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ABSTRACT

The work presented in this thesis focuses on epitaxial graphene on SiC as
a platform for air quality sensors. Several approaches have been tested
and evaluated to increase the sensitivity, selectivity, speed of response and
stability of the sensors. The graphene surfaces have been functionalized,
for example, with different metal oxide nanoparticles and nanolayers us-
ing hollow-cathode sputtering and pulsed laser deposition. The modified
surfaces were investigated towards topography, integrity and chemical
composition with characterization methods such as atomic force micros-
copy and Raman spectroscopy. Interaction energies between several ana-
lytes and nanoparticle-graphene-combinations were calculated by density
functional theory to find the optimal material for specific target gases, and
to verify the usefulness of this approach. The impact of environmental in-
fluences such as operating temperature, relative humidity and UV irradi-
ation on sensing properties was investigated as well. To further enhance
sensor performances, the first-order time-derivative of the sensor’s re-
sistance was introduced to speed up sensor response and a temperature
cycled operation mode was investigated towards selectivity.

Applying these methods in laboratory conditions, sensors with a quan-
titative readout of single ppb benzene and formaldehyde were developed.
These results show promise to fill the existing gap of low-cost but highly
sensitive and fast gas sensors for air quality monitoring.






LUSAMMENFASSUNG

Der Fokus dieser Thesis liegt auf der Erforschung von epitaxialem Gra-
phen auf SiC als Plattform fir Luftglitesensoren. Diverse Ansétze wurden
untersucht, um die Sensitivitat, Selektivitat, Reaktionsgeschwindigkeit
und Stabilitiat der Sensoren zu verbessern. Die Graphenoberfliche wurde
unter anderem mit Metalloxid-Nanopartikeln oder nanometerdiinnen
Schichten funktionalisiert. Die funktionalisierten Sensorschichten wur-
den hinsichtlich ihrer Oberflachenbeschaffenheit, Unversehrtheit und
chemischen Zusammensetzung mittels Rasterkraftmikroskopie und Ra-
man Spektroskopie untersucht. Die Reaktionsenergien zwischen verschie-
denen Analyten und Nanopartikel-Graphen-Kombinationen wurden mit
Dichtefunktionaltheorie berechnet, um das optimale Material fir spezifi-
sche Gase zu finden und um die Brauchbarkeit dieser Funktionalisie-
rungsmethode zu verifizieren. Der Einfluss von dulleren Parametern wie
Sensortemperatur, Luftfeuchte und UV-Einstrahlung auf die Sensorei-
genschaften wurde ebenfalls untersucht. Um die Sensorleistung zu ver-
bessern, wurde die erste zeitliche Ableitung des Sensorwiderstands als zu-
satzliches Signal eingefiihrt und ein temperaturzyklischer Betriebsmodus
hinsichtlich seiner Eignung erforscht.

Durch die Anwendung dieser Methoden ist es moglich, einzelne ppbs
Benzol und Formaldehyd unter Laborbedingungen zu detektieren. Diese
Ergebnisse sind vielversprechend, um die bestehende Liicke der gilinsti-
gen, aber sehr sensitiven Sensoren fiir Luftqualitdtsiiberwachung zu
schliefen.
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SAMMANFATTNING

Arbetet som presenteras i denna avhandling fokuserar pa epitaxiell grafen
pa SiC som en plattform for luftkvalitetssensorer. Flera tillvigagangssatt
har testats och utvirderats for att cka kansligheten, selektiviteten, re-
sponstiden, och stabiliteten hos sensorerna. Grafenytorna har modifierats
till exempel med olika metalloxid-nanopartiklar och nanolager med an-
vandning av halkatodsputtring och PLD. De modifierade ytorna undersok-
tes mot topografi, strukturell integritet och kemisk sammansittning med
karakteriseringsmetoder som atomkraftsmikroskopi och Ramanspektro-
skopi. Interaktionsenergier mellan flera analyter och nanopartiklar-gra-
fen-materialkombinationer berdknades med tathetsfunktionalteori for att
hitta de optimala materialkombinationerna for specifika malgaser och for
att verifiera anviandbarheten av ytmodifieringarna. Effekten av externa
faktorer som arbetstemperatur, relativ fuktighet och UV-bestralning pa
avkanningsegenskaper undersoktes ocksa. For att ytterligare forbattra
sensorprestanda introducerades forsta ordningens tidsderivat av sensorns
resistans for att snabbare utvirdera sensorns respons, och ett tempera-
turcyklat driftldge 1 kombination med multivariat dataanalys undersoktes
mot selektivitet.

Genom att anvanda dessa metoder under laboratorieférhallanden ut-
vecklades sensorer med en kvantitativ avldsning av enstaka ppb bensen
och formaldehyd. Dessa resultat visar pa en mojlig 16sning for att fylla det
halrum som finns i dagens sensorteknologier for luftkvalitetsévervakning,
dar flera relevanta gaser i1 dagsldget inte kan méitas med kostnadseffek-
tiva men mycket kénsliga och snabba gassensorer.






POPULARVETENSKAPLIG
SAMMANFATTNING

Fororenad luft ar globalt den storsta enskilda orsaken till fortida dodsfall.
Problemet ar sa allvarligt att varldshélsoorganisationen, WHO, beskriver
det som ”"den nya tobaken”. Luftféroreningar medfér enorma samhélls-
kostnader. De tros béara ansvar for cirka atta miljoner fortida dédsfall per
ar, och varldsbanken har uppskattat att dalig utomhusluft arligen kostar
det globala samhaéllet mer 4n 5000 miljarder dollar 1 valfardsbelastning.

Att 6vervaka hur giftiga luftféroreningar sprider sig lokalt 1 bebodda
omraden, framforallt storstidder dar fororeningar ar hogre, ar avgoérande
for att formildra deras samhallspaverkan. Tyvarr kan inte dagens sensor-
teknologier mata vissa fororeningar som ar giftiga redan vid extremt laga
koncentrationer med den noggrannhet som kravs for att garantera en sé-
ker levnadsmiljo.

Linkdpings universitet har utvecklat sensorer i1 speciella sensor-
material som ligger i teknisk framkant vad géller prestanda for de aktu-
ella fororeningarna baserat pa tester 1 labbmilj6. Sensorerna baseras pa
hogkvalitativt grafen pa kiselkarbid vars yta modifierats till exempel med
nanostrukturer av metall eller metalloxid for att skraddarsy sensoregen-
skaperna. De modifierade ytorna undersoktes mot dess topografi, integri-
tet och kemiska sammansittning med olika karakteriseringsmetoder.
Flera sensorer testades for reaktion mot gasformiga fororeningar vid kon-
centrationer som ar relevanta for 6vervakning av luftkvaliteten. Férutom
vilkdnda gaser som CO, NO:z och NHs, har ocksa giftigare gaser som ben-
sen och formaldehyd (VOCs) undersokts. Dessutom applicerades olika ni-
vaer av relativ fuktighet 1 omgivningen, sensortemperatur och ytterligare
UV-bestralning for att undersoka dessa effekter pa sensorsvaret.

Som forvantat beror sensorernas prestanda pa material/gas-kombinat-
ion. Alla sensorer reagerade pa NO2 and NHs, men endast ett fatal visade
respons for VOCs, vars svar ytterligare forsvarades med fuktighet 1 om-
givningen. Sensorsvarets magnitud varierar beroende pa sensorernas yt-
struktur och vilken gas de exponeras mot, men 6verlag erhalls storst re-
aktion gentemot NOz och NHs. Trots detta dr dessa sensorer lovande dven
for detektion av VOCs, da de sensorer som reagerade mot VOCs uppvisade
svar for koncentrationer ner till laga miljarddelar, som ar precis vad som
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Popularvetenskaplig sammanfattning

behovs for luftkvalitetsovervakning. Detektion av sa pass laga koncentrat-
loner ar mojlig tack vare den hoga graden av uniformitet och laga méang-
den defekter 1 grafen pa kiselkarbid, vilket i1 sin tur resulterar 1 ett
material som karakteriseras av lagt brus och hog kanslighet.

I nuliaget kan viinte detektera och samtidigt sarskilja mellan alla gaser
med bara en sensor. Vi tror att detta kommer bli mgjligt 1 framtiden genom
att anvinda flera sensorer samtidigt och/eller cyklade driftlagen, 1 kombi-
nation med smart analys av flerdimensionella data, ett koncept som ofta
kallas elektronisk nésa.
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PREFACE

The present dissertation thesis is the result of my binational doctoral stud-
ies carried out between November 2016 and May 2021. The work was su-
pervised by Dr. Jens Eriksson at the Sensors and Actuators Division at
the Department of Physics, Chemistry and Biology (IFM), Linképing Uni-
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my Licentiate Thesis (No. 1851, Linképing Studies in Science and Tech-
nology, ISBN 978-91-7519-010-5). My research was financially supported
by the Swedish Foundation for Strategic Research (SSF) through the
grants GMT14-0077 and RMA15-024. During the course of research un-
derlying this thesis, I was enrolled in Agora Materiae, a multidisciplinary
doctoral program at Linkoping University, Sweden. Research results are
summarized, brought into context and then presented in the appended pa-
pers, preceded by an introduction to the scientific field and used research
methods. For a better overview of my work, the latest unpublished results
are included as well. However, to comply with regulations from both uni-
versities, only papers that have at least been accepted can be part of the
formal evaluation.

Marius Rodner
Link6ping, March 2021
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1 Motivation

According to the World Health Organization (WHO), several toxic air pol-
lutants exceed the recommended exposure levels in more than 91 % of the
monitored urban areas [1, 2]. It is estimated that poor air quality is cur-
rently accountable for more than 8 million premature deaths per year with
indoor air quality being the single largest environmental health risk factor
worldwide [3]. With people in North America and Europe spending about
90 % of their time indoors, a single short time exposure to most air pollu-
tants is not dangerous, but reoccurring exposures over long periods of time
can cause severe health risks and diseases referred to as “sick building
syndrome” [4]. Poor air quality is also inflicting a yearly financial burden
of about 5 trillion US dollars [5], with emissions from fossil fuels alone
costing about 3.3 % of global GDP, which is about 8 billion US dollars per
day [6]. Therefore, a proper way of assessing air quality needs to be estab-
lished.

The key is to be able to detect even trace amounts of hazardous gases.
When it comes to the detection of carcinogenic volatile organic compounds
(VOCs) like benzene (CséHs) and formaldehyde (CH20) at relevant levels,
there are analytical instruments available which are, however, large, com-
plex, and expensive. Small low-cost sensor systems, on the other hand,
suffer from limited sensitivity, selectivity and stability [7, 8]. A portable
low-cost sensor capable of rapid quantification of relevant VOCs at single
digit parts per billion (ppb?) or even lower would thus be a breakthrough
in the field of air quality monitoring (AQM). Moreover, a current report
from IDTechEx expects that the total market for environmental sensors
will be over 3.8 billion US dollars by 2030 [9].

Two-dimensional materials like graphene exhibit several outstanding
properties which enable the fabrication of sensor devices that can be used
for quantification of very small gas concentrations as even a small change
in the number of charge carriers results in a large change in the electronic
state, which then can easily be measured as a change in resistance of the
sensor surface [10, 11]. In this work, epitaxial graphene on silicon carbide,
which has been demonstrated to outperform standard CVD graphene if
used as gas sensor [12], was studied as transducer or sensor material for
AQM applications.

1 ppb refers here to the ratio in volume. Also known as ppbv.
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1 Motivation

One way to strongly increase the sensitivity and, potentially, selectivity
of a gas sensor is the combination of different materials or the decoration
of a sensitive transducer with a reaction-selective material, like metal ox-
ides, combining their individual advantages [13]. For example, the combi-
nation of sensitive and more selective nanostructured metal oxides with
very sensitive and low noise graphene leads to promising sensor hybrids.
There, the gas reaction mainly takes place on the metal oxide nanostruc-
ture, and the graphene is used as a highly sensitive transducer [14, 15]
leading to an increased sensitivity and selectivity to gases like nitrogen
dioxide (NOz2), benzene and formaldehyde [16].

High sensitivity alone though is not sufficient to produce a useful gas
sensor. Other properties such as stability, selectivity and fast time con-
stants are also necessary. Especially for AQM, a sensor needs to be sensi-
tive, selective, stable and it must have a high enough sampling rate to
allow near-real-time monitoring with high time and concentration resolu-
tion [17, 18]. To speed up the sensor response, usually the sensor is irradi-
ated with a light source during the gas measurement [19] or operated at
elevated temperatures [20]. A different method is the use of the sensor
signal’s first-order time-derivative which was shown to drastically de-
crease the detection time [21]. Improved stability, selectivity and some-
times even sensitivity can also be gained through a temperature cycled
operation mode and multivariate data analysis [20, 22].

