phosphorene may increse sensor’s sensitivity [25]. A nanoribbon of phosphorene can
be functionalized by the following groups: H, F, Cl, OH, O, S and Se [13]. Biggest
challenge of practical phosphorene application is its tendency to form phosphoric
acid spieces in the presence of moisture. To overcome this issue, the phosphorene
surface must be coated or decorated to prevent chemical degradation in ambient
conditions [13].
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Fig. 2.22: Conceptual material compo-  Fig. 2.23: Relationship between a drain
sition of a phosphorene sensor. This is  current and voltage at various gate volt-
a field effect device with heavily doped ages. Linear relationship means the elec-
silicon as a gate. Phosphorene layers are  trodes are of an ohmic contact type. In-
stacked on top of another and are inter-  set figure shows a change of drain cur-
faced with an electrode. Figure adapted rent constant drain voltage and chang-
from [25] ing gate voltage. Figure adapted from
[25]
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2.4.3 Transition Metal Dichalcogenides

This is a whole family of 3D materials. TMDCs are composed of a hexavalent tran-
sition metal ion and a divalent chalcogen (Sulfur, Selenium, Tellurium). Commonly
researched materials that fit into this category are HfSy (insulator), MoSs, WSs,
ReS,, ReSey (semiconductors), WTey, TiSey, PtSe,y (semimetals), NbSy, TaS,. The
most popular of them is MoS,, visualized in Figure 2.20. They can be synthesized
both by mechanical or liquid-phase exfoliation, which is a top-down approach, or by
chemical vapor deposition (CVD), a bottom-up method. Exfoliation provides higher
purity samples than CVD [98]. This family of materials is a competitor to graphene
because materials in TMDC category has intrinsic direct bandgap. Monolayer of
MoS, is a direct bandgap semiconductor [98], however it has much lower charge car-
rier mobility compared to graphene. Intrinsic structural defects may be the cause,
because electron hopping happens in defect-induced localized states [98]. Sulfur
vacancies in MoS, introduce localiyed donor states inside the bandgap. Nearest-
neighbor electron hopping happens utilizing these donor states, especially at high
temperatures. In pristine MoSsy, the electron density is periodic in space and trans-
port is band-like [99], but in defective MoS, the electrons are localized near the
defects and the transport happens through hopping [99]. Figure 2.25 visualizes this
effect.
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Fig. 2.24: A conceptual view of a single-  Fig. 2.25: Visualized electron transport
layer MoS, sensor. Figure adapted from  in perfect a and defective b MoSs lattice.
[98] Figure adapted from [99]

As a sensing layer for gas detection, TMDCs can exploit Schottky barrier mod-
ulation effect, for example by adsorption of NO, and HNj3 gases to the active layer,
that is interfaced with Ti/Au electrodes. NOj increases the barrier and thus the

contact resistance and NH3 decreases it. Schottky barrier modulation can be used to
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increase sensor sensitivity to compatible analytes [35]. Gas sensors with structures
from TMDC category have been experimentally made to sense NO,, NH3, H5O,
TEA, Acetone, Toluene, CH4 and some others. Response time tends to be about
30s, but recovery time of some sensors is of more than 10 minutes [35]. Single-
layer MoS, behaves differently than multilayer stack. In an experiment, single layer
showed a fast but unstable response and multilayer (2-4 layers of) nanosheets showed
much better performance [100]. MoS, sheets can be also aligned vertically between
the electrodes to increase an exposure of the environment to the edges of the sensing
layer, which is more reactive than the flat periodic surface. When the whole surface
is composed of the edges of the vertically stacked sheets, with a 15nm width the
response can be 5 times greater than that of a Inm thick film for NO, detection.
The NOy molecules have a high adsorption energy and this sensor has still long
recovery time when Ny purging [101]. The surface of dichalcogenides can also be
functionalized with compatible elements including Ag, Pd, Pt, Sc, Y and Au [35]
, which dopes the sensing layer, modifies the response of the active layer and thus

favors adsorption to some analytes.

2.4.4 Graphene 2D materials for gas sensing

Electrochemical sensors based on graphene have been investigated probably the most
so far, because they provide direct electrical response to the sensing events and they
have low resistivity and electrical noise [13]. Ambipolar character of graphene is
viable for sensing both electron withdrawing and donating groups of analytes. Zero
rest mass (Dirac fermions) property of graphene may also be useful in gas sensing
[90]. Electrical noise of graphene can be pushed to the thermal noise limit and
thanks to this, the limit of gas detection can be very low [35]. Because of the
metallic conductivity of graphene, it has low Johnson noise (noise due to thermal
agitation of charge carriers [102]) and it exhibits low levels of 1/f noise due to its
high crystallinity [13]. Graphene is a very versatile framework for gas sensing. It
can be contacted by vertical carbon nanotubes [103], can be used as electrodes
for other sensor architectures [24], it can be doped by nitrogen (n-doping, shifting
fermi energy upwards, adding electrons) or boron (p-doping, shifting fermi energy
downwards, adding holes), it can be covalently bonded by aryl groups, alkyl chains,
organic azides, various aromatic molecules via m — 7 stacking, it can be decorated
by metal atoms (Au, Ag, Pt, Pd, Rh), graphene oxides can be attached to graphene
(SnO9, Mn304, Co304, TiOs, Zn0Oy, ..), quantum dots can be attached to it (CdSe,
CdTe, PbS, ..), functional polymers and DNA, proteins, enzymes, peptides and so
on can be be wrapped around or adsorbed to graphene [104]. Here, the three main

derivatives of graphene for gas sensing are introduced:
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Pristine graphene

This is the most elementary and clean form of graphene. It is a hexagonal pure-
carbon structure without any defects. Pristine graphene can be produced by solution-
phase exfoliation from graphite, chemical vapor deposition, organic synthesis-based
methods, epitaxial growth and by micromechanical cleaving (famous Scotch tape
method), which produces highest-quality graphene [13]. Pristine graphene experi-
ences zero band-gap at its Dirac points [42]. The conductance in undoped pristine
graphene is expected to be at the minimum [36]. Its surface is chemically stable
[105] (or inert [23]) and its sensitivity to many gases is lower than the sensitivity of
a functionalized graphene. Chemical reactivity is higher at the graphene edges than
on the surface [104][89]. Investigated gas molecules (CO, NO, NOy, NH3) adsorp-
tion on pristinge graphene show low adsorption energies and little charge transfer
[106]. SOy and HyS adsorb weakly on pristine graphene surface as well [13]. This
may be concluded as unmodified graphene being a non-ideal material for gas sens-
ing [106] or as graphene being easily recoverable by easy analyte desorption [36]
and with rapid response [13]. Pristine graphene can detect even one molecule [20],
but only under specific conditions. Measurements using Hall effect can provide the
strongest response to a change in carrier charge carrier density near the dirac point
[36]. Pristine graphene should be able to detect an analyte at concentration as low
as 158 parts-per-quadrillion (ppq) [107]. Due to low adsorption energy of a partic-
ular molecule onto graphene, such as Hs, the detection remains challenging even at
high analyte concentration. Pristine graphene tends to have a resistance of about
3kQ2/0 and thermal annealing can shift the Dirac point down to 54V and heav-
ily p-dope the graphene, which greatly degrades graphene mobility [23]. Pristine
graphene may produce a signal reversing effect during gas measurement. Epitaxi-
ally grown graphene was n-doped by the SiC substrate. At low NO, concentrations
the graphene conductance decreased after gas adsorption. At high NOy concentra-
tions however, the graphene conductance increased. Authors attribute this effect to

dynamic N-P type shift of the material during sensing NO, [108].

Graphene oxide

The main modification a surface of graphene can have is its oxidation. When pristine
graphene is exposed to a strong oxidizing agent (highly acidic environment [13]), an
oxide layer is formed on top. This produces graphene oxide, which is a graphene
sheet with many oxygen-containig functional groups [13]. These groups are for
example epoxide, carboxyl, hydroxyl, carbonyl,.. groups and they are mostly present
on edges and basal planes of an oxydized graphene [109]. Usually, graphene oxide

is a product of graphene synthesis, rather than modification of a pristine graphene.
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Hummer’s method is used to make graphite-oxide. When graphite is oxidized and
put into water, graphene oxide layers exfoliate into the water because of negatively
charged oxygen that are on the basal plane and edges. Graphene oxide is studied
in the field of gas sensing because of its ease of functionalization, especially by
positively charged molecules [35]. This material is however an insulator (or less-
conductive than pristine graphene [35], or it shows high resistivity [110]), because
graphene oxide is bound with the original sp? C-C bonds too many times. To increase
the conductivity of graphene, some oxygen is stripped away from graphene surface
through a reduction process. The ratio of carbon to oxygen molecules on the surface
of the sheet can range from 1.98:1 to 2.5:1 with sources [111] and [112] respectively.
Graphene oxide is made also to break the zero band-gap property of the pristine

graphene, which tends to have a negative effect on gas sensing applications [110].

Reduced graphene oxide

It is difficult to fabricate gas sensors based on pristine graphene with high sensitivity.
There are even some research inconsistencies on the making and properties of pris-
tine graphene sensors, which lead to research of another framework for gas sensing -
reduced graphene oxide [113]. Graphene oxide (GO) can be reduced by various re-
duction methods [109] including an exposure of graphene oxide to hydrazine vapors,
or to hydrogen plasma [105]. Sluggish and irreversible recovery in sensors based on
reduced graphene oxide are a problem because polycrystalline and cracked struc-
ture of rGO reduces graphene conductivity [114]. Some graphene oxide (multilayer)
flakes can have a resistance on the order of 10°Q2/] and can be reduced by thermal
annealing (further reduction) to an order of 40k$2/(J. Thin films made of solvent
exfoliated graphene have resistance of about 6k{2/J and can be reduced by chemical
doping to 50€2/0J [105]. Reduction of graphene oxide affects both the sensitivity and
the level of 1/f noise. The more the layer is reduced, the lower the 1/f noise [28].
Oxygen functional groups act as high-energy binding sites and the reduced pristine
portions of graphene surface allows for low-energy binding sites. Fast gas response
is when the analyte uses low-energy site and slow response is when the analyte uses
high-energy site [90]. Reduced graphene oxide can be used as a base platform for
many sensor varieties. It can be decorated with polymers, metal particles, or other
structures, as it graphene oxide and pristine graphene counterparts. The advantage
of rGO is that it can be functionalized with relative ease [36]. PPy, PANI and PPD
are popular polymers used with rGO and they have been used to detect mainly NHj
and NOs [90] Proportion between carbon and oxygen can vary from 3:1 to 10:1 [2§]

based on the exposure time to a reducing agent.
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Sensor characterization

Goals of this thesis include:

Describe the mechanism of sensoring

Study mechanism of operation of graphene-based sensors

Measure their electrical characteristics

Study changes in resistance of the sensing layer in the presence of various
liquids and gases

Study noise signals during the presence of various liquids and gases

Analyze effects of sensor geometry and propose possible optimization

Propose definitions of conditions for sensor reliability testing

Goal 1 is covered in chapter ”State of The Art”, Physical background of point

2 is covered in section "Advances in graphene research” and theory is covered in

chapter "Gas sensor measurement”. This theory is composed from multiple research

papers, reviews and online published articles. It is written to span the field of gas

sensing well, including new technologies, methods of sensing and findings. To fulfill

points 3 through 7, it is necessary to study the graphene reaction to various chemical

environments. Sample array of graphene sensors has been obtained from Graphenea

company.

3.1 Visual analysis

Ly

= & we200pm, ™
g e eteom’.”s

Fig. 3.1: A photo of the graphene sensor array used for experiments in this thesis.
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Fig. 3.2: Recreated vector form of the sensor array. Yellow color is gold and gray is

a silicon oxide.

The die is pictured in Figure 3.1 and its vector reconstruction is in Figure 3.2.
It appears, that the die was first sliced with a saw to about 2/3 of the depth and
then it was broken off.

Many of these sensors are contacted using Hall-Bar geometry. Use of this geom-
etry allows for contact resistance elimination. Constant current is injected on two
terminals and voltage is sensed on the other two. Carrier density can also be de-
tected using this geometry. Options for measurement on these samples are shown in
Figure 3.5. The bottom surface is heavily doped silicon which acts as a gate for the
graphene sheets, effectively creating a field-effect transistor structure. The gate is
visualized in green color in Figure 3.3. This gate can be used for electrical graphene
doping (shifting the Fermi level of graphene away from the neutrality point). This
effect directly affects graphene conductance.

Graphenea datasheet for our graphene samples shows the following parameters
expected:

o Field-Effect mobility: >1000cm?/V-s

o+ Residual charge carrier density: <2 x 10*? cm’

e Dirac point: 10-40V

o Yield: >75%

2
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Au (50nm) Pristine Graphene
Cr (2nm} Sio, (90nm)

Si (675nm)
p=1-10Q - cm

Fig. 3.3: Thickness of various layers in the tested Graphenea samples.

o Maximum Gate-Source voltage: 50V

o Maximum operating temperature: 150°C

¢ Maximum Drain-Source current density: 107 A /cm?

Manufacturer recommends not to sonicate the chip and not to expose graphene
surface to strongly oxidizing agents. Graphene was grown on a base lattice using
chemical vapor deposition and was transferred using a ploymer. Graphene has been
patterned using photolitography. A layer of chromium and gold is deposited onto

the silicon oxide and graphene to make contacts.

Fig. 3.4: Working principle of the hall-bar sensor. Due to the Lorentz force, the
electrons as charged particles are pushed to one side of the geometry, based on
the orientation of the external field. This electron concentration difference can be

measured as voltage.
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3.2 Gas sensing using sample sensors

Graphene sensors obtained operate on a chemiresistive principle in current domain
and on a voltage-change principle in the spectral domain. This means, that as gas
adsorbs on the surface, the cause and effect can be traced from the adsorption of
the molecule onto the surface, to the change of conductance between the points of
measurement. If many gas molecules adsorb onto the graphene surface, if graphene
is measured under right conditions, cause of the adsorption process is possible to
be traced to the voltage changing at various frequencies, which may also be traced
from the spectral measurement down to the gas that was adsorbed. The whole art
of designing a proper gas sensor is to understand the physical model as much as
possible and from this understanding one should be able to design such a sensor,
which minimizes the influence of unwanted effects onto the measured quantity and
maximizes the desired effect. The measured quantities in this case are the two
mentioned - change of conductance and change of voltage in the spectral domain.
The fact is, that from the current understanding of physical model of reality, focused
on graphene sensors, there are many causes and effects that affect these measured
quantities. Great care has been put into finding as many effects as possible and

these effects are shown in Figure 3.6.

2-Probe measurement 4-Probe measurement Hall-Bar measurement
i B i
1 @ T
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Fig. 3.5: Samples used in this thesis can be measured using various methods. Gate

connection is optional and it will influence the measurement.

28



h 1

Quantum confi it Conduction

Mechanical strain —— Inter. ic distance /
(Substrate-Graphene trapped charges)—» Electron/Hole puddles — Local ing sites
Substitutional doping | f
Substrate Optical Phonons Scattering channels —— Carrier mobility
(Solid contaminants on graph ) /
(Charged impurities on/near graph ) Long-range Coulomb scattering -

Edge disorders Back-Scattering

Plasmonic Hot-Electron injection

Gate voltage d

PINg

Analyte gas adsorption

/ Electron donation —__

. Doping
Other gas adsorption _/ T N Electron withdrawal /
Pressure ‘ ‘

Change in carrier density

A

Aerosol

Change of conductance

Solid particle fall

(Chemical functionalization)

Doping from contact | ————

External charges/polarized media —|

Local -

Temperature

?\

ool - Lattice vibrations — Electron-Phonon scattering Mean Free Path
Joule heating /

Photodesorption ——— = Dedoping

Adsorbate transi ttaching/detaching

—» Stochastic capture & release of carriers —\: Fluctuation —
Scattering centers
Screening effects ——— > Transport

Electron-Electron interactions

~ = Electron-Electron scattering —/
Heating electron cloud 4

(Quantum tunellim\* Electron-Hole pair

Contact degradation over timlfe — = Contact barrier Desired causes
Non-desired dynamic causes
[[] Non-desired static causes

Phot itation

(Difference in contact work function

h 1 1 d

Gr 11 1ce p change /

P P

Fig. 3.6: Based on our current understanding of physics and the ability to model real
world, this is an exhaustive, but not complete and not fully correct list of physical
phenomena that influences the desired measured quantity. All other causes must
be minimized, or at least understood, to be isolated. Fortunately, some of these
undesired causes have a very small influence to the measured quantity. Causes with
a blue border have fixed type of effect on the measured quantity and causes without

a border change based on some other input to the system.
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Ideal measurement setup

To properly address this complex system, a proper testing apparatus must be created
in order to isolate the undesired effects and quantities and focus on the research of
the desired ones. Here, a rather ideal testing apparatus is proposed to use the full
potential of the graphene samples. The apparatus is visualized in Figure 3.7 and it

should be able to allow the detection of single molecules on the graphene surface.

EMF Shielded chamber YV Laser (helps desorption

+—Gas l Y\

valve

| valve
,—Seal|l  Turbo
Molecular
|¢—Gas sen. Pump

|
Gas sensor (for ref.) Hall bars & leads
QQ M t (Hall Effect)
agnet (Ha ec

Heat (helps desorptlon) — Gate lead (Field effect)

Fig. 3.7: This apparatus would provide good ability to test various graphene sensors.

It supports portability, injection of various gases, vacuum, laser-aided desorption,

2, 4 or 6-probes measurement, hall effect and other advantages.