Here, epitaxial graphene on SiC-based gas sensors have been investi-
gated regarding their capability of quickly detecting VOCs at concentra-
tions of interest for AQM by combining several of the mentioned ap-
proaches. Evaluations performed at two independent laboratories verify
the reliability of the obtained results.

This thesis summarizes and elaborates upon the work published in Pa-
pers 1-4. Additionally, unpublished content from latest research is in-
cluded for a better overview.

Paper 1 discusses ways to improve the performance of gas sensors
based on epitaxially grown graphene on silicon carbide with metal oxide
nanoparticle decoration, UV irradiation and a smart sensor readout utiliz-
ing the first-order time-derivative of the sensor’s resistance to evaluate
them for AQM applications.

Paper 2 focuses on the surface decoration with iron oxide nanoparticles,
and the implications for sensing properties to CeHs and CH20 in the con-
centration range from parts per million down to single-digit parts per bil-
lion to create ultra-sensitive gas sensors for hazardous VOCs.
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Paper 3 investigates the utilization of the first-order time-derivative of
the sensor’s resistance as an additional sensor signal, its impact for time
constants and its stability to external influences to enhance speed and sta-
bility of the sensor response to pulsed gas exposures.

Paper 4 studies the sensor properties of epitaxial graphene sensors dec-
orated with several different metal oxide nanolayers, their response to var-
1ous gases, the impact of environmental influences and an inter-lab com-
parison with measurements performed both at Linképing University and
Saarland University.






2 Theory and concepts

This chapter discusses the general properties of graphene and its peculi-
arities if grown on silicon carbide (SiC). It also gives a short introduction
to chemical gas sensors and graphene sensors in general with a focus on
possible surface modifications to tailor them for optimal gas detection.

2.1 Chemical gas sensors

In the context of this thesis, a chemical sensor is a sensor able to detect a
chemical analyte, i.e., the presence of a specific gas. The sensing mecha-
nism itself can be of physical, chemical or biological nature [23]. Focusing
on gas sensors that rely on the analyte to adsorb to the sensor surface, the
weakest possible interaction would be physisorption, where the analyte
only binds through van der Waals forces. A chemisorption, usually in the
form of ionic binding, is much stronger and can occur after the physisorp-
tion. Moreover, gas molecules can also dissociate and then react with re-
active oxygen ions that are normally adsorbed on the sensor surface.

There are many different types of chemical gas sensors, but here, the
focus is on resistive-type sensors, where a gas exposure leads to a change
in the sensor’s resistivity (or conductivity). The sensing layer is normally
based on grainy, metal oxide semiconducting (MOS) materials such as
tin dioxide (SnQOz2), tungsten trioxide (WO3) or zirconium dioxide (ZrOg)
[24—26]. Two neighboring grains of the sensing material form an energy
barrier, which each electron contributing to the electric current has to
overcome. The energy barrier depends on the depletion layer, which in
turn depends on the surface states of each grain [27]. Oxygen adsorption
on the sensor surface in the form of O2 or 20- can bind formerly free elec-
trons, thus forming a depletion layer. Therefore, the energy barrier be-
tween two grains will increase and the conductivity will decrease [27].
Equation (2.1) describes the dependence of the conductivity k for an n-type
sensor material:

Ep

K=kKg- exp(—kB—T (2.1)

where kjz 1s the conductivity of the bulk material, kz the Boltzmann con-
stant, T the temperature, and E; the energy barrier. The energy barrier is
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dependent on the surface charge density Qs and the density of donors Ny,
according to the Schottky approximation as follows [27]:

Egn 2 (2.2)

A reducing gas will bind and remove oxygen from the surface, decreasing
the energy barrier between two grains and decreasing the resistivity. A
more in-depth study on metal oxide semiconductor gas sensors can be
found in [28§].

2.2 Graphene

The existence of graphene was predicted already in 1947, but it took until
2004 to produce a free-standing, monoatomic layer of graphene that could
be studied with regards to its special properties [29]. Since then, extensive
research was conducted and graphene became the most studied two-di-
mensional material until now. Its two-dimensional structure consists of an
arrangement of hexagonal covalently bound carbon atoms forming a hon-
eycomb structure. The planar structure is due to sp? hybridization of or-
bitals between carbon atoms. Three out of four valence electrons are in-
volved in strong covalent o-bonds (binding energy of ~5.9 eV) with adjacent
carbon atoms. These bonds are responsible for the flat structure of gra-
phene and the exceptional structural strength. The solitary p-orbital, i.e.,
the fourth valence electron, forms an aromatic n-bond with the adjacent
carbon atoms [30]. These delocalized electrons construct the valence and
conduction bands in graphene and give rise to the materials conductivity.
A schematic depiction of the honeycomb lattice structure of graphene and
its corresponding reciprocal counterpart is shown in Figure 2.1. The lattice
vectors of the real space unit cell are described as
3a . 3a _ 3a _ 3a

a1=7x+7y y Qg =X ——F—Y (2'3)

where a 1s the distance between adjacent carbon atoms (1.42 A). The hex-
agonal lattice of graphene can be described as a combination of two trian-
gular sublattices, A and B. The primitive cell contains two atoms in total,
one from each sublattice.



2.2 Graphene

Direct lattice Reciprocal lattice
ky A .
y b1 \\
o K Y
1% Brillouin Zone \
K' K
i M__. >
II kX
K K/
K' /!
b2 /I

Figure 2.1:  Left: Real space honeycomb lattice of graphene, consisting of two
overlapping triangular sublattices A (black atoms) and B (grey at-
oms). The lattice vectors a; and a, form the primitive cell together
with the dotted lines. Right: Reciprocal lattice with the first Bril-
louin zone. Adapted from [31].

The first Brillouin zone (BZ) is represented in the reciprocal lattice,
which is defined by the reciprocal lattice vectors b, and b,. The corners of
the hexagonal first BZ are marked by six points, with only two non-equiv-
alent points K and K’, due to the two sublattices A and B. These six points
are called Dirac points. The reciprocal vectors and the Dirac points can be
calculated using

biaj = 27T6ij (24)

where §;; 1s the Kronecker delta, leading to

2w 21 2r  2m

bj=—X%+—9 ; by=5-%—— 2.5
' 3a 3¢ 7 3a" 3aq 2:5)
K 27TA+ 2T , 2T 2w (2.6)
=—% ; Kl=2-%- :
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A monolayer graphene can also be the starting point for other interest-
ing carbon allotropes (see Figure 2.2). It can be wrapped into 0D fullerenes
(also referred to as ‘Buckyballs’), rolled into 1D nanotubes (also referred to
as ‘CNTs’) or stacked into 3D graphite (also referred to as ‘multilayer gra-
phene’ if containing only a low number of layers). Each structure, with its
specific properties, is used in different fields of research and applications.
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Multilayer Graphene Carbon Nanotube Buckyball

Figure 2.2: Different structures formed out of graphene. Reprinted with per-
mission from Springer Nature, Journal of Infrared, Millimeter and
Terahertz Waves: A Review of the Terahertz Conductivity of Bulk
and Nano-Materials by James Lloyd-Hughes et al. (2012) [32].

2.2.1 Electronic properties

Graphene has some outstanding properties like high electrical conductiv-
ity (~108 S m-1), a high melting point (4510 K), high thermal conductivity
(up to 5000 W m-! K-1), a high maximum current density (~1.6:10° A cm-2)
and a high electron mobility (2:105cm2 V-1 5! at an electron density of
~2-10't cm-2) [33]. Figure 2.3 shows the low energy band structure of gra-
phene with the six Dirac points. At the Dirac points, valence and conduc-
tion band meet in the reciprocal space. Since the energy dispersion is lin-
ear close to the Dirac points at low energies |E| < 3 eV and the effective
mass is equal to the second derivative of the energy versus momentum
relations, charge carriers in graphene behave as ultra-relativistic particles
with zero rest mass, hence like photons. Therefore, the Schrédinger equa-
tion reduces to the 2D Dirac equation which is used to describe the behav-
ior of massless Dirac fermions. This is also the reason why the K and K’
points are called Dirac points. The linear dispersion creates a conical
shape in reciprocal space, the so-called Dirac cone. The density of states
DOS can then be calculated as

2|E|

(2.7)
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where h 1s the so-called reduced Planck constant and v is the Fermi ve-
locity. Electron hopping is the dominating charge transfer mechanism in
graphene and therefore the charge carriers move at the Fermi velocity
(~10% m/s) [31]. The DOS is linear with energy and vanishes at the Dirac
points. In theory this means that, at absolute zero, graphene is electrically
insulating with infinite resistance at the Dirac points. Since there is no
band gap, graphene is often referred to as a zero-bandgap semi-metal. In
practice, there are other factors such as spatial charge disorder which com-
plicate this relation though. Experiments show a very high, instead of in-
finite, resistance at the Dirac points, with the maximum resistance of gra-
phene being controversial with different theories predicting varying
values [34].

It is important to note that multilayer graphene can grow in the AB
(Bernal) or the AA stacked form depending on the substrate. In the AA
stacked form, all layers are perfectly aligned, whereas in the AB stacked
form, half of the atoms lie directly over the center of a hexagon in the lower
graphene sheet, and half of the atoms lie over an atom. The stacking mode

1s very important for the electrical properties of the resulting graphene
sheets [31]. The binding energy between AB stacked layers is higher com-
pared to AA stacked layers, leading to a more stable structure [35].

Figure 2.3:  Dirac points in graphene with the electronic dispersion of the hon-
eycomb lattice in terms of (zoomed in) the energy spectrum of finite
values. Reprinted under the CC BY-SA 3.0 license, Yomach (2014)
[36].
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2.2.2 Epitaxial graphene on SiC

SiC is a binary crystal comprising Si and C atoms in a 1:1 distribution. SiC
can crystallize in about 250 different configurations that are chemically
1dentical but have different electronic properties. The crystal structure,
called polytype, is determined by the stacking sequence of the SiC tetra-
hedron during growth. The most commonly used polytypes of SiC for gra-
phene growth are 4H-SiC and 6H-SiC. In theory 3C-SiC is better as it has
a uniform step decomposition velocity, thus no step-bunching [37], and
also no spontaneous polarization, which therefore should result in less
charge transfer to graphene compared to 4H- and 6H-SiC. However, the
latter two are the only stable hexagonal polytypes [38], and since they are
of high interest in the field of power semiconductor devices to replace Siin
high-end power electronics applications to reduce device-related energy
losses, their growth has been optimized to the point where 4H- and 6H SiC
wafers of very high quality are available at costs that would have seemed
impossible a decade ago. The letter H indicates the hexagonal crystal
structure and the numbers 6 and 4 define the number of Si-C pairs stacked
per unit cell. SiC wafers cut along the c-axis (0001) have two different sur-
face terminations: Si-face (Si atoms) or C-face (C atoms). For the growth
of monolayer graphene, the Si-terminated surface (0001) is normally used,
as 1t exhibits a slower and more controlled Bernal stack growth process
[39]. C-terminated SiC (0001) leads to a multi-layered and more inhomo-
geneous growth instead [40]. Therefore, the Si-face is used for applications
where high quality graphene is needed, such as Quantum Hall Effect
(QHE) devices [41, 42] or gas sensors [43].

If SiC is heated to sufficiently high temperatures, Si-atoms sublimate
and leave a carbon-rich layer beneath, which eventually forms graphene.
The growth is explained in more detail in section 3.3.1. The very first layer
of graphene forms the so-called buffer layer, which is a (6v3 x 6/3)R30°
reconstruction of the SiC surface [40]. In the buffer layer, about 30 % of
the carbon atoms are covalently bound to the SiC bulk, turning it into an
insulating layer. It is often also referred to as zero-layer graphene. The
second layer then forms the conducting monolayer of graphene. Figure 2.4
represents a schematic of the grown graphene lattice on top of SiC with
the buffer layer in between.
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Figure 2.4: Schematic of epitaxial graphene on SiC.

The graphene layer is influenced electrically by the buffer layer and the
SiC bulk. The buffer layer has a distance of ~3.24 A to the graphene layer
[44] and acts as a mediator for charge transfer between the SiC bulk and
the graphene leading to intrinsic n-doping in the order of 1013 cm-2 [45]. As
a result, the graphene lattice has a high density of states. The SiC bulk
also affects the doping of graphene in the same direction as the buffer layer
[46]. The buffer layer reduces the mobility in epitaxial graphene (EG) com-
pared to exfoliated graphene due to the introduction of charges and scat-
tering centers [47]. To eliminate the influence of the buffer layer, the co-
valent bonds between buffer and SiC can be removed through the
intercalation of, for example, hydrogen which will decouple the buffer layer
into a freestanding graphene layer [46]. To produce monolayer graphene
in this manner it is necessary to perform the intercalation step on SiC that
has been processed to have just the buffer layer with no graphene on top.

2.3 Graphene as sensor platform

Besides the already mentioned properties, graphene’s exceptionally low
electronic noise makes it very promising for a large variety of sensing ap-
plications. Only few crystal defects occur leading to low Johnson [48] and
thermal switching noise [49], which in turn lead to a high signal-to-noise-
ratio (SNR). Graphene sensors are currently being studied by the scientific
community to investigate among others mechanical, electro-magnetic or
bio-/chemical properties with, e.g., strain, Hall or gas sensors, respectively
[33, 42, 50]. Fluctuations due to thermal motion of charges and defects lead
to intrinsic noise, limiting the detection resolution of gas sensors. Due to
the low density of states near the Dirac point even a minimal charge trans-
fer yields a significant change in the electronic state, leading to a high

11
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sensor response even to low analyte concentrations. Schedin et al. demon-
strated already in 2007 that graphene can be used to detect single at-
oms/molecules [51], albeit under optimized laboratory and rather unreal-
istic ambient conditions. Adsorbates can attach to a graphene surface,
alter the local carrier concentration and, thus, change the resistivity ac-
cordingly. Since then, a lot of research has been conducted to utilize gra-
phene as ‘the ultimate gas sensor’. It was found that when using graphene
as a sensitive layer, the number of layers greatly affects the sensor perfor-
mance [10]. This is especially true for EG on SiC, as the sensitivity de-
pends on the band structure which in turn depends on the number of lay-
ers, as SiC exhibits Bernal stacking of graphene layers. Furthermore,
graphene has been found to be very sensitive to some gases like ammonia
(NH3) or NOg2, but needs functionalization to fully exploit its potential [52].
Due to its high sensitivity to many gases, graphene suffers from poor se-
lectivity. At the same time, graphene exhibits poor interaction with sev-
eral gases of interests in AQM such as VOCs and also slow adsorption and
desorption processes, leading to long response and recovery times. Moreo-
ver, its low number of dangling bonds on the surface limits the chemisorp-
tion of target gases, thus limiting the sensitivity [53].

2.3.1 Optimizing EG gas sensors

There are many different ways to overcome the limitations of pristine gra-
phene gas sensors. Graphene can be functionalized via additional doping
or defects, decoration or intercalation with other functional materials,
combined into a compound material or controlling the sensing environ-
ment.

The most common and extensively studied approach is to work with
graphene itself and turn it into a hybrid structure together with metal ox-
1des [14, 15]. Metal oxides are very well studied in the gas sensor commu-
nity and are dominating in industrial applications due to their advantages
like low cost and controlled production [13]. Having the optimal metal ox-
1de and target gas combination already leads to a very good sensor perfor-
mance. The sensitivity to most analytes can drastically be increased by
increasing the surface-to-volume ratio of the sensing layer as a larger de-
tection area per unit volume results in a higher adsorption of gas mole-
cules per volume, thus leading to more material/gas interaction. Therefore,
nano-sized structures are often used in combination with highly sensitive
materials [13]. Combining the advantages of sensitive metal oxides with

12
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low-noise graphene can lead to very promising new sensor hybrids where
the surface chemistry is controlled by the metal oxide nanostructure and
the graphene acts as a highly sensitive transducer [14, 15]. Moreover, gra-
phene can be turned into graphene oxide or wrapped into CN'Ts, which are
then again used as a transducer and functionalized with different sensi-
tive materials. In this work, graphene was decorated with different metal
oxide nanoparticles (NPs) and nanolayers (NLs).

The intercalation of atomic species into the graphene lattice is another
method of changing the surface properties. This is especially interesting
when doing so with epitaxial graphene on SiC where the buffer layer can
be turned into the topmost quasi-free-standing epitaxial graphene
(QFSEQG) layer or the existing monolayer graphene into a bilayer graphene
sample. This intercalation has been done with several different species
ranging from salts over metals to gases [54]. Here, only hydrogen interca-
lated sensors were investigated as it is the most common intercalation
method.

The controlled introduction of defects, vacancies or doping impurities
into the graphene lattice can also lead to an increased sensitivity [55, 56].
However, this procedure normally entails a higher noise level, due to local
disruptions of the sp? hybridization, which could be detrimental for the
detection limit. In this work, defects were introduced into graphene with
Ag-1on irradiation [Paper C].

A rather drastic idea is to use the known substrates on which graphene
can be grown and substitute the graphene lattice with another material
like two-dimensional platinum and use it as sensor or transducer instead
[Paper D].

The enhancement of sensitivity and decrease of time constants using
additional UV irradiation during the gas exposure was shown for many
different material/gas combinations [19]. The irradiation with light allows
energized photons to interact with the target gas or sensing material. This
interaction highly depends on the possibility to adsorb photons at the given
photon energy. Thus, the photon energy level has to be compatible both
with the sensing material and the target analyte. This in turn means that
the interaction depends on the wavelength of the irradiation source and
might be enhanced for a specific wavelength but has no effect for longer
wavelengths. The photon interaction can help to split up gas molecules
into detectable atoms or it can help to clean the sensor surface from the
adsorbed gas and activate adsorption sites. For example, it was reported
that UV irradiation can be attributed to cleaning of the graphene surface,
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thus freeing active sites for target gas adsorption [57]. Unfortunately, this
method does not work for all material/gas combinations, making it a use-
ful, but not very versatile add-on.

One option where no actual functionalization is needed is the use of
transient or secondary data, generated during the measurement. A com-
mon approach, usually applied for MOS or field effect transistor (FET) de-
vices, 1s the operating mode called temperature cycled operation (TCO)
[22, 58]. In general, a relatively high operation temperature is often desir-
able, as it accelerates reactions on the sensor like ad- and desorption, in-
fluences speed and repeatability, and can change the catalytic activity of
the sensor surface. Even more information can be gained by quickly cycling
between different temperatures to create non-equilibrium states that can
be used to enhance sensitivity and selectivity [59]. If the sensor does not
support high temperatures or the system should exhibit a low power con-
sumption, other methods like cycling the gate bias [60] or utilizing a pulsed
UV irradiation [61] are possible alternatives. To substantially decrease the
sensor’s time constants at a constant temperature, the first-order time-
derivative of the signal can be calculated and used as well [21]. This ap-
proach focuses on the change in signal during ad- and desorption phases
and can be extracted from almost any pulsed sensor signal.

2.3.2 Sensing mechanism

A change in the sensor’s resistivity follows from a change in charge carrier
concentration or mobility. The resistivity p is inversely proportional to the
product of the charge carrier concentration and the mobility [62].

1

" nep, + pep, 2.8

p

e is the elementary charge, n and p are the electron and hole concentra-
tions, and u, and y; are their respective mobilities.

Adsorption of molecules on the graphene lattice can result in a charge
transfer between the surface and the adsorbed molecule, thus changing
the measured resistance. The adsorbent acts as chemical dopant, changing
the Fermi level Er [63]. If electron-accepting molecules adsorb, i.e., an ox-
1dizing gas, extra holes are introduced, resulting in p-type doping, shifting
the Fermi level down and increasing the resistivity for n-doped graphene,
such as EG on SiC [10]. Adsorption of electron-donating molecules, i.e., a
reducing gas, on the other hand, results in extra electrons, leading to
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Figure 2.5:  Schematic of Fermi level (Er) dependence on doping in graphene.

n-type doping, shifting the Fermi level up and decreasing the resistivity.
For the Fermi level and thus the sensor resistance to change, a physisorp-
tion can already be enough. The effects of doping on the Fermi level are
displayed in Figure 2.5.

In free-standing graphene, the Fermi level is located at the charge neu-
trality point, the Dirac point. In as-grown epitaxial graphene, the Fermi
level is shifted to approximately 0.4 eV above the Dirac point, due to the
n-type doping from the buffer layer and the SiC substrate [64].

The sensing mechanism of graphene decorated with metal oxide NPs
or NLs can be modeled by a receptor and a transducer process. Physisorp-
tion and chemisorption occur mainly at the metal oxide surface, forming
the receptor process. The transport of electrons between metal oxide and
graphene as well as establishing the electrical signal belongs to the trans-
ducer process [15]. It is believed that the change in resistivity is due to
trapping of electrons by adsorbed molecules and additional scattering
points induced by such. For example, adsorbed oxygen (Ogz) on the sensing
material withdraws electrons from the metal oxide NPs as shown in Equa-
tion (2.9).

0, + e~ - 03 (ads) (2.9)

Note that this simplification is only true up to about 150 °C as above this
temperature ionic oxygen species dominate [65]. The negatively charged,
adsorbed oxygen molecules cause a depletion area at the interface between
the metal oxide and the graphene lattice, lowering the resistivity of the
graphene lattice [15]. Reactions with oxidizing molecules will further in-
crease the depletion region, whereas reactions with reducing molecules re-
sult in the trapped electrons being returned to the metal oxide, thus in-
creasing the resistivity of the graphene lattice again [66]. The mentioned
mechanisms are described disregarding the dissociation of more complex

15



2 Theory and concepts

molecules. This can, of course, happen as well, depending on the active
sensing sites and might lead to a more complex sensing mechanism.

2.4 Multivariate data analysis

A raw sensor signal, e.g., resistance, is usually not the desired output of a
sensor device, especially if the user expects an easily interpretable read-
ing. To convert this signal into the property of interest, e.g., gas concen-
tration in ppb, models are normally used instead. As mentioned in section
2.3.1, models can also help to improve the sensing performance if done
properly. To fully exploit a sensor’s potential, more information than just
the raw signal can be created by looking also at other or alternating prop-
erties, e.g., cycled operating temperature, which is then evaluated with
multivariate data analysis methods [58]. Therefore, sensor devices usually
contain sensor arrays. These are either physical arrays, i.e., sensors with,
for example, different sensing materials, or one sensor that is operated in
a way resulting in a virtual array, e.g., cycled operating temperature or
bias. The resulting signal patterns often contain more information than a
single sensor, hence enabling the classification or quantification of indi-
vidual gases even in rather complex gas mixtures. However, since chemi-
cal reactions strongly depend on the material/gas combination, each sen-
sor device needs to be calibrated with individual models for the desired
application. Good overviews together with more in-depth discussions
about multivariate data analysis can be found in [67, 68].

Before a model is created, the recorded set of data usually undergoes a
so-called preprocessing or data cleaning step to remove obvious imperfec-
tions, noise or sensor drift. For example, baseline drift of MOS sensors in
TCO mode can be compensated by dividing each measurement cycle by its
own mean value [69].

The next steps are feature selection and dimensionality reduction. Fea-
tures refer to a specific data value over all observations, e.g., last point of
the temperature plateau in TCO, or the method of how the value 1s ex-
tracted, e.g., the mean value of the temperature plateau in TCO. Target
values contain the predefined label of each observation, such as gas type
or concentration and are sometimes also referred to as target, target clas-
ses or groups, while one observation could for example be one TCO cycle.
Each feature can be seen as an additional dimension, which might contain
useful information. Too many features, however, lead to negative effects
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with the model not performing as well as it could [70]. Therefore, and to
make the calculations manageable, the dimensionality of the given dataset
needs to be reduced as much as possible while not losing too much infor-
mation. There are several different methods on how this reduction can be
obtained like feature extraction, feature selection or multivariate statistics
[68]. Features can be extracted based on the shape of the signal, e.g., mean
value or slope of the sensor signal, mathematically, e.g., with Fourier anal-
ysis or wavelet transform, or as a combination. The most common ap-
proaches based on multivariate statistical methods are linear discrimi-
nant analysis (LDA)2 and principal component analysis (PCA). Both
project the data into a new subspace with the aim of retaining as much
information as possible while reducing the dimensionality down to usually
1-3 for easier visual representation [71]. The original LDA algorithm, was
described already in 1936 [72] for two-dimensional data, but is today also
used for multi-dimensional problems. LDA is a so-called supervised
method. This means that the target values are known and used for model-
building, projecting the data into separated clusters corresponding to the
target values. LDA searches for a set of axes that maximize the variance
between points, minimizing the distance within a group of points corre-
sponding to a particular gas, and maximize the distance between different
groups or gases. PCA, on the other hand, is unsupervised, which means
that the target values are not known while the model tries to project the
data into a new, orthogonal space, where the first axis points along the
direction of highest variance and the last axis to the direction with the
lowest variance.