Actual setup

The proposed theoretical setup, although realizable, was not created for time and

financial reasons. Instead, a more simple configuration was designed for the sensor

testing, consisting of:

Witec Alpha 300R: For raman surface characterization. It is useful to see if
the graphene is intact or damaged and it provides an insight into the atomic
composition of the surface. It is a non-destructive method of measurement.
TESCAN LYRAS3 FIB-SEM: Scanning electron microscope to see the mi-
crostructure of the sensor surface and to see possible defects on the sample.
Signal Recovery model 5184: A 1000x gain (60dB) 0.5Hz to 1MHz ultra-low

noise preamplifier used to amplify the noise from the sensor.
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o PA15 preamplifier: <2/nV/v/Hz preamplifier, 3Hz to 1MHz with 100x gain
(40dB) to amplify the noise from the sensor.
o Agilent 35670A: Dynamic signal analyzer is used to detect and measure the
noise in spectral domain
e Ramsey STE3300: A microwave shielded chamber with > 100db shielding
from 20MHz to 1GHz waves and with decreasing shielding as the frequency
goes up. This chamber encoses the tested samples for isolation of external
radiation that would influence the measurement.
o Agilent U1252A: Handheld voltampermeter for quick measurement of batteries
and resistors used in the measurements.
These instruments allow for an acceptable scientific measurement of volt-ampere
characteristics and noise spectrum. The equipment shown above was combined in
several ways to make testing rigs for various measurements. They are all mentioned

below the sample preparation section.

3.3 Sample preparation and checking

Arguably the most important step in measurement is proper sample preparation,
because when the samples are damaged during this step, all the measurements are
spoiled. Also, it is good to know good practice of samples preparation, before start-
ing to work on the sensors obtained, as experimentation decreases the yield and
these sensors are not cheap. This is why this section provides documented proce-
dures and discussion of sample preparation. As mentioned beforehand, Graphenea
sensor array was obtained. These sensors have small contact pads that are suitable
for direct micrometer probe connection, but for practical reasons of further mea-
surements, it is desired when the volume of the whole sensor with its electrical leads
is less than 1dm?®. For this purpose, the sensors were cut. The machine used for
cutting was Laser dicer Ozford Lasers A-Series. Because laser cutting creates a lot
of tiny shards-like partices, the sensor array is coated with a protective polymer.
Then the machine can start cutting. This machine was able to cut the section of
these sensors, but from the subsequent electron microscopy it was concluded that
the heat produced from the slicing process damaged the polymer and thus the sen-
sor. This process in not desirable, however it proved that the sensing surface was
still operational. Figures 3.8a and 3.8b show the sensor after laser dicing.

It is very possibly the protective polymer that got burnt on the sides of the
sensor. This polymer also cracked at various places on the surface, as seen in Figure
3.8b. At the time of scanning using the microscope, the polymer was not removed
and to penetrate the top polymer layer, voltage of the electron beam had to be

risen to 20kV. Figure 3.9 shows the sensor under an optical microscope. The glossy
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8 x  Date(m/dly): 12/19/23
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View field: 4.05 mm Det: BSE 1mm
SEM MAG: 137 x  Date(m/dly): 12/19/23 Dep. of Physics, FEEC, BUT

(a) Top view under SEM (b) Pattern of the more complex sensor

Fig. 3.8: Both sensors under an electron microscope. The surface is not so visible

because there are burn marks and contamination.

polymer is visible on the whole surface. This polymer was exposed to sonication
process at the temperature of 60°C under acetone and isopropylalcohol. It couldn’t
be cleaned using these chemicals. A physical method of cleaning was therefore
tested. The sample was submerged into an ethanol solution and it was scratched
by an iron tool. This very effectively released all the coating under a weak pushing
force. Flakes of polymer were then removed by flushing them with ethanol and
this process left a nice surface. The graphene area was avoided to prevent damage.
Wood is a better alternative to iron and it removed the sediment only by directly
pushing into it. This method is more gentle to the golden layer. Cleaned sensor is
photographed in Figure 3.10. It was later discovered that this process may still have
destroyed the graphene layer, as this particular sensor after bonding was showing
open circuit. Analysis of this coating is still a task, as well as its proper dissolving
to achieve a clean surface without affecting the graphene portion. This problem is
not addressed in this thesis anymore.

Several sensors were diced in this way and for their proper handling, a custom
PCB design was made. This PCB was designed to contain minimal amount of small
surface-area inter-metallic connections. The PCB making process is shown in Figure
3.11. The sensor was then glued by a metallic paste, which hardens at 110°C. Sensor
was then bonded by HB16 - Semi automatic wire bonder. Recipe: Bond1 - US 340,
Time 230ms, Force 350mN; Bond2 - US 440, Time 320ms, Force 430mN. Bond 1 is
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Fig. 3.10: Sensors with removed contamination.

on the chip pad and bond 2 is on the PCB. The bonded sensor is shown in Figure
3.12 and the finished sensor ready for measurement is in Figure 3.13. This sensor

PCB allows for easy probe connection and disconnection using U.FL connectors.

Fig. 3.11: Process of creating a custom PCB for sensor handling. First a photosensi-

tive layer was laminated onto a one-layer PCB. An image of the design was exposed

and developed.

This way a sensor was prepared and as it has been noted before, this sensor piece
got damaged. There were several other sensors prepared by a less sophisticated
method. Pieces diced by the laser were glued onto a ceramic silver-plated base and
they were bonded by a silver wire (Fig. 3.14 a, b). The whole graphene sensor array
was glued onto the PCB and was bonded to the available contacts (Fig. 3.14 c).

Information about these sensors are shown in Table 3.1. Both the sensor array and
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Fig. 3.12: Bonded sensor Fig. 3.13: Sensor ready for measurement

the diced pieces were operational and the test results on these pieces are provided

below in the experimental section.

Fig. 3.14: All the sensors used in testing. Top sensor in a) is S5, bottom is S6.

Sensors in image b) are listed from top to bottom as S1, S2, S3, S4. Sensor in ¢) is
VID and the sensor in d) is HR.



Sen. num. in thesis | Internal naming | Has polymer | Graphene W | Graphene L
S1 #1A1 YES 50 40
S2 #1A2 YES 40 50
S3 #1B1 YES 50 30
S4 #1B2 YES 50 30
SH #2A1 YES 50 80
S6 #2A2 YES 100 30
ST VID NO 50 30
S8 HR NO 50 30

Table 3.1: Information about sensors used in testing. First column indicates the
naming used in this thesis in the experimental section. Internal naming is listed for

the author’s reference.

3.4 Experimental section

In this section, all the procedures, experiments performed and conclusions are listed.
Various sensors were used in these tests and several parameters were analyzed. This
is why each measurement kind is placed in its own section. All the measurements
were performed at room temperature, shaded or no light, relative humidity of about

67%, 0T of magnetic field and under no gate voltage.

3.4.1 Raman spectroscopy

To see the quality of the graphene samples, several samples were analyzed under

Raman scattering. Raman spectroscope fires a laser at every point of a 2D plane

and a CCD sensor captures the scattered light. This scattered light is shifted from

the original wavelength. A sample in Figure 3.13 was tested for graphene defects

under raman spectroscopy and the results are shown in Figures 3.15 and 3.16.
Peaks for carbon were found at delta 1593 and 2681.93.

Peaks for silicon were found at 526.0 and 974.7.

Conclusion
From the measured data it can be concluded that graphene layer is heavily damaged
and this sensor is not suitable for measurements. It has been discarded and the other

measurements are done with the other sensors.
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Fig. 3.15: A composite image made up of imaged piece with isolated color change

due to grapene being somewhat opaque. A green square shows a result of a spectral
filter applied to the carbon band. The inner green square shows which point was
chosen to display the measured spectrum. Red mesh shows where the graphene

should be, but it is missing.
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Fig. 3.16: A refracted spectrum of one point in the 2D data capture. Small green
square in Figure 3.15 shows the selected point. Blue strip is a spectral band filter
applied to the data sample. It colors the 2D image based on the intensity of the
wavelength passed by the filter. Current filter is at 2681.93, with the width of 50

units.
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3.4.2 VA Characteristics and resistance measurement

Goal of this measurement is to know the resistance of the sensors with a polymer,
exposed to the air for a long period of time (> 1 week) and to see the influence of

the graphene width and height on the sensor resistance.

Fig. 3.17: Volt-Ampere characteristics of the sensors with polymer coating. The

current limits was not triggered for any of the sensors.

In theory, if the graphene channel has its constant resistance per [, the resis-
tance of the channel with varying width and height should be computable by the

formula 3.1, where R; is the resistance per [.

L
R=R,- (W) (3.1)
Sen. num. in thesis | Resistance (Q) | (R, £2/0)
S1 48074.15 60092.69
52 802.03 641.62
53 958.91 931.52
54 990.86 984.77
S5 1413.08 383.18
S6 769.86 769.86

Table 3.2: Resistance of the sensors coated with a polymer. R, should ideally be

constant.
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Conclusion

In theory the Ry values in table 3.2 should be constant. The resistances of these sen-
sors are widely different. This can be caused by damage to the conductive channel
in case of S1 and the variation in the other sensors may be caused by the poly-
mer interacting with graphene layer, or by adsorbants on the surface from possible

previous exposures.

3.4.3 VA Characteristics under light and gases

Resistance of the samples may change on certain external influences, such as light
or gas. This experiment was performed to see if a change in gas exposure or light
changed the resistance at various voltages. VID sensor was measured under a shade
from the ambient light, subsequently an iphone 13 pro max torch at full brightness
was shined 12cm away from the sensor. Then, concentrated acetone-air vapor was
slowly blown onto the sensor. Then, air was blown onto the sensor, until the sensor
settled to about 975¢). Then a concentrated ethanol-air vapor was blown onto the

sensor. Results of the VA characteristics are shown in Figure 3.18.