Classification or quantification of unknown observations is the ulti-
mate goal of any model. A classification assigns a predefined target to each
observation, e.g., if the exposed gas is reducing or oxidizing. Examples for
common classification models are knn (k nearest neighbors) or again LDA.
To determine, for example, gas concentrations, a regression model would
be the better option with PLSR (partial least squares regression) being the
most common one for chemical gas sensors [70].

After the model has been built, which is often called training of the
model, it has to be validated and tested. During training, the model pa-
rameters are determined as, e.g., linear combinations of the features. The

2 LDA 1s often also referred to as canonical discriminant analysis (CDA) if
used for dimensionality reduction.
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validation step then determines the model’s hyperparameters, i.e., dimen-
sions, and finally, the performance of the model is tested with new data,
thus giving feedback on how close predicted values are compared to the
known real values of the dataset. To obtain the optimal model, the valida-
tion and testing should be done with a new, independent dataset. However,
parts of the same dataset can also be used for training, validation and test-
ing of the model. For this, the most common method is k-fold, which ran-
domly divides the dataset into k parts, using k-1 parts to train the model
and the remaining part for validation or testing. This is performed k times
until each part had been left out once. The final outcome is then the aver-
age of all validation or testing folds.
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The research and development from idea to realization of a novel sensing
material involves several different fabrication and characterization tech-
niques and systems. This chapter gives an overview of what is needed to
end up with a functioning and functionalized EG gas sensor. It starts with
the different deposition techniques and material characterization meth-
ods. Thereafter, the process of sensor fabrication itself and handling of the
obtained data is addressed and, finally, the gas mixing systems with the
utilized test gases are described.

3.1 Deposition techniques

Depending on the application in mind, several different deposition tech-
niques may be used to grow a thin film on an already existing substrate.
One distinguishes usually between physical vapor deposition (PVD) and
chemical vapor deposition (CVD) techniques. In the case of CVD, a liquid
or gaseous precursor undergoes a chemical change at a solid surface, re-
sulting in the growth of a new solid film on top. PVD, on the other hand,
uses thermal, mechanical or electromechanical processes to produce a thin
solid film on top of a substrate. All techniques applied in this work belong
to the family of PVD and are described in the following sections. Sputter
deposition was used to deposit contact pads on the sensor surface or deco-
rate it with nanoparticles. Continuous nanolayers were deposited utilizing
pulsed laser deposition.

3.1.1 Sputter deposition

Sputter deposition techniques are usually divided into non-reactive and
reactive sputtering. For non-reactive sputtering, the background ambient
consists only of an inert gas like argon (Ar), whereas for the reactive sput-
tering a more reactive gas like oxygen is present as well, which then reacts
with the ejected target atoms to form oxides. The main principle though is
similar for both techniques: A sputter gas, normally argon, is ionized with
a high energy source and directed to the so-called sputter target where it
bombards the surface and ejects target atoms from the bulk [73]. Depend-
ing on the atomic weight of the sputter atom, the ejection mechanisms

19



3 Experimental methods

—Substrate
_ o o o o o o L
p— —>
Gasinlet| @ Q ® ¢ |Gasoutlet

o

\ / °
= |_Target
Figure 3.1:  Schematic of sputter process.

differ. If heavy sputter atoms hit the surface, they transfer their energy
into the surface, which generates a cascade of collisions and eventually
ejects atoms out of the surface. If a rather light atom hits the surface, it
does not produce a cascade of collisions. Instead, those ions are reflected
inside the surface layer and eject surface atoms by hitting them from the
bulk side. For argon with its intermediate mass, both mechanisms contrib-
ute to the sputter yield [74]. The sputter yield, defined as the ratio between
ejected target atoms and incoming ions, is highly dependent on the angle,
mass and kinetic energy of the incoming ion as well as the target material.
The ejected atoms move to the opposing substrate and grow into a film on
it. Figure 3.1 presents a schematic of the general sputter process. Besides
the ejection of target atoms, also secondary electrons are ejected. Acceler-
ating these free electrons close to the target surface will further increase
the rate of ionization, eventually leading to the formation of a plasma with
its origin on the target surface. In this work, only “soft” deposition tech-
niques were used with a rather low kinetic energy of the incoming target
atoms to maintain the integrity of the graphene lattice and to not induce
structural damage to it.

3.1.1.1  Magnetron sputtering

As the name suggests, in a magnetron sputter system a magnet is utilized
to confine the sputter electrons close to the target. The magnetic field
bends the electrons’ trajectory back to the target surface. This locally in-
creases the plasma density through ionizing collisions with neutral atoms
[75]. Figure 3.2 (a) shows an image of the deposition process with the
plasma occurring in the top left and particles depositing over the whole
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Substrate

(a) (©)

Figure 3.2: (a) Overlay of schematic with real image of the magnetron sputter
process with the occurring plasma plume within the vacuum cham-
ber and (b) sensor chips with deposited contacts.

chamber including the substrate on the substrate holder as the target
shutter i1s open.

A custom-built magnetron sputter system was used to deposit contacts
(T1/Au or Cr/Au with 2/200 nm) on top of the sensor chips. Titanium and
chromium have been used, depending on availability of the target mate-
rial, as a binding layer between the graphene surface and the gold layer.
For titanium, the base pressure was 1.5 mTorr with a voltage of 350 V and
a current of 300 mA, for chromium the base pressure was 1.7 mTorr with
300V and 360 mA, and for gold the values were 1.9 mTorr, 400 V and
200 mA, respectively. Depositions were performed with an argon flow of
25 ml/min for all materials. Sensor chips with deposited contacts can be
seen in Figure 3.2 (b) together with the used mask. The chips are fixated
on copper tape for better stability during the deposition. Note that a few
early sensors had contacts deposited via thermal evaporation, but since
sputter deposition did not damage the graphene lattice, produces better
quality layers and was more easily available, sputter deposition was used
for almost all sensors.
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3.1.1.2 Pulsed plasma hollow cathode sputtering

A hollow cathode sputter system traps the electrons inside the cathode
cylinder where they are accelerated and repelled by the opposing cathode
sheaths. This leads to an oscillation of electrons inside the cathode and
collisions of gas atoms with these highly energized electrons form a plasma
with a high degree of ionization. High power pulses are applied similar to
high power impulse magnetron sputtering, to substantially enhance the
1onization of the sputtered species as compared to direct current magne-
tron sputtering. A schematic view of the experimental arrangement is
given in Figure 3.3. In this work, the technique has been leveraged for
fabrication and deposition of metal oxide NPs on graphene substrates.

One of the main advantages of hollow cathode sputtering is the control
of size, shape and dispersion of the deposited nanoparticles, as well as min-
1mizing agglomeration on the substrate surface by alternating pulse am-
plitude, length and frequency [76, 77]. The NPs are formed in the gas
phase of the sputter vapor and their growth undergoes three main stages:
In the first stage, a dimer is formed by nucleation during a three-body col-
lision. This dimer then grows into a small cluster through the addition of
more individual metal atoms/ions. If the cluster is large enough, it gets
negatively charged in the second stage as the electron mobility becomes
higher as the mobility of positive ions. This leads to coagulation. When the
coagulated cluster reaches sizes of > 10 nm, the built-up negative charge
prevents it from further coagulation. In the third stage, the particle grows
only due to slow addition of metal atoms/ions [76].

Here, titanium dioxide (Ti02), magnetite (Fe304) and platinum (Pt) NPs
were deposited on top of graphene using this technique. The substrates
were placed outside the dense plasma region, preventing energetic species
from reaching and damaging the graphene lattice. The discharge parame-
ters for the FesO4 NPs were: a pulse frequency of 1200 Hz, a pulse width
of 80 us and an average power of 90 W. A substrate bias can be used to
attract the particles to the substrate surface. For the FesO4 particles no
bias was applied, referred to as floating3, and the substrates were exposed
to NP deposition ranging from 0.5 to 4 minutes. Pt NPs were deposited
with similar parameters, only the average power was lower (30 W) and the
deposition time was 3 min. For the TiO2 NPs the deposition time was 15 s

3 Floating means that the samples were not connected to the electrical cir-
cuit, which, therefore, is different from 0 V.
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and the bias was +10 V. Other process parameters are given in reference
[77]. Important deposition parameters are summarized in Table 1. The
main results are only based on FesO4 NP decorated sensors, in particular
the ones with deposition times of 2 and 4 minutes, respectively, as they
show comparable surface coverage (compare Table 5) and sensor response
(compare section 4.2.5). TiO2 NP decorated sensors were mainly investi-
gated prior to and at the very beginning of this project. Investigations re-
garding Pt NP decorated sensors are still ongoing and are not published

yet.
Argon
Hollow ¢ Oxygen
cathode |¢|
M
Plasma

Anode

M
Substrate

Figure 3.3:  Schematic of hollow cathode sputter process based on [77].
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Table 1: Hollow cathode targets and their deposition parameters.

Sputter Deposition Substrate
material time (min) bias (V)
Fes04 0.50 floating
Fes304 1.00 floating
Fes04 2.00 floating
Fes04 4.00 floating
Pt 3.00 floating
TiOs 0.25 +10

3.1.2 Pulsed laser deposition

Pulsed laser deposition (PLD) uses a coupling of photonic energy to a bulk
target material through electronic processes for growing a layer on a sub-
strate opposite of the target. Both target and substrate are positioned
within a vacuum chamber with an optical quartz glass window and usually
with several in- and outlets for gases. A high energy laser pulse is focused
onto the rotating target and is partially absorbed near its surface. Exceed-
ing the ablation threshold of the target, a plasma plume occurs with par-
ticles moving perpendicular to the target. The material within the plasma
plume can collide and react with background or inlet gases or ion sources.
Eventually, it will recondense on the substrate and grow into a layer. A
schematic of the general principle is presented in Figure 3.4.

The detailed PLD process used here is described in [12]. Different tar-
get materials were ablated using a krypton fluoride (KrF) excimer laser at
a wavelength of 248 nm. The oxygen partial pressure was kept at either
0.1 or 0.05 mbar. The laser pulses were adjusted to keep a layer thickness
of ~0.5 — 1 nm. The sensor substrates were kept at room temperature dur-
ing deposition. Copper oxide (CuO), magnetite (Fes04), vanadium pentox-
ide (V205) and zirconium dioxide (ZrOz) have been used as target materi-
als. Their process properties are summarized in Table 2. Unfortunately,
the ZrO2 sample processed at 0.05 mbar was not available for measure-
ments and the V205 (0.1 mbar) sample physically broke during the project.
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Substrate

Figure 3.4: Overlay of schematic with real image of the PLD process and the
occurring plasma plume within the vacuum chamber. Adapted
from [78].

As the sensors with the same deposition material showed very similar sen-

sor responses, only one of each is discussed here for the sake of readability.
Included are CuO (0.1 mbar), FesO4 (0.1 mbar), V205 (0.05 mbar) and ZrO2
(0.1 mbar) NL DEG sensors, which are also the ones [Paper 4] is based on.

Table 2: PLD targets and their deposition parameters.

PLD Oz pressure Laser fluence Number of
material (mbar) (J/cm?2) laser pulses
CuO 0.05 5 120
CuO 0.10 5 180
Fe304 0.05 7 150
Fes04 0.10 7 200
V205 0.05 5 120
V205 0.10 3 200
ZrOq 0.10 3 220
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3.2 Characterization methods

To gain information about the purity, thickness uniformity and integrity
of the used graphene samples, they were analyzed using atomic force mi-
croscopy (AFM) and Raman spectroscopy before and after the applied sur-
face modifications. AFM gives information about the topography, while
Raman spectroscopy is used to acquire information about structural prop-
erties of the graphene lattice. Density functional theory (DFT) calculations
were used to theoretically investigate the binding energies between the
sensor surface and a specific analyte, thus possibly predicting the sensor
response.

3.2.1 Atomic force microscopy

Using a very sharp needle attached to a micro-cantilever, the AFM scans
the surface of a specimen. Different scanning modes are possible: contact
mode, non-contact mode and tapping mode. Here, only the tapping mode
was used, where the cantilever oscillates close to its resonance frequency
in z-direction while scanning the whole surface in an x-y raster scan. De-
pending on the topography, van der Waals forces change the oscillation
amplitude of the cantilever, which is detected by reflecting a laser beam of
the back of the cantilever and onto a position-sensitive photodiode. Reso-
lutions down to an atomic level can be achieved in height, which provides
an opportunity to gain topographical information of very flat samples such
as graphene. In addition to the amplitude, also the phase difference be-
tween the excitation signal of the cantilever and its actual oscillation is
recorded. The phase provides an insight into mechanical properties and
the viscoelasticity of the studied sample as it responds to energy loss. For
example, for EG on SiC it can reveal whether the surface consists of dif-
ferent graphene domains as different graphene thicknesses, i.e., mono-
layer, bilayer or multilayer, exhibit different Young’s moduli. Besides topo-
graphical measurements, AFM measurements can also be adapted to
measure, e.g., the work function (Kelvin Probe Microscopy) or conductivity
using a conductive tip.

In this work, a Dimension 3100 (Veeco Instruments Inc., New York,
USA), with a Nanoscope IVa controller was used with silicon tips (PPP-
NCHR-50 from Nanosensors, Neuchatel, Switzerland) with a tip radius of
curvature below 7 nm exclusively in tapping mode.
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The overall roughness is calculated as the deviation of the root mean
square R;:

2
Rq =\[ §V=1(ZL' _NZaverage) (31)

where N is the total number of measurement points, Z; is the height at
measurement point i and Z,yerage 1S the average height. Note that the

roughness in height is calculated for an arbitrary area within the AFM
measurement and should only be utilized to compare similar samples with
each other.

3.2.2 Raman spectroscopy

With Raman spectroscopy, incoming monochromatic light gets scattered
inelastically on the sample surface due to interactions with molecular vi-
brations or excitations. This inelastic scattering leads to a characteristic
energy shift of the outgoing laser light, the so-called Raman effect. Raman
scattering can be separated into Stokes scattering and Anti-Stokes scat-
tering. The incident radiation has a higher frequency than the scattered
radiation for Stoke scattering and vice versa for Anti-Stoke scattering [79].
Narrow optical filters shield the detector from reflected, non-scattered
light coming from the laser.

The quality and especially the integrity of graphene surfaces can easily
be verified using Raman spectroscopy. A typical Raman spectrum of EG
on SiC is shown in Figure 3.5. The important modes are D at 1350 cm-!, G
at 1582 cm-1, D’ at 1620 cm-! (not present here) and 2D (also referred to as
G’) at 2700 cm-! [80]. The G and 2D peaks, specifically their intensity ratio
and the full width at half maximum of the 2D peak, can be used to deter-
mine the quality of the graphene while the D peak arises only when disor-
der or lattice defects are present. Furthermore, the whole sample surface
can be mapped giving information about spatial distribution of graphene
features, such as peak ratios and FWHM (full width at half maximum)
values [81, 82].

A micro-Raman setup was used to perform Raman spectroscopy and
reflectance measurements. A CCD (charge-coupled device) camera coupled
to a monochromator (HR460) was utilized along with a 100X magnification
objective. The samples were excited using a 532 nm diode-pumped solid-
state laser, with a power of 17 mW for pristine EG (PEG) and <1 mW for
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Figure 3.5: Typical Raman spectra of EG on SiC with important modes.
Adapted from [Paper 1].

surface decorated EG (DEG) samples, respectively. The lower laser powers
were used as a safety procedure, to make sure that the decorated metal
oxide nanostructures do not burn. The focused spot size had a diameter of
~0.9 um on the sample and a system spectral resolution of approximately
5 cm™! could be achieved. The Raman spectra of Si-face graphene were ob-
tained by subtracting a reference spectrum of 4H-SiC (0001). A more de-
tailed description of this setup can be found in [81].

3.2.3 Density functional theory

DFT is used to calculate and predict material behavior. It is based on quan-
tum mechanical models which in turn are based on the Hohenberg-Kohn
theorems [83]. DFT is often put to use in material science to investigate
the electronic structure of many-body systems. Here, the adsorption of gas
molecules on PEG and metal oxide NP DEG was investigated. The calcu-
lations are based on hybrid gas-phase DFT and executed with the Gauss-
1an 16 Rev. B.01 program package [84]. PEG has been modeled as one 4x5
graphene layer on top of a 4x5 buffer layer, which is covalently bound to
the 4x4 Si-face surface of hexagonal 4H-SiC. DEG was simulated by full
geometrical optimization of FesO4 and TiOz2 located on PEG, where all dan-
gling bonds are passivated by hydrogen atoms. M06-2X level theory with
consideration of a split basis set was used for all calculations [85]. The
dispersion-corrected DFT functional M06-2X implicitly includes modified
parameters associated with the Hartree-Fock exchange interaction, allow-
ing the prediction of weak van der Waals interactions [86]. A LANL2DZ
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(Los Alamos National Laboratory 2 Double-Zeta) basis set was applied for
iron (Fe) and titanium (T1) atoms, and a 6-31G basis set for carbon, silicon,
oxygen and hydrogen species [87]. All atoms were allowed to fully relax
during geometrical optimization and no symmetry restrictions have been
applied. The adsorption energy of gas molecules (E,;;) was calculated as

_ PEG/DEG gas gas@PEG/DEG
Eaas = (Etot + Etot) — Eor (3.2)

where EEEG/ PG and EZ are the total energies of isolated PEG or DEG tem-

o

plates and gas molecules, respectively. The total energy of PEG or DEG
after the reaction with gas molecules is defined as EthiS@PEG/ PG A compen-
sating correction for basis set superposition error (BSSE) was applied for

a more accurate prediction of the adsorption energies [88].

3.3 Sensor fabrication

In this section, all processes involved in the fabrication of the studied sen-
sors are discussed. It starts with the growth of graphene on SiC and then
elaborates on how this chip is mounted to become a stand-alone sensor
unit.

3.3.1 Graphene growth

Since it was first experimentally produced in 2004, scientific advances and
technology development in graphene have virtually exploded. As such, also
the definition of graphene has been expanded to include materials that are
not strictly only monoatomic carbon, but also chemically reduced graphene
oxide, composite materials comprising of micrometer-sized graphene
flakes, and multilayer graphene. Clearly, these different types of graphene
will have different mechanical, optical, and electrical properties, where the
choice of material should depend on the intended application. The type of
graphene depends on how it is synthesized, and there are many well-es-
tablished methods for graphene growth [89]. The most common method for
production of large area monolayer graphene relies on chemical vapor dep-
osition, where a carbon-rich precursor gas is used to grow graphene on a
metallic catalyst substrate [90]. This approach is highly scalable and can
produce high quality graphene [91]. However, the necessary transfer of the
graphene to an insulating substrate — for electronic devices — ads an addi-
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tional step which can lead to a degradation or contamination of the gra-
phene surface [89]. Another, rather hands-on method is mechanical exfo-
liation. This method produces the highest quality graphene and is mainly
used in fundamental research, but the process is very slow and not scala-
ble [89]. The method employed to grow graphene in this work was epitaxial
growth of graphene through thermal decomposition of a SiC substrate.
Figure 3.6 demonstrates a simplified growth process of EG on SiC.

At elevated temperatures sublimation of silicon occurs at a much faster
rate compared to carbon atoms due to its higher vapor pressure[92]. The
underlying Si-terminated SiC substrate reconstructs in a supercell of the
gained buffer layer, on which the graphene is grown, which matches quite
well with the graphene lattice. Usually, an overpressure of argon is applied
to enhance the uniformity of the EG layer. Monocrystalline graphene can
be grown over an entire wafer with very high quality on insulating or semi-
conducting SiC, thus allowing the direct fabrication of electronic devices
[89].

In this work, growth was performed on 7X7 mm hexagonal polytype
4H-SiC (0001) on-axis Si-terminated substrates. 4H-SiC is, with a
bandgap of 3.26 eV, a wide bandgap semiconductor that is either semicon-
ducting or semi-insulating depending on the doping. Here, only semi-insu-
lating SiC was used. EG was prepared by sublimation of SiC and subse-
quent graphene formation at 2000 °C in argon at a pressure of 1 atm [93].
The graphene layer forms on top of a monoatomic carbon buffer layer,
which is still partially covalently bound to the SiC substrate [40]. As a
result, and sensor basis, EG with a monolayer ratio of about 98 % (2 %
bilayer) was achieved. Depending on the wanted outcome, the growth can
also be stopped after the buffer layer has formed. In this case, argon is
introduced to the chamber at 1400 °C and the buffer growth is completed
already at 1700 °C. A high-quality buffer layer is especially important for
the Hz-intercalation (here referred to as intercalated EG or IEG) and gra-
phene-substitution samples. The exact growth processes for those two lat-
ter samples are explained in [94] and [Paper D], respectively. Note that
results obtained with the IEG sensor are not published yet.

Due to better accessibility, EG was also acquired as a 4” wafer from
Graphensic AB, Stockholm, Sweden, and diced into the desired geometries
at a later stage of the PhD work (includes Pt NP DEG and several PEG
sensors). The graphene was grown on a SiC wafer with similar settings in
a comparable reactor.
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Figure 3.6: Schematic of EG growth on SiC.

3.3.2 Sensor mounting

To dice the chips, a 30 um thin diamond blade is used with an automatic
dicing saw (DAD321 from DISCO, Tokyo, Japan) and deionized water cool-
ing during the cutting process. The resulting cut has a width of about
50 um. To ensure no contamination is added to the graphene surface, a
protective layer of positive photoresist (SU1818) was applied beforehand.
The photoresist was applied via spin coating for 30 s at 4000 rpm with an
acceleration speed of 2000 rpm/s. The sample was then baked for 20 min
at 100 °C in an oven in ambient air for curing. The backside of each fully
transparent chip was marked with a diamond pen to prevent using the
wrong side. To remove the photoresist after cutting, the chip was put into
pure acetone, then into pure ethanol, blow-dried using a handheld nitro-
gen gun and finally baked at 100 °C for 10 min. After successful growth
and dicing of the chips, the high quality of the graphene surface was veri-
fied for each applied functionalization method via AFM and Raman spec-
troscopy (compare section 4.1).

As a first step of transforming the EG on SiC chip into a graphene gas
sensor, electrodes were deposited on top. The contacts were deposited
mainly through sputter deposition4 of titanium (2 nm) or chromium (2 nm)
and gold (200 nm) sequentially. The arrangement of electrodes varies,

4 Some early samples had contacts deposited via thermal evaporation
(compare section 3.1.1).
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thus influencing the baseline resistance measured between two electrodes.
In this work, all tested gas sensors had several, 1.e., at least two, square
contacts with either 0.5 mm width (PEG and NP DEG sensors) or 2 mm
width (NL DEG and IEG sensors) with a 1 mm gap in between. To enable
a closed-loop temperature control, each sensor chip was glued on top of a
ceramic heater substrate (Heraeus GmbH, Hanau, Germany) with an ad-
ditional Pt-100 temperature sensor (Heraeus GmbH, Hanau, Germany)
using Ceramabond 571 (Aremco, Valley Cottage, New York, USA). This
whole device was mounted on top of a TO8-socket and connected to its pins
using gold-wire bonding and silver glue (Epotek E3081 from Epoxy Tech-
nology, Inc., Billerica, Massachusetts, USA). The silver glue is necessary
as the deposited gold contacts have only a weak adhesion to the graphene
lattice and would be destroyed or even lift off with conventional ball- or
wedge-bonding techniques. This setup limits the working temperature to
300 °C, wherefore measurements were only performed up to 200 °C as a
safety measure. Figure 3.7 shows a mounted sensor with all necessary
parts.

Figure 3.7:  Photograph of mounted sensor device. Here Pt NP DEG.
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3.4 Data handling

As the sensor signal, the resistance is recorded over time and then evalu-
ated. How this was performed is described in detail in the following sec-
tions.

3.4.1 Data acquisition

The resistance of the graphene layer between the deposited contacts, i.e.,
two-point resistance, was measured over time and used as the sensor sig-
nal. As mentioned in section 2.3.2, the charge carrier density will change
due to gas interaction, thus altering the sensor’s resistance. A schematic
of this is demonstrated in Figure 3.8. The resistance was measured with a
Sourcemeter (Keithley 2601 from Tektronix Inc., Solon, Ohio, USA) and
transferred to a custom-made computer program with a sampling rate of
1 or 5 Hz. The resistance was calculated from the current measured at 1
or 3 V. For sensors with lower baseline resistance values, the measure-
ment voltage was decreased to stay approximately below 1 mA of meas-
ured current. This small variation, i1.e., 1-3 V, i1s not expected to have a
notable impact on the sensor performance and the only sensors measured
at 1 V are Pt NP DEG and IEG. Some measurements were performed us-
ing a specialized board from 3S GmbH (Saarbriicken, Germany) instead.
The measurement voltage, however, was kept the same. More information
about this system can be found in [95]. Either a custom-made temperature
controller or a 3S-board was used to monitor and adjust the sensor operat-
ing temperature. The controller can be programmed to keep the sensor at
a given temperature or change it over time to create ramps or plateaus.
The ceramic heater heats the sensor and the Pt-100 reads back the actual
temperature.
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Resistance

Figure 3.8:  Schematic of graphene sensor readout.