Fig. 3.18: Volt-Ampere characteristics of one sensor under various environmental

conditions.

Sensor Condition Resistance (Ohms)
VID Shaded light 975.47
VID Light d=12cm 975.03
VID | Blowing Ethanol 984.09
VID | Blowing Acetone 984.95

Table 3.3: Resistance values for VID sensor under different external conditions.
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Conclusion

Table 3.3 shows the highest resistance of all without a light. This is a proper
value for the sensor. Excitation of the sensor by light decreased the resistance
very slightly. This decrease should be larger and the reason for the small decrease
is unknown. Ethanol and acetone increase the resistance of the sensor, which is
theoretically correct, as ethanol and acetone may have P-doping effect on graphene
surface, which may be N-doped by external sources, effectively decreasing the free-

carrier concentration.

3.4.4 Swept sine measurements

Devices may respond to time-varying phenomena. Graphene sensors may respond
to oscillating voltages in the range from 1Hz to 50kHz. Agilent 35670A was used
to produce the sine-waves at a defined amplitude and it also detected the response.
Phase and amplitude of the returned wave can be measured. In this case, phase shift
was not investigated, only the amplitude of the sensor’s response. Experimental
setup is shown in Figure 3.20. Analyzer was configured to an up sweep direction,
100 frequency increment, 200 PNT/SWP units of resolution, linear spacing, auto
sweep mode and 0.5s of integration time (0.5s used when mentioned). VID sensor

was used in this measurement.

L;);‘I» &

Fig. 3.19: Measurement setup with a computer on the left controlling the analyzer.

69



Influence of the following variables was tested using swept sine:

e Opened or closed shielding chamber

« Reaction of the sensor to acetone and isopropylalcohol (IPA)

« Various sine amplitudes (voltages)

The measurements without an integration time were performed 10 times. Their
character is shown in Figures 3.21 and 3.22. Picture of the experimental setup is

shown in Figure 3.19.
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Fig. 3.20: Dynamic signal analyzer’s output is connected through the shielded cham-
ber interface directly to one side of the sensor. The other side of the sensor is
connected to the channel 2. Source outputs the sine wave and channel 2 reads the

measurement. The chamber can be opened or closed.
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Fig. 3.21: 10 individual measurements of a sensor inside a closed shielded chamber
(box), in air (no analyte), with 0.005V peak to peak. Each line represents a distinct

measurement.

Fig. 3.22: 10 individual measurements of a sensor inside a closed shielded chamber
(box), in air (no analyte), with 0.5V peak to peak. Each line represents a distinct

measurement.

Fig. 3.23: Averaged values of all swept sine measurements. Saturated are measure-

ments performed in a closed chamber.
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Fig. 3.24: Averaged values of all swept sine measurements. Saturated are measure-
ments of an isopropylalcohol (IPA) evaporation, IPA blow, IPA spill, acetone blow
and acetone evaporation. Evaporation was done by placing a dish with the evap-
orating liquid. Liquid was evaporating 5 minutes before the measurement started.
Acetone measurement is very noisy, as only one measurement was performed, with-
out averaging. It still shows a useful mean value. Blow was achieved by placing a
nozzle with concentrated vapor about 4 cm above the sensor, weakly blowing on the

sensor. Spill was achieved by placing a tiny droplet of liquid onto the sensor.

Fig. 3.25: Averaged values of all swept sine measurements. Saturated are measure-
ments with driving voltage above 0.005V.
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Conclusion

Each of the influencing variables on the swept sine measurement are concluded
here. In Figure 3.23 a difference between measurements performed under opened
and closed. As the no-analyte measurement of both opened and closed box are
located at the top portion of the graph, openness of the chamber has negligible
impact on the measurement. This is expected, as the driving quantities used here
are orders of magnitude higher, than the EMF radiation. Figure 3.24 shows swept
sine under various gases. Blow of the isopropylalcohol on the sensor increased its
resistance the most. Evaporation of acetone inside the chamber also significantly
increased the resistance from the baseline value. Little weaker effect on resistance
had a droplet of isopropylalcohol on the sensor. Acetone blow did not increase the
resistance as much as its evaporation inside chamber. This is unexpected and it may
be as a result of N-P type inversion, or this measurement is not trustworthy and
should be repeated. IPA evaporation had the weakest effects on the resistance. All
of the gas interactions with the sensor decreased the resistance. Lastly, Figure 3.25
shows a difference between very small driving voltage and significantly higher driving
voltage. Interestingly, repeating oscillation-like patterns are visible on the frequency
response. The resistance levels (based on attenuation response) are relatively well
kept, no matter the driving voltage. Although the oscillating character in frequency
response is more pronounced at higher driving voltages. These oscillations are not
as pronounced when the resistance increases due to gas adsorption on the sensor.
Based on the dB magnitude scale, the highest placed measurements are at about
-27.65 dB. If the input impedance of the instrument is 50€2, this level corresponds
to a resistance of 1.156k(). The start of the IPA blow signal would correspond to
1.321kS2, which are realistic values. Also, the resistance increase proportional to gas
exposure, although not in scale, but in direction, agrees with the DC analysis. The
equation 3.2 is used to convert the gain values to resistance, where G is the input
gain.

R=—(2"%) (5*°%) (105 — 1) (3.2)
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3.4.5 Dynamic changes of graphene resistance to IPA, heat and
breath

Chemiresistive samples obtained to be studied can react to various external quan-
tities. Time variance of these quantities is studied in this experiment. VID sensor
was placed into an ambient environment. A measurement of resistance was taken
every 250ms. The whole measurement can be seen in Figure 3.26. During this
measurement, the sensor was exposed to a blowing IPA gas, shown in Figure 3.27.
Isopropylalcohol was contained in a flexible plastic bottle. This bottle was squeezed
to release the evaporating IPA mixed with air. As a reference, empty bottle squeezed
and the air inside was blown onto the sensor, which resulted in a very minimal effect
on the measurement. For the period of the air blowing, an increased noise was seen
in the measurement. Thermal effects were also studied during the meaurement pro-
cess. Figure 3.28 shows the response of graphene to a changing temperature. Heat
was delivered by a resistive wire brought to a distance of 6mm over the graphene
surface. This wire was heated to about 260°C. Lastly, by accident, a sharp tempo-
rary decrease of resistance was detected in the measurement. Consequently, breath
exposure was tested on the graphene sensor. Every time the sensor was exposed to
human breath, sensor responed in the same way. Zoomed-in portion of the measure-
ment is shown in Figure 3.29. Breathing was performed by mouth and by nose. The
depth of the response peaks correspond to the pressure and time of the gas exhaled.

Exhalation was performed at a distance of 10cm directly above the sensor.

Resistance Over Time

Resistance (Ohms)

900 A Nﬁ"’

875 ] \

0 1000 2000 3000 4000 5000
Time (s)

Fig. 3.26: Resistance measurement over a course of 1h25m. Three experiments were
performed during this measurement time. Fach experiment is isolated by a window
that is enlarged in the other figures. Pink window contains IPA blow experiment,
orange window shows a response to an increase of temperature and blue section

shows a response of the sensor to a human breath.
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Effect of Isopropylalcohol on resistance
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Fig. 3.27: A zoomed-in pink section of the Figure 3.26. All the rectangles show the
time when the IPA was blown onto the sensor from a plastic bottle terminated with
a nozzle. Green rectangles show the effect of increasing resistance from the blowing

gas and orange rectangles show decreasing resistance effect on the same gas source.

Effect of heat on resistance
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Fig. 3.28: A zoomed-in orange section of the Figure 3.26. As heat was turned
on, resistance was gradually increasing. When the heating element was turned off,
resistance decreased back down. A temperature gradient is shown under the curve

for a representative purpose.