3.4.2 Data analysis

To facilitate a better understanding of the presented results, the most com-
mon sensor properties are defined here. An exemplary response is pre-
sented in Figure 3.9, where a FesO4 NP DEG sensor was exposed to 30 min
pulses of CH20 at concentrations between 5 and 0.1 ppm at 150 °C at 0 %
relative humidity (RH). If applicable, the sensor properties were calculated
for this example and are stated alongside their definition.

Response: The (relative) response r is calculated as the maximum dif-
ference in resistance, i.e., with and without gas exposure, in relation to its
baseline.

R—-R,

0

r =

100 % (3.3)

R 1s either the equilibrated resistance signal or the absolute maximum
value of resistance before the gas exposure is switched back to background
gas and R, corresponds to the baseline resistance before the gas exposure.

34



3.4 Data handling

6.25 | CH,O E

2
)
G
X
~ 6.20}
Q
[}
[
©
-
L
)
o 6151
o 5 ppm
1 ppm
0.5 ppm
6.10 ,_|pp 0.1 ppm A
1 | ——
0 100 200 300

Time (min)

Figure 3.9: Resistance over time of Fe3sOs NP DEG for CH20 exposures at
150 °C at 0 %RH. Adapted from [Paper 2].

In this example (compare Figure 3.9), the relative response is 0.45 % for
1 ppm CH:O.

Sensitivity: The sensitivity is defined as the derivative in output sig-
nal (response) by the input variation (gas concentration) and has therefore
the unit %/ppb.

Cross-sensitivity: In case the sensor reacts to several analytes in a
gas mixture or additional influences, the sensor is cross-sensitive and the
sensor response depends on more than just one gas reaction.

Selectivity: Selectivity is the ability to respond to only the target ana-
lyte or to be able to distinguish between the responses to several analytes
or influences.

Stability: If the sensor exhibits a non-changing baseline (resistance)
over a certain period of time at the same operating conditions, it can be
called stable. If there is a clear trend of a baseline shift instead, this change
is called drift.

Repeatability: If the sensor exhibits the same response to the same
measurement at different points in time, the measured response is repeat-
able.

Reproducibility: Reproducibility is the ability to generate the same
relative sensor response with different sensors of the exact same kind.

Speed of response: The speed of response of a sensor is usually ex-
pressed by the time constant and is calculated either as 745 as 743. Here,
only tes values, defined as when 63 % of the change has happened, are
stated and simply referred to as 7. An exponential fit is applied to the gas
response as
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y =A™ +y, (3.4)

where A, T and y, are the optimized fitting parameters, whereof 7 corre-
sponds to 743. In this example (compare Figure 3.9), t is about 300 s for
1 ppm CH2O.

Signal-to-noise-ratio: The signal-to-noise-ratio (SNR) in decibel (dB)
1s a good value to compare sensor properties and is calculated as

A .
SNRyp = 20logy, ( A“g"‘”) (3.5)

noise

where Agigng 1s the maximum absolute response, 1.e., difference between
R and R, at a given concentration and A, 1s calculated as three times

the standard deviation of the baseline noise (also referred to as 30°). For
the absolute response to 1 ppm CH:0 (28 Q) shown in Figure 3.9, the
standard deviation is 0.32 & and the SNR is 29 dB.

Detection limit: The detection limit (or limit of detection, LOD) is the
smallest concentration possible to detect reliably, i.e., a response smaller
than A,,;;. cannot be counted as it could be a noise artifact. Here, it is
calculated assuming a linear correlation of response over concentration,
which results in the worst case LOD scenario, and a detectable response
larger than 3o.

If multivariate data analysis was performed, it was either carried out
using DAV3E [96], which is a MATLAB toolbox developed by the Lab for
Measurement Technology at Saarland University, or a custom-made
MATLAB script (compare results in section 4.3.2). LDA and PCA were
evaluated for classification, and PLSR for quantification. For baseline
and/or sensor drift correction, the measured cycles were either normalized
or standardized, respectively [95]. For normalization, each cycle was di-
vided by its own mean and for standardization, the mean of each cycle was
subtracted from the cycle itself and then divided by the standard deviation
of all cycles.

5 30 1s the standard confidence interval used in analytical chemistry [162].

36



3.5 Gas mixing apparatus

3.5 (Gas mixing apparatus

To perform gas measurements with well-defined gas flows and concentra-
tions over the sensor, a gas mixing apparatus (GMA) was used. The GMA
can provide different gases whose flows are regulated by mass flow con-
trollers (MFCs). Known gas mixtures, usually from a gas cylinder, are con-
nected to MFCs. Each mass flow controller has a fixed maximum flow of
which a range between 5 and 100 % can be set reliably. Zero air out of a
zero air generator or pure nitrogen (N2) was used as the background or
carrier gas with the possibility of varying humidity and oxygen partial
pressure. A humid gas flow is produced by splitting the dry® carrier gas
into two streams, one of which goes through a water bottle, the so-called
“bubbler”, which can be assumed having 100 %RH. After this, both
streams are unified, hence the humidity can be adjusted by varying the
split ratio. If not especially mentioned, a total flow of either 100 or
200 ml/min was applied for all experiments. Test gases are provided via a
gas bottle or via a permeation oven. The sensors were inserted in a flow
chamber with a volume of 3 ml. Using specially designed flow chambers,
either one sensor, two sensors, or one sensor with a UV-LED (light emit-
ting diode) on the opposite side of the sensor can be used during a meas-
urement. Figure 3.10 gives a simplified overview of how such a gas mixing
system can look like.

For the system at Linkoéping University (LiU), the background and
purging gas was applied through two MFCs giving a mixture of 80 % ni-
trogen and 20 % oxygen. The test gas was added through an additional
MFC into the same line. In total, up to six different test gases can be ap-
plied during a single measurement session. The whole gas flow enters a
four-way valve which can direct the flow either through the sensor cham-
ber or directly to waste. To maintain a constant flow and background, a
second branch with only nitrogen and oxygen MFCs is connected to the
four-way valve. When the valve switches, one gas flow goes to the waste
line and the other is automatically led through the sensor chamber. This
system enables sharp switching steps and time for a new gas mixture to
settle. The MFCs had maximum flow rates of 20, 50 or 100 ml/min. Nitro-
gen MFCs had a maximum flow of 100 ml/min whereas all other MFCs

6 0% RH: <5 ppm H:20 for gas from gas cylinders with purity 6.0 and
<63.2 ppm for gas from the zero air generator.
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Figure 3.10: Simplified schematic of a gas mixing apparatus similar to what is
used at LiU.

had 50 ml/min except for the NHs MFC (20 ml/min). To ensure that no
humidity could leak into the system when performing measurements un-
der dry conditions, the bubbler line was disconnected in this case. A more
detailed description of the system can be found in [97].

Measurements performed at Saarland University (UdS) used zero air
generated by a GT Plus ultra-zero air generator (VICI AG International,
Schenkon, Switzerland) as background gas instead with an approximate
mixture of 79 % N2 and 21 % Oz. To enable measurements with lower con-
centrations than what is possible with the standard procedure of injecting
the test gas with one MFC, an additional flow line can be connected to
predilute the test gas. In this case, two additional MFCs (500 ml/min for
carrier gas and 10 or 20 ml/min for test gas) are added to predilute the test
gas before the gas mixture is injected into the main gas stream. With this
procedure, a dynamic dilution over more than four orders of magnitude
can be achieved [98]. This allows the dilution of 100 ppm gas bottles down
to one-digit ppb concentrations over the sensor. Another option to prepare
rather low concentrations in the gas flow is the use of a permeation oven.
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3.5 Gas mixing apparatus

Here, a permeation tube is placed in a heated and sealed oven chamber.
The permeation tube contains the pure test substance which slowly dif-
fuses through the tube walls made of perfluoroalkoxy alkane (PFA). The
rate of diffusion is highly dependent on the oven temperature which there-
fore needs to be kept constant. The outflow is connected to the main gas
flow via an MFC so that the permeation oven is conceptually similar to a
gas bottle with a variable test gas concentration. Permeation tubes do not
only enable low concentrations but can also be used for gases with very
high vapor pressure, which cannot be kept in gaseous form in pressurized
gas bottles. More details about the system can be found in [68, 99].

If UV irradiation of the sensor is desired during a measurement, a spe-
cial sensor chamber was used where the UV-LED was placed opposite of
the sensor. Two different LEDs with wavelengths of 265 nm (s-T39B-F1-
265-01-1-050 from Sensor Electronic Technology Inc., Columbia, South
Carolina, USA) and 355 nm (XSL-355-3E-R6 from Roithner Lasertechnik
GmbH, Vienna, Austria) have been used.

3.6.1 Target analytes

In this section, all test gases are briefly defined and characterized through
their chemical composition, appearance and pollutant guidelines. The
World Health Organization [100] as well as the European Parliament
[101] have guidelines for pollutant acceptance levels for indoor-air quality
and these references are used if not specified otherwise.

Ammonia (NHa3) is only toxic to humans at comparably high concentra-
tions and has a 8-hour exposure limit of 20 ppm [102]. Nevertheless, it is
one of the most produced inorganic chemicals with a wide use in the pro-
duction of pharmaceuticals, explosives, cleaning products and as a precur-
sor for fertilizers, with the latter alone being responsible for 80 % of the
total NH3s production [103]. Furthermore, NHs can be related to the for-
mation of secondary particulate matter by reacting with acidic species, like
NOx or sulfur dioxide (SOz2), to form ammonium-containing aerosols, which
constitute the major fraction of PMz25 aerosols in the atmosphere [104].

Carbon monoxide (CO) is toxic under exposure of high concentrations
and listed with an acceptance level of 8.7 ppm for 8 hours of exposure. It
1s mainly produced in combustion processes, whenever there is not enough
oxygen to oxidize the carbon fully to carbon dioxide and through breathing
and photochemical reactions in the troposphere.
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Hydrogen was tested as well but not due to its toxicity, but rather as it
1s a very common gas in the ambient and can be used as a marker for hu-
man presence [105]. Moreover, many known sensor principles show a
cross-sensitivity to changes in hydrogen concentration [106]. Hydrogen
can also become explosive if more than 4 vol% are present in air and should
therefore not exceed this threshold.

Nitrogen dioxide (NOz2) can cause respiratory symptoms and has an ac-
ceptance level of 21 ppb annual average. It is mostly produced in internal
combustion engines, accountable for around 40.5% of NOx emissions in Eu-
rope, followed by energy production (22.5%) [107].

Volatile organic compounds (VOCs) have, unfortunately, no universal
definition. They are defined via boiling points [108], vapor pressures [109],
or their participation in atmospheric photochemical reactions [110]. Alt-
hough some of them are hazardous to humans even at very low concentra-
tions, they are widely put to use in industry and everyday products as sol-
vents. For example, VOCs are still a big problem for the air quality of nail
salons, as the main product is based on such solvents [111]. Additionally
to the safety levels, also the chronic reference exposure levels (REL) for an
8-hour exposure are given [112]. In this work, benzene and formaldehyde
are used as model VOCs:

Benzene (CeHe) 1s a genotoxic aromatic compound, especially associated
with leukemia, and has therefore very low acceptance levels and a REL
value of 9.4 ppb. At the time of writing, France has the lowest acceptance
level with 0.6 ppb [113]. According to the latest published WHO recom-
mendations and a directive of the European Parliament, however, there is
no safe level for benzene. It is mostly produced as a byproduct of traffic
and 1is, additionally, often used as a component of solvents in cleaning
agents or paint [114].

Formaldehyde (CH20) has an acceptance level of 80 ppb, a REL value
of 7.3 ppb and is genotoxic. France limits short-term exposures towards
CH20 to 24 ppb over a 2 h period [113]. In low concentrations, CH20 usu-
ally does not pass beyond the respiratory system which limits direct cause
to portal-of-entry effects like nasal cancer and sensory irritation. It is pro-
duced in combustion processes and is often used in its aqueous solution as
disinfectant or conservative in everyday products as well as in the produc-
tion of plastics [115].