Conclusion

All of the studied quantities have prominent effect on the resistance of graphene.
From the reaction of graphene to isopropylalcohol, an increasing resistance agrees
with the swept-sine and DC measurements addressed in this thesis. Increasing resis-
tance trend due to an IPA exposure can be explained by molecules adsorbing onto
the graphene surface. It might be possible, that with the higher concentrations,
condensation of IPA can take place on the graphene surface. Graphene may be n-

doped from the environment causes and IPA adsorption provides charge transfer and
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Effect of breath on resistance
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Fig. 3.29: A zoomed-in blue section of the Figure 3.26. Two sources of human
breath - mouth and nose were tested. All rectangles show time portions where gas

was blown onto the sensor.

dipole interactions effects, effectively p-doping the graphene and thus decreasing its
resistance. It seems like the sensor, even after several exposures, did not reach the
saturation point. However, after the resistance passed 970€2, peaks started to drop
off faster than under this resistance. Additionally, when the bottle was pressed and
IPA-air mixture was released onto the sensor, accelerated decreasing of resistance
was recorded, even though resistance increase always majorly dominated. Decreasing
effects on resistance from the same gas source may be because of higher air-to-IPA
content in the bottle after a suction phase, as well as potential drying effect on the
sensor surface, before the adsorption process kicked in. These preliminary studies
show the need for a better testing apparatus and more gases to be investigated,
as the measurements show promising response ability of the sensor to various use-
ful gases. Temperature investigation showed rather expected behavior. During the
heat input, resistance increased linearly, most possibly due to the heat distribution
throughout the sample. After the heat source was turned off, resistance decreased
exponentially, due to the decreasing difference of the sample temperature and the
ambient temperature. Interestingly, little effects of desorption were seen from the
heat input. Resistance decrease continued to the original exponential trend caused
most possibly by the analyte desorption. Human breath had drastic and fast influ-
ence on the graphene surface. Detection of the substances present in human exhaled
gas as well as recovery happened practically in real-time, contrary to IPA recovery,
which was measured throughout all the experiments. Each recovery from the ex-
haled gas reached the desorption trendline from the IPA exposure. Even greater
response was measured during exhalation from nose. Generally, nitrogen concentra-

tion (~)74-78% is the same between ambient the ambient air and the exhaled gas.
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Concentration of oxygen in exhaled gas is about 21% lower than the environment.
COg concentration in exhaled gas is more than 1000x more than in the environment.
This decrement of resistance is therefore attributed to CO4. Trace amounts of bio-
logical material can also be a causing factor for this effect. It is also possible that
the rate of gas exhalation was higher in this experiment that that of mouth, as gas
flow was not controlled, nor measured. From the view of Density Functional Theory,
COq has a higher adsorption energy that HoO, but lower than IPA. It also acts as an
electron donor (n-dopes the graphene), while HoO and TPA act as electron acceptors
(p-dope the graphene), which in an n-doped graphene would decrease the resistance.
Later experiments with water vapor showed that this sensor slightly increased the

resistance when exposed to H5O.

3.4.6 Response of graphene to gas in the spectral domain

Spectral signal domain of the graphene sensor may be a useful source of information
where various phenomena can be identified. Therefore a test setup has been created
to see the difference between acetone and isopropylalcohol reactions on the graphene
sample. It consists of the graphene sensor connected to a battery for smooth current
and a resistor (Figure 3.30). When the sensor reacts to any phenomena, its resistance
changes and the current does too. This current flows through the resistor and any
variation in current is converted to variation in voltage, which is then amplified and
analyzed. A 1002 5W wire resistor was used in the measurements, as it has lower
noise profile than paste or carbon ones. Resistor’s value should be such that when
the signal is amplified, it falls into the range of the amplifier and the analyzer. In
this particular case, the amplifier was not used as it was damaged. Thus, the sample
was directly connected to the instrument. There are several variables that can be
controlled in this setup, but the are not elaborated in this thesis:

o Voltage over the graphene and the resistor.

o The resistor and so its noise characteristics.

o The signal path to the amplifier.

e The temperature of the system.

e The bonding material and metal interfaces.
Four proof-of-concept measurements with two gases were performed. Isopropylalco-
hol (IPA) and acetone were blown onto the VID sensor from a bottle with a nozzle
about 10cm from the sensor. Both weak blows and strong blows were performed.
They are shown in their respective figures below. Color scale is uniform across all

the figures and the scale is presented in Figure 3.31.
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Fig. 3.30: Diagram of the connections for mesuring the grapene sensor.

Weak blow of isopropylalcohol
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Fig. 3.31: 3D waterfall diagram of the graphene noise spectrum. The faint colored
spots at low frequencies are a result of weak blow of the isopropylalcohol on a sensor
from a plastic bottle. Y axis is time, with first values at the bottom and newer in
the top direction, Color is the absolute intensity of the signal in Vzys/ VHz.
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Fig. 3.32: 3D waterfall diagram of the graphene noise spectrum. The colored signal
footprints are due to stronger blow of IPA from a bottle. Each higher-frequency
peak represents a blowing cycle. Signal tends to turn to lower energies where it is
attenuated. X-axis is the response frequency of the sample, Y axis is time, with
first values at the bottom and newer in the top direction and color is the absolute

intensity of the signal.

Weak blow of acetone
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Fig. 3.33: 3D waterfall diagram of the graphene noise spectrum. Faint mark on the
left is a response to weak blow of IPA from a bottle. X-axis is the response frequency
of the sample, Y axis is time, with first values at the bottom and newer in the top

direction and color is the absolute intensity of the signal.
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Strong blow of acetone
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Fig. 3.34: 3D waterfall diagram of the graphene noise spectrum. Four blow cycles
are sensed by the sensor and its reaction is pronounced at lower fequencies. X-axis is
the response frequency of the sample, Y axis is time, with first values at the bottom

and newer in the top direction and color is the absolute intensity of the signal.

Conclusion

These measurements are rather for a proof-of-concept purpose. They were per-
formed without an amplifier, which would definitely increase the dynamic range of
the noise measured. It can be seen that both isopropylalcohol and acetone react with
the sensor and their spectral response can be captured. Response to the phenomena
is directly proportional to the rate of change of the environmental conditions in sen-
sor’s perspective. Weak blowing (Figure 3.31, 3.33) did not have as high response
as strong blowing (Figure 3.32, 3.34). From several other trials of the same experi-
ment, the ability of detection even very weak changes (actual ambient adsorption)
is promising, as well as the identification of analyte from its spectral footprint. Con-
trolled blowing of the analyte must be achieved in further experiments and ideally,
graphene should be placed directly on the silicon circuitry of extremely low noise

preamplifier.

3.4.7 Response of graphene to light in the spectral domain

During previously mentioned experiments, the VID sensor was exposed to light.
That’s why several spectral measurements were performed for the VID sensor. Light

from an iphone was slowly brought close to the sensor.
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IPhone light - slow
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Fig. 3.35: 3D waterfall diagram of the graphene noise spectrum. As light from
iphone was approaching the sensor, frequency response was detected at low frequen-
cies. X-axis is the response frequency of the sample, Y axis is time, with first values
at the bottom and newer in the top direction and color is the absolute intensity of

the signal.
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Fig. 3.36: 3D waterfall diagram of the graphene noise spectrum. Light was turned
around the wall edge, so that the edge obscures the sample or not. Each higher-
frequency peak corresponds to ligt passing through the wall edge so that it hit
the sample. X-axis is the response frequency of the sample, Y axis is time, with
first values at the bottom and newer in the top direction and color is the absolute

intensity of the signal.

Conclusion

The sample definitely reacts to light. Although from subsequent experiments on the
HR sample, which had very probably damaged graphene layer, it is highly probable
that this effect, rather than from the response of graphene, is from a photoelectric
response of the silicon-siliconoxide stack. As with the gas measurements in the
spectral domain, the faster the change, the stronger the spectral reaction and the
higher the frequencies the reaction is measured at. The energy then went to the

lower frequencies where it got attenuated.
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Fig. 3.37: 3D waterfall diagram of the graphene noise spectrum. Individual FacelD
pulses were detected by the sensor The dieout was so fast that the reaction excited
response even at higher frequencies. X-axis is the response frequency of the sample,
Y axis is time, with first values at the bottom and newer in the top direction and

color is the absolute intensity of the signal.

3.4.8 Conclusion on the experimental section

There were more experiments conducted than those presented in this thesis. It has
been shown that when a hand is brought close to the sensor (about 12cm), 50Hz
peak is measured in the response spectrum. This is due to induction of line fre-
quency to a human body and then to a sensor. Two different people were responded
by two different intensisies. This experiment was replicated, but only male and
female were tested. Octave analysis with a 40dB preamplifier showed little change
between open chamber and closed chamber. 50Hz peak was suppressed by about
40dB thanks to the closed chamber. A graphene array with a HR sensor connected
showed response to an UV light with frequencies 365nm, 385nm and 415nm similar
to those documented in subsection "Response of graphene to light in the spectral
domain”. HR sensor however, showed 91k() of resistance between the two measure-
ment terminal. This still may be an acceptable value, but it is strongly believed that
HR sensor in some way shorted through the oxide barrier to other sensors. Response
on this sensor is thus not attributed to graphene itself, but rather to the silicon sub-
strate. From the experiments presented in this thesis it is clear that graphene reacts

to light from infrared to ultraviolet spectrum, it reacts strongly isopropylalcohol,
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slightly more to acetone and it reacts weakly to HyO. All these measurements are
present in DC as well as spectral domain. Spectral measurements are very sensitive
to the rate of change of the environment, while DC measurements show an integra-
tor behavior. Both isopropylalcohol and acetone in all experiments had an effect
of increasing the resistance. Water vapor decreased the resistance slightly and ex-
haled gas decreased sensor’s resistance aggressively. Swept sine measurements have
primarily resistance reporting character, but higher sensitivity measurement, some
character of response to distinct gases could be observed. Samples tested here did
not match their resistance to the theory of channel width and height. It should be
noted that graphene does not conduct the same way in the X and Y direction. Cause
of the channel resistance not complying with theory is attributed to poor graphene
surface purity. For further sensing, it is advised to use wider channel, as it reduces
resistance, increases current density. Increasing channel length is also beneficial as
it increases the interaction are for gas and this helps decreasing the 1/f noise. Use of
hall-bar geometry is encouraged, as it eliminates the effect of contact resistance and
thanks to hall voltage, carrier concentration can be calculated. Using the sample’s
resistivity a carrier mobility can be computed. In this thesis this geometry was not
used and these parameters were not studied. Graphene sensor sample preparation
is a very important step. It is advised to use as small substrate as possible, in case
of light detection, as the substrate reacts to light possibly even more than graphene,
especially the doped substrate. It is better to have the cut sample even for gas
sensing, to eliminate possible adsorption and condensation on the substrate. Even
though it is not conductive, charge, electrostatic field and particles can accumu-
late on it over time. It is important to analyze the surface of graphene at least
with raman spectroscopy, as graphene defects greatly influence measurement. Ide-
ally, atomic structure should be characterized for each sensor. Most of the pristine
graphene samples are not fully pristine. They containg grain boundaries and lattice
defects, which to some extent influences variance across measurements with multiple
samples. Graphene is a promising platform for gas sensing applications, although
currently this material needs too many precise conditions for viable measurements,
from production through functionalization to environmental conditions, which keeps

this technology from massive production and application.
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Conclusion

Graphene sensors are currently researched topic and stem concepts have been stud-
ied and summarized in this document. This thesis is broken down into two main
areas. Theoretical research and sensor characterization. In the theoretical section,
introduction to gas sensors is given. Afterwards, general sensor is focused to chem-
ical sensor, chemical sensor is focused to gas sensor and gas sensor is focused to
graphene-based gas sensors. General principles of operation as well as properties of
these sensors are introduced.

Some focus is given to the theory of gas sensor measurements, to familiarize the
reader with results shown in the experimental section. Most oftenly used measure-
ment type is the sensor’s resistivity or conductivity change in time, based on the
increasing exposure to an analyte. Effects of noise in graphene are introduced and
practical effects of various sources of noise on graphene are also mentioned, namely,
the effect of 1/f noise to the sensitivity limit and an ability to isolate the noise from
measurements.

Graphene as a material is then deeply studied and physical foundation for this
material is built. Many practical effects in gas sensing are rooted in this physical
model. Band structure affects the conductivity under various circumstances, such
as gate-voltage introduction, which leads to electrical doping thanks to zero-band
gap, unique in graphene. This leads to an increase or decrease of carrier density
and this effect is used in many studies of graphene-based gas sensors. Physical
phenomena that influence graphene conductance are mentioned, such as various
sources of scattering, inter and intra-band conductivities, phonons, plasmons and
defect. Gas sensors based on graphene belong to the category of sensors based on
2D materials. Alongside graphene, molybdenum disulfate, phosphorene, transition
metals dichalcogenides and others share some unique properties and their utilization
in gas sensing is introduced. Various derivatives of graphene are listed (pristine,
graphene oxide, reduced graphene oxide), as many experimental sensors are built
on one of these frameworks. Influence of doping on these materials is given too.

In the experimental section, sensors from graphenea company were prepared by
protecting with a polymer, cutting and some were directly bonded. A PCB was
designed and produced to better interface with the sensors. Cleaning process after
cutting posed difficulties, as the polymer was not easy to dissolve and mechanical
removal had to take place, which probably destroyed the graphene sensing layer.
Other cut sensors were kept with the polymer on and these sensors did operate,
although the quality of measurements was very possibly influenced by the polymer.

Many effects affecting the graphene during measurement map to the change

of conductance. They were studied, but the technology available to the research
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presented in this thesis was not good enough to isolate most of them. Although
many of these effects such as joule heating, quantum tunneling effect and graphene
plasmon resonance are too weak to have a significant impact on the measurements.
DC analysis, swept-sine, resistance over time, gas in spectral domain and light in
spectral domain were studied. In conclusion, derivative effects can be seen in the
spectral domain and integral effects can be seen in the resistivity of graphene sensor.
Isopropylalcohol and acetone showed an increase of resistance proportional to the
time of exposure. An accelerated desorbing effect was seen on the samples when a
mixture of analyte and air was blown onto the sensor. This was caused probably
due to unevenly mixed evaporated gas that went through the nozzle to the sensor.
During higher air concentration the sensor decreased resistance and during higher
analyte concentration the resistance was increased. Desorption took a long time
(more than 1h,11m) and heating the sample to about 60FC did not help. Graphene
sensor reacts in the spectral domain to IPA and acetone proportionally to the ppm
rate of exposure as well as gas speed, which attacks the sensor. Blowing pure air
onto the sensor did not change any characteristics in a notable way. Light, AC
radiation and various other electromagnetic spikes have an influence on the spectral
measurement and these effect should be minimized. Graphene samples should use
hall-bar geometry for better isolation of contact resistance and wide surface area is
beneficial to the adsorption sites as well as to the smaller presence of 1/f noise.

A use of high-quality high-bandwidth ultra-low-noise preamplifier is recommended
for future measurements. Deeper study on the effect of various gases to the resis-
tance curve over time is needed. Gases such as NO,, CO, and NHj3 should be
tested, with known concentration in the vicinity of the graphene surface. Critical is
the clean and desorbed surface before testing, which can be achieved only in very
high vacuum, with the use of electron, UV or thermal energy inuput at high enough
time for good statistical desorption. Argon is viable for the isolated measurement
of desired analyte at variable concentration and defined pressure. Knowledge of the
number of defects and atomic arrangement throughout the surface is great to study

slight statistical deviations in the adsorption-desorption process.
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A Python Code for Data Processing

This appendix contains the Python code used for data processing. It is a part of

the whole code provided in the attachment.

Code Listing

Listing A.1: Python script for data processing

def Agilent_runlFNoise (inst):

# TRACE COORDINATE SETTINGS

inst.write("DISPlay:TRACe:X:SPACing_ ,L0Garithmic") #
Magnitude: LOG

# INSTRUMENT MODE CONFIGURATION

Agilent_35670A_measurement_mode (inst_spectr_analyzer, "Octave
") # Octave analysis

inst.write ("INPut2:STATe 0FF") # Channels: 1 (disable second

channel)

# TIME CAPTURE subwindow

inst.write ("SENSe:FEED_,INPut") # Measure from: Input

inst.write ("DISPlay:TCAPture:ENVelope ,0FF") # Envelope: OFF

Agilent_35670A_TraceCoordType (inst, "Log")
Agilent_35670A_set_Y_units_amplitude_type (inst, "RMS")
Agilent_35670A_set_Y_units(inst, "V/rthz")

# AVERAGING CONFIGURATION

Agilent_35670A_setAvgType (inst,"Exponential") # Type: Linear
inst.write ("SENSe:AVERage:TIME_,;2.0") # Time: 2s
Agilent_35670A_setAvgRepeat (inst, True) # Repeat ON
Agilent_35670A_setAvgImpulse (inst, False)
Agilent_35670A_setConfidence(inst, 0.5)
inst.write ("SENSe: AVERage : HOLD ,0FF") # OFF/O0|/MAXimum/|MIN%imum

# FREQUENCY CONFIGURATION

inst.write ("SENSe:FREQuency:STARt;3.1912") # Start: 3.1912
Hz

inst.write ("SENSe:FREQuency:ST0OP,6168.8") # Stop: 6.1688 kHz

Agilent_35670A_octave (inst, 1/12)
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Agilent_3567OA_Supply(inst, 1, 3.9858, "VPK")

Agilent_35670A_Range (inst, "Autorange", "UpDown")
Agilent_35670A_gnd_or_float(inst, 1, "GND") #Input LOW: GND
Agilent_35670A_coupling(inst, 1, "AC") #Coupling: AC
Agilent_35670A_antialias(inst, 1, False) #Antialias:
Agilent _35670A_a_wt_fltr(inst, 1, False) #A WT FLTR:
Agilent_35670A_ICP_Supply(inst, 1, False) #ICP Supply:

# TRACE AND DISPLAY SETTINGS

inst.write("CALCulatel:ACTive A") # Actiwve trace:
inst.write("DISPlay:FORMat SINGle") # Display format:

inst.write("DISPlay:TRACe:GRATicule:GRID_ ,0N")

inst.write("DISPlay:TRACe:BPOWer 0FF") # Overall:
inst.write ("DISPlay:TRACe: APOWer 0FF") # lWeighted:

# Phase lag: OFF

inst.write("DISPlay:TRACe:LABel’1f ,Sum’") # TRACE TITLE
# DFLT TITL:

inst.write("DISPlay:TRACe:LABel:DEFaultuOFF")
OFF

# SCALE SETTINGS

inst.write ("DISPlay:TRACe:Y:SCALe:PDIV,3") # Y PER DIV (

Decades)
inst.write("DISPlay:TRACe:X:SCALe:AUTO_,0NCE")
inst.write("DISPlay:TRACe:Y:SCALe: AUTO,0N")
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# FULL SCALE

# Autoscale:




B Content of the electronic attachment

The electronic attachment archive is published at the Brno University of Technology
website along with this thesis. This archive contains all the automated software used
to produce the measurements. You can use and modify this software if you like to
reproduce the measurements or if you want to modernize or automate your own
measurement pipeline. You need to pre-install the packages required in the code,
but that is easy. Also, sweptsine capture.py contains a registry module, which is
relevant only for windows. I hope it will be useful to you, but these programs have
their own data structures, into which they store the measurements. These programs
are to work together as a pipeline. First capture and see the data and later visualize
the data. If you change the capture program’s measurements data structure, you

also need to modify the visualizer accordingly.