All gases come with a purity level of at least 5.0. Nitrogen, generated
from a liquid source has a purity of 6.0 in gaseous form. 5.0 and 6.0 purity
level means that either 99.999 % or 99.9999 % of the gas volume belong to
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3.5 Gas mixing apparatus

the desired species with 10 ppm or 1 ppm of unknown molecules, respec-
tively. All test gases used at LiU had nitrogen as their carrier gas within
the gas bottle, whereas all test gas bottles used at UdS had zero air as
carrier. Only CH20 had also nitrogen as carrier gas at UdS7, hence an ad-
dition of CH:20 to the gas stream slightly changed the oxygen concentra-
tion as well. The maximum change in oxygen concentration is 0.4 % for
1 ppm of CH20 and only 0.003 % for 1 ppb. Exemplarily, the FesOs NP
DEG sensor was exposed to a varying oxygen concentration and the re-
sponse towards a change from 20 to 15 % Oz was 0.08 %. Comparing this
to the maximum occurring difference of 0.4 % change in Oz level, the rela-
tive response should be approximately one order of magnitude lower and
1s then no longer of interest when comparing the gas responses.

Table 3 gives an overview of the gases and their specifications for meas-
urements performed at LiU and UdS, respectively. Each gas and other en-
vironmental sensor influence has its own color code used throughout the
whole thesis. They are summarized in Table 48.

7 Formaldehyde tends to polymerize in air over time and is more stable in
an inert ambient like No.
8 The colors were chosen from a color palette for color blind people.
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Table 3: Test gases and their system properties.

LiU udS

Test gas Bottle concentration Bottle concentration

(ppm) (ppm)
Zero air? / 100 %
Nitrogen 100 % 10 100 %
Oxygen 100 % /
Ammonia 2, 500 2900
Benzene 0.5 0.1 11,100
Carbon monoxide / 1000, 4000
Formaldehyde 4,6 48, 50, 57
Hydrogen / 100
Nitrogen dioxide 1,5 10

9 Zero air is generated using a GT Plus ultra-zero air generator (VICI AG
International, Schenkon, Switzerland) and is not retrieved from a gas cyl-
inder.

10 Nitrogen 1is generated from a liquid source and is not retrieved from a
gas cylinder.

11 (0.1 ppm source concentration from permeation tube at 80 °C.
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3.5 Gas mixing apparatus

Table 4: Color codes of used gases and environmental influences.

Test gas/ influence Color RGB values
Ammonia ] 000 146 146
Benzene ] 209 109 000
Carbon monoxide e 000 000 000
Formaldehyde 109 182 255
Hydrogen ] 000 073 073
Nitrogen dioxide 255 109 182
Oxygen 036 255 036
dR/dt ] 146 073 000
Humidity ] 000 109 219
Temperature ] 146 000 000
UV (265 nm) ] 182 109 255
UV (355 nm) ] 073 000 146
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4 Results and discussion

This chapter presents and discusses the experimental results of the work.
The first section describes integrity studies performed on the graphene
samples before and after functionalization. Then the gas measurements of
the different sensors with different gases and environmental influences
are discussed. The last section deals with advanced data treatment to fur-
ther improve the sensing properties.

4.1 Layer characterization

Before using a pristine or functionalized graphene layer for the production
of a sensor device, its topography and structural integrity was analyzed.

4.1.1 Topography

To make sure that graphene formed a continuous layer over the SiC sub-
strate and was free from contaminations, the topography was measured
using AFM. A typical topography of the grown pristine graphene layer is
shown in Figure 4.1 (a). The steps from the SiC step bunching that occurs
during the high temperature growth have a height of typically 0.5-1.5 nm
and form terraces [92]. The low height difference can be seen in the inset
of Figure 4.1 (a), which presents the horizontal height profile for a 2 um
line scan across the surface. The surface roughness Rq within such a ter-
race 1s very small (~0.25 nm). The corresponding phase image (Figure
4.1 (b)) exhibits a very continuous reading with the only exceptions being
the step edges and a bi- or multilayer graphene patch in the lower left
corner. This 1s an additional indicator for a high-quality monolayer gra-
phene lattice. Figure 4.1 (c) shows the C-terminated backside surface of
such a chip. It is still very flat but exhibits a completely different crystal-
line structure pattern with presumably several layers of graphene grown
on it.

The samples were analyzed again after surface decorations. Figure
4.2 (a) represents an AFM image of the FesO4 NL DEG sample. The sur-
face does not differ much from PEG, as a very thin (~0.5-1 nm), continuous
layer is deposited onto the graphene surface. The dominating features are
still the step edges formed by the SiC chip. After the decoration with FesO4
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Figure 4.1: AFM images of (a) pristine graphene on Si-terminated 4H-SiC with
height profile as inset, (b) its corresponding phase image and (c)
backside (C-face) of a SiC chip.

NPs, the graphene surface looks completely different (Figure 4.2 (b), here
0.5 min deposition time). The NPs are now dominating the surface rough-
ness and the step-like plateaus with their small differences in height can
hardly be resolved with the set z-scale. The particle coverages and average
particle diameters of the NP DEG samples investigated in this work are
summarized in Table 5. The particle size was calculated after evaluating
at least 100 single particles and agglomerates per sample. For the FesO4
samples with different deposition times, the single particle size should
stay approximately constant, as no other deposition parameters have been
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Height 400.0 nm

(a) (b)
Figure 4.2:  AFM image of (a) Fes04 NL and (b) NP DEG.

modified. This is true to a large extent for single particles, but with a
longer deposition time, more agglomerates are formed. An exemplary his-
togram of the particle size distribution is discussed in [Paper 2]. The Pt
NPs are the smallest of all with a diameter of only approximately 25 nm.
The particle size itself can have an impact on the sensor’s sensitivity and
selectivity and thus is another parameter that can be optimized for sensor
performance tuning [16]. This was, however, not investigated in this work.
With an increase in deposition time, the coverage should increase. This
can be seen for most of the FesO4 NP DEG surfaces. Only the sample de-
posited for 2 min resulted in a slightly higher coverage than the one de-
posited for 4 min. However, the coverage percentages are within the mar-
gin of error, so they could have roughly the same coverage, which still
would not be desired, but leads to comparable sensors in this case. Regard-
ing AFM images, all graphene samples are very clean, except for the de-
posited functionalization material. This is also demonstrates that the ad-
dition and eventual removal of the used photoresist does not leave
residues, which could be a problem otherwise [116, 117].

AFM images regarding IEG samples and the 2D Pt sensors are not
shown here, but their quality was evaluated in other publications [47,
118].
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Table 5: Resulting coverages and particle sizes after the decoration with NPs.

Sputter Deposition Avg. particle Coverage
material time (min) size (nm) (%)
Fes04 0.50 80 £10 15 +5
Fes0q 1.00 80 £10 25 +5
Fes04 2.00 80 £10 55 +5
Fes04 4.00 80 +£10 45 +£5
Pt 3.00 25 +£10 20 £5
TiOs 0.25 90 +£10 15 +5

4.1.2 Structural integrity

Raman measurements were performed by Ivan G. Ivanov at Linkoping
University to verify that the integrity of the graphene layer was main-
tained after the decoration with NPs or NLs. The comparison between
PEG, Fe30s+ NP DEG and FesOs4 NL DEG is shown in Figure 4.3. For a
better comparison, all spectra were normalized to the G peak. The lower
line belongs to the PEG reference which has distinct G and 2D peaks, typ-
ical for sp2-hybridized carbon, around 1600 cm! and 2737 cm-!, respec-
tively [119]. The rather small FWHM value of 35 cm! at the 2D peak is
indicative of uniform monolayer graphene within the irradiated spot [120].
The features above 1280 cm-! and extending into the G peak are related to
the interfacial buffer layer between the graphene and the SiC substrate
[119]. Although they overlap with the position of the D peak at 1350 cmt,
they are not related to defects. If damage is induced into the graphene
lattice, the D peak would rise. It can be clearly seen that the spectra after
decoration are almost the same as the reference, indicating that no dam-
age was introduced. The position of the 2D peak is the same for all sam-
ples, but the G peak varies slightly (=10 cm-!). This is most likely due to
different levels of strain in the graphene lattices [121] or possibly a result
of different doping in the graphene due to charge transfer between gra-
phene and decoration material. Moreover, the 2D peak broadens for the
NL DEG sample which could be related to the inclusion of bi- or multilayer
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Figure 4.3: Raman spectra of PEG, Fe3sO4 NL and NP DEG. Adapted from [Pa-
per 1, 4].

graphene in the measured spot. The lower G/2D peak ratio is another in-
dication for this [81].

Figure 4.4 shows the Raman spectra of damaged graphene surfaces,
l.e., hydrogen intercalated graphene and Ag- ion irradiated graphene,
along with PEG as reference. The peaks corresponding to the graphene
lattice are still distinct and if the graphene framework would be disrupted
completely, the Raman features would change drastically (compare [Pa-
per C]). However, the rising D peak is a clear indication of significant
amounts of defects in the graphene lattice. For example, the ratio between
the intensity of the D and G peak is approximately 1.8 for the
5x10'2 ions/cm? irradiated sample which hints to a dominance of vacancy
defects compared to the dominating sp3 defects for IEG with a ratio below
1, i.e., 0.6 [122]. The occurring red shift of the 2D peak, i.e., moving to
lower values, of the defective graphene layers compared to PEG can be
associated with relaxation of the compressive strain by defect creation
[123]. Furthermore, the FWHM of the 2D peak increases for both treated
samples to 48 and 56 cm! for IEG and ion irradiated EG, respectively,
which is another indication for a defective graphene layer. The peaks D’
and D+D’ arising around 1200 and 2960 cm-! also indicate rising defect
levels. The D’ peak can only be properly seen for the IEG sample whereas
for the ion irradiated EG, it becomes part of the broader G peak.
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Figure 4.4: Raman spectra of PEG, IEG and 5x10'2 ions/cm? irradiated EG.
Adapted from [Paper 1, C].

41.3 Theoretical considerations

DFT calculations have been performed by Ivan Shtepliuk at Linkoping
University to investigate the different adsorption energies between CesHs
and CH20, and PEG and NP DEG, i.e., Fe3sO4 and TiOs, respectively, to
theoretically verify that the NP decoration increases the gas sensitivity.
The adsorption energy for CeéHs on Fe3Os NP DEG is Eags = 1.795 €V,
whereas the adsorption energy on PEG is significantly lower with
Eaas = 0.284 eV. For TiO2 NP DEG, the adsorption energy is also higher
compared to PEG, but about 0.4 eV lower compared to FesOs NP DEG.
Therefore, further optimizations and gas measurements have not been
performed with the TiO2 NP DEG sample. Figure 4.5 shows the energeti-
cally favored adsorption configurations of the gas molecules on PEG and
FesO4 NP DEG. In the absence of the FesOs NPs, the CéHs molecule ad-
sorbs parallel to the surface in a flat geometry. In this case, the center of
the CeHs ring lays on top of a carbon atom belonging to the graphene. With
Fes04 NPs being present, the formation of a strong chemical bond between
the CeHe ring and one of the Fe atoms is facilitated, leading to a tilted CsHs
adsorption.

The CH20 molecule behaves similarly with adsorption energies of
0.149 eV and 1.870 eV for the adsorption on PEG and FesO4 NP DEG, re-
spectively (compare [Paper 2]). In conclusion, weak physisorption of CeHs
and CH20 on PEG can be altered to strong chemisorption with the pres-
ence of NPs. Therefore, FesO4 DEG graphene should exhibit an enhanced
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Figure 4.5: Optimized adsorption configurations of CéHe¢ on (a) PEG and (b)
FesO4 NP DEG [Paper 2].

sensor reaction to the exposure of CéHs and CH20 compared to TiOz NP
DEG and PEG, with a slightly higher estimated interaction with CH:z0.

4.2 (Gas measurements

To evaluate the performance of the prepared EG-based gas sensors and
their applicability in AQM, measurements with several test gases under
varying operating conditions have been performed and their results are
discussed in the following subsections.

4.2.1 Influence of temperature

The sensor temperature plays an important role for the performance of gas
sensors. To ensure adsorption and reaction of gases at the sensor surface
and thus a sensor response, a specific activation energy has to be overcome
[27]. This leads to different reaction times caused by different rate con-
stants for specific gases [20]. As already mentioned, the current sensor
setup limits the operating temperature to about 300 °C and no measure-
ments above 200 °C were performed as a precaution. To be able to work at
higher temperatures, sensors are usually annealed at an even higher tem-
perature, which was not done here.