L e e root of the attached archive
DO AP UL DY et vveeeiiie et Automated DC sweep
resistance_Curve_CaptUre.Py...ceeeeeerennnnnneeeenn. Live resistance capture
resistances_in_time_viewer.py............ ... .ol Capture section viewer
spotplots_capture.py .....cooviiiiiiiiiiii i Press to save capture
spotplots_viewer.py...........ccoviiiiiiinn Visualizes many plots in one figure
sweptsine_capture.py.........covvvviiinnnnnn. Capture and show a swept sine
sweptsine_splitter.py.....coovviiiiiiiiiiiiiinnn, Split swept sine data file
sweptsine_visualizer.py................. show the swept sine data in a figure
waterfall CaptUre.Py .veeeeeinniiiiiieeiiiiiiinnnnnn. Capture the waterfall
waterfalls_to_png.py........... Produces PNG images from from the data file
waterfalls_to_svg€.py........... Produces SVG images from from the data file
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Abstract—This study investigates the operational dynamics
and challenges of graphene-based sensors, focusing on refining
data measurement and processing techniques to ensure accurate
identification of chemical compounds in different gas
atmospheres. The research highlights the importance of sensor
cleanliness and the use of analytes with physical properties
matching the measurement environment. The cleaning process
involves using isopropyl alcohol and heating the sensor to 70°C,
with cooling facilitated by the sensor’s low thermal mass. This
study also explores injecting saturated liquid onto the sensor to
eliminate issues related to pressure and gas composition
variations. Experimental methods include measuring the
graphene sensor in the spectral domain using a setup that
minimizes resistive noise and optimizes sensor response. Key
variables such as voltage, resistor noise characteristics, signal
path to the amplifier, system temperature, and bonding
materials are fine-tuned to achieve the lowest parasitic noise.
Time-domain and frequency-domain measurement techniques
are employed to correlate resistance and impedance changes
with gas concentrations, respectively.

Keywords— graphene, noise, spectrum, gas, detection

I. INTRODUCTION

A wide range of sectors, including manufacturing,
healthcare, and the automotive industry, require accurate
assessment of gas mixtures within certain environments.
Workspaces handling hazardous materials must adhere to
strict safety standards. The only way to identify and measure
volatile compounds in the atmosphere is through the use of
gas detection technology. Particularly in places prone to fire
risks or with poor ventilation, such as mines, there is a critical
demand for gas detection systems. Despite the proliferation of
gas sensors in the market, they often fall short in terms of
precision, accuracy, sensitivity to specific molecules,
affordability, among other issues. Graphene, known for its
extraordinary characteristics, exhibits exceptional electrical
and thermal conductance, superior mechanical robustness, and
offers unique optical and structural benefits unmatched by any
other substance[l], [2]. These traits suggest graphene's
potential in gas detection technology, aiming for unparalleled
sensitivity in identifying various gas molecules. However,
practical applications reveal graphene's limitations in
detecting certain gases and in processing the data obtained
from sensors[3], [4].

As sensor resolution increases, the quality of the signal
deteriorates. This study delves into the operational dynamics
of graphene-based sensors and their associated challenges.
The primary objective is to refine the data measurement and
processing techniques for a specific graphene sensor across
different gas atmospheres, ensuring the output precisely
identifies the chemical compounds detected. The interference
of noise, particularly at high resolutions, is a significant
concern addressed in this thesis, alongside strategies for its
mitigation.

979-8-3503-7976-1/24/$31.00 ©2024 IEEE

Data can be gathered from sensors through various
techniques. Some sensors adjust their capacitance in response
to gas levels, while most alter their resistance. Theoretically,
changes in the sensor's optical state or variations in acoustic
wave propagation could also signal the presence of gases.
Typically, sensors are equipped with electrodes that connect
to the sensing material, facilitating the measurement of its
physical attributes. These assessments range in complexity.
The focus of this chapter is on the analysis of chemoreceptive
gas sensors, including those based on graphene, which pose
unique challenges due to their potential sensitivity.
Measurements can be conducted across time and frequency
domains.

Time-domain measurements involve recording resistance
at a specific moment, requiring data analysis to correlate
resistance changes with gas concentrations. Frequency-
domain measurements, on the other hand, involve assessing
the sensing material's impedance at certain frequencies,
exploiting predictable shifts in resonance frequencies for gas
detection. Noise significantly affects sensor performance;
slow reaction times in the sensing material can allow system
noise to dominate, potentially skewing results. This low-
frequency noise, or 1/f noise, is a known issue in
semiconductor sensors and is relevant to graphene-based
sensors due to their inherent noise characteristics. In
laboratories, gas sensors are often tested with instruments like
the 8753ES, which can evaluate resonant frequencies by
measuring a resonator’s return loss. Alternatively, resistance
measurements with a stable current supply are sufficient.
Sensor noise primarily arises from two sources: thermal noise
and low-frequency noise, with thermal noise being inherent to
all devices. In thermal sensors, this noise results from atomic
vibrations leading to inconsistent current flow[5].

II. EXPERIMENTAL

The actual schematic proposed for measuring the graphene
sensor in spectral domain is shown in Figure 1. This is a setup
that allows to push current through the sensor and a resistor,
while measuring the voltage on the resistor. The resistor
contributes to the noise, but the tweaking the voltage from the
battery should decrease the influence of the resistive noise so
that the dominant noise is the one from the sensor.

Authorized licensed use limited to: Brno University of Technology. Downloaded on May 20,2025 at 09:21:29 UTC from IEEE Xplore. Restrictions apply.
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Fig. 1. Diagram of the connections for mesuring the grapene sensor.

By measuring the spectral response of the system while
injecting various substances onto the sensor, it is possible to
detect the response of the graphene sensing layer to the
chemicals it is exposed to. The measurement equipment is
very sensitive and it is possible that the resulting information
will not be making sense. There are several variables that can
be controlled:

* Voltage over the graphene and the resistor.
* The resistor and so its noise characteristics.
* The signal path to the amplifier.

* The temperature of the system.

* The bonding material and metal interfaces.

These variables are need to be fine-tuned in order to
achieve lowest parasitic noise for the measurement. Voltage
over the graphene will be chosen experimentally. Resistor and
its noise should be chosen after setting the voltage
threshold[6].

III. CONCLUSIONS

The gas composition, pressure, and temperature have a
significant impact on the accuracy of the measurement. To
ensure reliable results, it is essential that the sensor be
thoroughly cleaned at the beginning of the measurement
process. Furthermore, the analyte used should have the same
physical properties as the measurement environment for the
best possible outcome. The cleaning process involves using
isopropyl alcohol to remove any contaminants and raising the
sensor's temperature to 70°C. This elevated temperature helps
in thoroughly cleaning the sensor. After cleaning, the sensor
needs to cool down. However, due to its low thermal mass,
this cooling process is relatively quick, minimizing the risk of
significant re-contamination. It is important to note that the
suggested cleaning temperature of 70°C is not fixed and may
be adjusted based on the results obtained from initial
measurements.

To address potential issues related to pressure and gas
composition, injecting a liquid onto the sensor is an effective
method. This approach ensures that the liquid is saturated,
thereby eliminating variations in pressure and composition
that could otherwise affect the measurement accuracy. This
saturation helps maintain consistent conditions, leading to
more reliable and accurate measurements.
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Abstract—Gas sensors come in various types, including
chemiresistive, infrared, photoionization, and semiconductor
sensors. Each type leverages a distinct physical phenomenon.
For carbon-based sensors, they can function under two primary
categories. Graphene-metal contacts are crucial because they
significantly impact the performance of carbon-based sensors.
The geometry of these contacts plays a vital role in determining
the sensor's effectiveness. The contact geometry affects how
charge carriers are transferred between the graphene and the
metal, which in turn influences the sensor's sensitivity, response
time, and overall efficiency. Optimal contact geometry can
minimize resistance and maximize the active sensing area,
thereby enhancing the detection capabilities and reliability of
the sensors.

Keywords— graphene, contact, geometry, metal, interface

I. INTRODUCTION

The performance of graphene-based gas sensors is heavily
influenced by the characteristics of the metal contacts. The
geometry, material, thickness, and cleanliness of these
contacts are all critical factors that determine the sensor's
sensitivity, response time, and overall efficiency. Optimizing
these parameters is essential for enhancing the performance
and reliability of graphene-based sensors, making them more
suitable for a wide range of applications [1, 2].

The geometry of metal contacts is vital for sensor
performance. Optimal contact geometry ensures efficient
charge carrier transfer between the graphene and the metal,
which is crucial for high sensitivity and rapid response times.
Inadequate contact geometry can lead to increased resistance
and reduced sensor efficiency. Different geometrical
configurations, such as edge contacts or surface contacts,
provide various benefits in terms of conductivity and signal
integrity.

Choosing the right material for the metal contacts is
equally important. Different metals offer varying levels of
conductivity, stability, and compatibility with graphene.
Common materials include gold (Au), platinum (Pt), and
palladium (Pd). Gold is often chosen for its excellent
conductivity and resistance to oxidation. Platinum is known
for its high stability and durability, making it suitable for harsh
environments. Palladium is recognized for its good hydrogen
sensitivity, which can be advantageous in specific sensing
applications. The contact material impacts contact resistance
and overall sensor performance, making it a critical
consideration in sensor design.

The thickness of metal contacts also plays a significant
role in the performance of graphene-based sensors. Thicker
contacts can provide better durability and mechanical
stability, essential for maintaining consistent performance
over time. However, excessively thick contacts can increase
resistance at the interface, negatively affecting the sensor’s

979-8-3503-7976-1/24/$31.00 ©2024 IEEE

sensitivity. Conversely, thinner contacts may reduce
resistance but be more susceptible to wear and damage.
Therefore, finding the right balance in the thickness of the
contacts is crucial for optimizing sensor performance [3-6].

Cleanliness of the metal contacts is another crucial factor
that significantly affects sensor efficiency. Any contamination
at the contact interface can increase resistance, noise, and
reduce sensitivity. Ensuring that contacts are free from
impurities and residues during fabrication is essential for
maintaining sensor integrity and performance. Techniques
such as thorough cleaning of the substrate and using
cleanroom environments during assembly help achieve the
necessary level of cleanliness.

The methods used to integrate and fabricate contacts with
the graphene layer are also significant. Techniques such as
electron beam lithography, chemical vapor deposition, and
thermal evaporation are commonly used to create high-quality
contacts. Each method has its advantages and limitations
regarding precision, scalability, and cost. High-quality
fabrication processes can help mitigate contact resistance
issues and improve sensor reliability.

II. EXPERIMENTAL

We explored the capabilities of pristine graphene sensors,
as depicted in figures 1 and 2. To test these sensors effectively,
we developed a method in which the sensor is affixed to an
FR4 PCB and connected to the circuit traces. Figures 3
illustrates the specific trace layout required for sensor
interfacing.  Additionally, to facilitate various test
configurations, we designed a matrix connection PCB. This
design allows for the flexible connection of any connector pin
to any sensor pad, enabling the simultaneous measurement of
two sensors. This configuration is not only portable but also
ensures the sensor is securely mounted on the PCB.
Consequently, connecting and disconnecting the sensors for
testing in an environment with reduced noise is
straightforward. The circuit traces were gold-plated to
minimize material transition effects from the pads to the
amplifier. However, we are aware that the intermetallic phase
of CU-NI-AU might introduce more noise compared to a
direct AU to CU transition. Therefore, this setup may not be
optimal for experiments requiring ultra-high sensitivity.
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Fig. 1. Star electrode arrangement

Fig. 2. Two-electrode arrangement

Fig. 3. PCB for the sensor interface with direct connections.

The actual schematic proposed for measuring the graphene
sensor in spectral domain is shown in Figure 1. This is a setup
that allows to push current through the sensor and a resistor,
while measuring the voltage on the resistor. The resistor
contributes to the noise, but the tweaking the voltage from the

battery should decrease the influence of the resistive noise so
that the dominant noise is the one from the sensor.

III. CONCLUSIONS

The performance of graphene-based gas sensors is
significantly influenced by the metal contacts used. The
geometry, material, thickness, and cleanliness of these
contacts are crucial factors in determining the sensor's overall
efficiency and effectiveness.
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Abstract—Graphene has shown to have great electrical, ther-
mal and chemical properties. These qualities are suitable for
construction of a chemical sensor with graphene as its sensing
material. These graphene-based sensors are currently in the field
of research and they are not yet viable for mass commercial
application. Studies in graphene-based sensors span its very
high sensitivity, selectivity, functionalization, manufacturability,
stability and material configuration. We focus on the noise
characterization in pristine graphene sensors, with different
active channel size and layout of the electrodes. We study noise
in the spectral domain, while exposing the sensor to different
chemicals. We analyze and descripe the studied sensors in their
geometry and graphene configuration.

Index Terms—graphene, 2D sensor, measurement, geometry

I. INTRODUCTION

Multiple industries such as manufacturing, healthcare and
automotive, have need for reliable measurement of the gas
composition in selected environment. Environments where
people work with dangerous substances need to comply with
safety requirements. Measurement and detection of volatile
substances in the air can be achieved only by gas sensing
devices. Areas with fire hazard or low air circulation such as
mines have also a great need for gas sensors.

While there are many commertial implementations of gas
sensors, they have problems with accuracy, measurement
precision, selectivity to certain molecule, cost and so on.

Graphene is a material with spectacular properties. It has
great electrical and thermal conductivity, has high mechanical
strength and provides various optical and geometrical
advantages over all other materials.

This is a premise that lead to the research of how well
this material can be used to detect various gas molecules. It
has been found, that graphene might be a suitable material to
detect various gases at extreme resolution.

In reality, as it is a common case, graphene has problems
not only with detection of certain gases, but also with
interpreting the measured information from the sensor. As
the resolution of the sensor goes up, the signal to noise ratio
goes down.

This thesis introduces analysis and summarization of
graphene sensor working principles, along problems connected
with them. Primary goal is to develop a way to measure
and process the data from a concrete graphene sensor in
different gas environments. Result of the measurement should
be informative on what kind of chemical substance is attached
to the sensor. During measurement, especially with very high
resolution, noise plays a significant role and this thesis ad-
dresses this noise, along with ways to reduce it.

II. SENSOR MEASUREMENT

Generally there are multiple methods of data acquisition
from sensors. Some sensors change their capacitance based
on the gas concentration. Most of the sensors change their
resistance. Theoretically, even optical state of the sensor and
acoustic wave propagation differences can be used to detect
gas on the sensing material. Most of the sensors contain
electrodes that interface the sensing material and the elec-
trodes provide means for measurement of the sensing material
physical properties. These measurements may be more or
less straight forward. Chemiresistive gas sensor measurement
is discussed in this chapter. Graphene sensors fall into this
category and measurement of the sensors brings its own
challanges. Especially with graphene sensors, which have
potential to be very sensitive. Measurement can be performed
using time and frequency domain. Time domain measurement
is simple detection of resistance at particular time. Data
processing is many times required to interpret the resistance
as a concentration of particular gas. Frequency domain mea-
surement consists of measuring the impedance of the sensing
material at particular frequency and a range of frequencies is
chosen. This can be benefitial, as some sensing materials have
predictable resonance frequency and its shift is used to detect
the concentration of the gas. Noise is a factor that influences
the sensing performance too. Reaction process at the sensing
material can be so slow, that the noise of the system may
overtake and measurement can be compromised. This kind
of noise is low-frequency noise (also known as 1/f noise).
It is discussed in semiconductor based sensors but it may
be also applicable to graphene sensors, as graphene provides
its own source of noise. In research facilites, gas sensors are
measured with devices such as 8753ES [1]. Network analyzer
can measure resonant frequency by measuring resonator’s
return loss. Otherwise, resistance measurement with a good
supply of current suffices. Sensors contain multiple sources



of noise. Most dominant are two. Thermal noise and low-
frequency noise. Thermal noise is present in all devices. In
thermal sensors the thermal noise is caused by vibration of
the atomic structures that produce current inonsistencies. This
noise has spectral density

S=4-k-T-R (1)

where k is Boltzmann constant, T is temperature of the
material in kelvin and R is the resistance of the material.
This noise is constant at all measurement frequencies and this
means it can be isolated. The other source of noise is the
low-frequency noise and this noise is dominant at frequencies
usually up to 100kHz [2]. The spectral density of this noise is
roughly 1/f. This noise decreases with increasing frequeancy
forming a knee called f0. At this knee the noise decreased
to the point where it equals the thermal noise [2]. Another
source of noise is noise from material inconsistencies. These
inconsistencies come from metalic interfaces for example.
Within graphene sensors, the grain boundaries contribute to
noise. Grain boundary noise of graphene contributes to 1/f
noise [3]. After the data from the sensor is acquired, the data
can be post processed to increase the accuracy of the detected
gas type and concentration. It is known that sensors tend to
have long detection and recovery time and this poses problem
when sensor is continously measuring gas concentration. That
is why advanced methods of gas sensor data processing have
been developed, such as back propagation neural networks [4].

III. MEASUREMENT SETUP

We have several pristine graphene sensors available with
geometry 1 and 2. To efficiently test these sensors, we came
with a solution where the sensor is glued onto a FR4 PCB
and it it bonded to the traces. The figures 4 and 5 show the
layout of the traces needed to interface the sensor. To enable
various configurations during testing, a matrix connection PCB
was also created, to enable a connection of any connector pin
to any sensor pad. These structures enable to measure two
sensors at the same time. This setup is portable and the sensor
is well-fixed onto the PCB. Connecting and disconnecting
the sensors for measuring in a noise-reduced environment is
therefore easy. The traces have been gold-plated to minimize
changes of the material from the pads to the amplifier, although
there is a concern that the intermetallic phase of CU-NI-AU
will contribute to the noise more, than a single hard transition
between AU and CU. This means that ultra-high sensitivity
experiments may not be suitable with this solution.
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Fig. 2. Two-electrode arrangement
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Fig. 3. Electrical diagram for mesuring the grapene sensor.

Fig. 4. PCB for the sensor interface with direct connections.
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