The influence of the operating temperature is shown exemplarily in
Figure 4.6. Figure 4.6 (a) represents a measurement with the V205 NL
DEG sensor over a temperature range from 50 to 125 °C and 30 min NH3
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Figure 4.6: (a) Resistance over time of V205 NL DEG for NH3 exposures at dif-
ferent temperatures at 50 %RH based on [Paper 4] and (b) response
of Fe3sO4 NP DEG for CH20 and CsHs exposures at different tem-
peratures at 0 %RH.

exposures at 50 %RH. The measurement clearly shows that the baseline
resistance decreases with increasing temperature. A higher operating
temperature results in a faster equilibration of the resistance, but does not
automatically lead to a larger absolute response. t decreases from approx-
imately 550 s at 50 °C down to 150 s at 125 °C. Moreover, at lower temper-
atures, the sensor is not always able to relax back to its baseline after
90 min. More results with all four NL DEG sensors are discussed in [Pa-
per 4]. Figure 4.6 (b) shows the response of a FesOs NP DEG sensor for
30 min of 1 ppm CH:0 and CsHs exposures at temperatures ranging from
100 °C up to 170 °C in steps of 10 °C at 0 %RH. In this case, a higher op-
erating temperature leads to a higher sensor response, e.g., the response
to 1 ppm CH:20 increases from 0.28 % at 100 °C to 0.67 % at 170 °C.

A compromise between level of response, speed of response and stability
of the baseline has to be established. Therefore, and for better comparabil-
1ty between the different sensors, most measurements presented in this
work have been performed at 150 °C. To make the most use of the different
performances at varying temperatures, the operating temperature can
also be cycled within a gas measurement. This so-called TCO approach will
be discussed in section 4.3.2.
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4.2.2 Influence of humidity

Perhaps even more critical for the sensor response than the operating tem-
perature is the influence of relative humidity in the ambient. Many metal
oxides have been found to exhibit a cross-sensitivity to RH and for most
materials, a higher level of RH means a lower sensitivity to other gases as
they must compete with water for available adsorption sites [26, 28]. Ad-
sorption of water molecules on graphene can provide additional Coulomb
and impurity scattering centers decreasing the free charge carrier mobil-
ity, thus decreasing the possible sensor response [124].

Not only the sensitivity, but also the baseline resistance of a sensor can
strongly be affected by a humid ambient as additional water molecules act
as p-dopants. Most measurements were performed in a dry environment
for optimal sensitivity. Nevertheless, the effect of RH was explored sepa-
rately with different samples, gases and operating temperatures.

Figure 4.7 (a) shows the response of PEG as the difference between the
baseline resistances at two different humidity levels x and y, written as
x-y %RH. The humidity was varied from 0 %RH up to 40 %RH while the
sensor was kept at 150 °C in a constant flow of zero air. The resistance
decreases with an increase in RH, thus exhibiting typical p-type behavior
as additional H20 molecules act as p-dopants [124]. However, the used
PEG is an n-type material and, therefore, the change in resistance should
occur 1n the opposite direction. As the sensor 1s operated at 150 °C, hence
no water film should form on the sensor surface, and ionic oxygen species
are already present, p-doping by water is not the sole answer for the
change in resistance. Water vapor forms hydroxyl groups which can react
with surface oxygen forming rooted hydroxyl groups acting as electron
donors and also a dissociated neutral hydrogen atom can react with sur-
face oxygen, resulting in an oxygen vacancy, which is also an electron
donor, thus reversing the expected p-type doping from the water molecule
alone [125]. It can be clearly seen that for a change from any level of
relative humidity to one that is not zero, the change in baseline resistance
1s rather small while a change from or to 0 %RH has a rather large impact
on the baseline resistance. The observed logarithmically decreasing sensor
response 1s typical for exposures towards decreasing gas concentrations,
which also would suggest that the relative humidity rather acts as a target
gas and not as a surface poisoning substance forming a passivating water
film on the sensor surface. This would fit the observation that the sensors
react to changes in relative humidity even if operated well above 100 °C.
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Figure 4.7:  (a) Changes of baseline resistance of PEG at 150 °C at different RH
and (b) resistance over time of IEG for RH variations at 175 and
75 °C, respectively.

To support this, the change in RH was investigated for several different
temperatures. This is exemplarily shown for the IEG sensor in Figure
4.7 (b), which shows the response to changes in relative humidity first at
175 °C and then at 75 °C operating temperature. Note that the resistance
increases with increasing relative humidity, which i1s opposite the reaction
of PEG, but expected as the IEG sensor reacts as a p-type sensor instead.
It can be clearly seen that the change in resistance is completely reversible
to an zero air exposure with and without RH at 175 °C and occurs rather
fast, whereas the sensor resistance changes very slowly at 75 °C when
25 %RH are introduced the first time. Furthermore, when changing back
from 50 to 0 %RH at 75 °C, the baseline does not fully recover, which hints
at the formation of a water film on the sensor surface, not possible at ele-
vated temperatures. Moreover, when comparing the relative responses to
changes in RH, it decreased slightly with increasing temperature for tem-
peratures between 125 and 175 °C. For example from -3.4 to -2.8 % for
PEG and from 5.7 to 5.2 % for IEG, respectively.

Figure 4.8 (a) shows the response of Fe3sOs NP DEG to 1.6 and 0.8 ppm
of CH20, and 100 and 200 ppb of CsHs for 30 min at 150 °C for 50, 25 and
0 %RH. No response is observed for humidity levels above zero for both
gases. Similarly, NL DEG sensors only respond to CeHs, CH20 and CO in
a dry ambient (compare [Paper 4]). This means that the complete sensor
system for AQM would need to run in a dry environment, which is a draw-
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Figure 4.8: (a) Resistance over time of FesO4 NP DEG for CH20 and CsHs ex-
posures at 150 °C at different RH and (b) responses of FesO4 and
V205 NL DEG sensors for 25 ppm NH3s exposures at 75 °C at differ-
ent RH. (b) is based on [Paper 4].

back, but technologically possible. However, other sensors, i.e., IEG and
Pt NP DEG, are still able to detect both VOCs with humidity present,
which would make the overall AQM system much simpler (compare sec-
tion 4.2.5).

For other material/gas combinations, a humid ambient can boost the
sensor response compared to the corresponding performance in a dry am-
bient. This is exemplarily demonstrated in Figure 4.8 (b), where the re-
sponse of Fe304 and V205 NL DEG to 30 min of 25 ppm NH3s exposure at
75 °C and various RH is shown. While the response of the FesO4s NL DEG
sensor decreases with increasing RH, the response of the Vo:Os NL DEG
sensors increases from initially 8.8 % up to 13.8 % at 0 and 60 %RH, re-
spectively. It is interesting that an increase in humidity increases the re-
sponse, even exceeding the response at zero humidity. Especially when
measuring NHs, this increase could be due to the reaction with OH- groups
or of products of reactions from OH groups and NHs instead. This phenom-
enon was found to occur for metal oxide gas sensors when operating them
at relatively low temperatures in a humid environment [65, 126]. Simi-
larly, also V205 NL DEG, Pt NP DEG and the IEG sensors exhibit an in-
crease in response to NO2 with increasing RH in the ambient even when
measured at 150 °C (compare for example [Paper 4]). One possible expla-
nation for the IEG sensor could be that NO2 mostly changes, i.e., enhances,
the mobility but not the carrier density. In such a case, graphene with low
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doping introduced to NOz would show only a small change in resistance,
because there are only a few charge carriers with their mobility being en-
hanced. When graphene is strongly doped (e.g., by ambient humidity), NO2
gas enhances the mobility of the charge carriers, resulting in a stronger
change in resistance [127].

4.2.3 Influence of UV irradiation

As mentioned before, the sensor performance can be enhanced by addi-
tional UV irradiation. It is known that if the band gap is below the wave-
length energy (4.48 eV for 265 nm and 3.49 eV for 355 nm), there will be
charge excitation changing the charge density in the exposed surface ma-
terial, 1.e., the decorated nanostructures and/or the graphene lattice. This
could increase or counteract the effect of the gas response depending on
the material/gas combination and should be more pronounced for thicker
layers, where the net charge excitation is higher.

Figure 4.9 shows the response of a TiO2 NP DEG sensor to varying ox-
ygen percentages without and with UV irradiation. The UV LED has a
wavelength of 265 nm and an optical output power of 0.8 mW. The operat-
ing temperature was 100 °C and oxygen was varied from a baseline of 20 %
to values ranging between 16 and 1 %. It can be clearly seen that the meas-
urement without UV irradiation shows changes in resistance when vary-
ing the oxygen concentration, but they are not distinct and cannot be re-
lated to the specific concentrations. Introducing the UV irradiation, the
baseline resistance drops by about 270 Q. Moreover, the changes in oxygen
concentration can now be distinctively observed as the resistance exhibits
the typical shape of a gas sensor response. Unfortunately, the exposure
time of 10 min was not enough to arrive at an equilibrated response level.
The desorption process is enhanced under the irradiation as well, decreas-
ing the time needed for the sensor to return to its baseline after the gas
exposure, making it faster and more efficient [19]. The low response with-
out UV is likely due to an oxygen saturated surface in the background of
20 % O2. UV irradiation promotes oxygen desorption, leading to an in-
creased dynamic range for oxygen detection [57].
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Figure 4.9: Resistance over time of TiOz NP DEG to a variation of oxygen
changing from a background of 20 % without and with UV irradia-
tion at 100 °C at 0 %RH. Adapted from [Paper 1].

Depending on the material/gas combination, additional UV irradiation
can have no or only a rather small impact on the sensor properties. This is
exemplarily shown in Figure 4.10. V205 and ZrO2 NL DEG sensors were
exposed to 30 min of 25 ppm NHs with and without additional UV irradi-
ation. Both UV wavelengths increase the sensor response for V205, while
the response for ZrO2z is almost constant for all measurements. This 1s ex-
pected as ZrOz has a comparably large bandgap (>5 eV), while V205 with
~2.4 eV has a bandgap smaller than the used photon energies (e.g., 3.49 eV
for 355 nm). UV irradiation can also have a positive effect on the time con-
stants. For example, t decreases for V205 from approximately 500 s with-
out irradiation down to 400 s at 265 nm UV irradiation. An irradiation
with 355 nm does decrease t as well, but not as much as 265 nm UV irra-
diation. This could be due to the higher energy at shorter wavelength. The
same trend could be expected for the response as well, i.e., higher energy
due to the shorter wavelength would lead to an increased response, but for
all three NL DEG, where the response increased with UV, the maximum
was reached with 355 nm irradiation. This could be due to the fact that
energetically higher irradiation does not only facilitate stronger surface
reactions, but also better molecule desorption, thus two competing mech-
anisms occur at the same time as mentioned in [57].

In general, additional UV irradiation is often used for graphene when
NHs or NOx should be detected (see also [Paper 4, C] and [128]) and can
even be used in pulsed mode to generate transient data [61].
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Figure 4.10: Responses of V205 and ZrOz2 NL DEG for 25 ppm NH3 exposures at
75 °C and 125 °C, respectively at 50% RH without and with UV ir-
radiation. Adapted from [Paper 4].

4.2.4 Influence of defects

Another way to tailor the sensing properties of graphene is by introducing
structural defects or impurities. Assuming that the gas sensing takes place
at graphene’s m-electrons, which are directly exposed to adsorbed mole-
cules, more available m-electrons would lead to an increase in sensor re-
sponse. Thus, it was reported that dopants and defects can increase the
sensing capabilities of graphene [56]. In general, carbon atoms on a defec-
tive graphene surface hold higher dipole moments compared to PEG,
which can result in a stronger bond formation with foreign molecules.
Here, defects were introduced using low energy ion beam implantation
(30 keV) with Ag- ions.

Figure 4.11 summarizes the responses for PEG and ion irradiated EG
sensors to 50 ppb NOz2 and NH3s exposures at 150 °C at 0 %RH. Without
any ion treatment, the PEG sensor exhibits typical n-type behavior with a
positive response to NOz and a negative response to NHs. With increasing
ion irradiation fluence, the sensor response first increases in magnitude
before it inverts its behavior just below a fluence of 5x1013 ions/cm2, with
a decrease in response and a change in response direction for both gases.
This means that there is not only an optimal defect density achieving the
absolute highest sensor response, but also that doping by defect introduc-
tion can change the sensing behavior from initial n-type EG to p-type EG
on SiC. Moreover, the corresponding response and recovery time constants
are inversely correlated with the ion irradiation, i.e., first decreasing with
1on irradiation fluence and then increasing again (compare [Paper C]).
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Figure 4.11: Response of EG for 50 ppb NH3s and NO:z exposures at 150 °C at
0 %RH over increase in Ag- ion irradiation. Based on [Paper C].

The initial increase in sensor response observed for low fluences could
be explained with an increased interaction between NO2 molecules and
defective graphene compared to PEG [56] (compare section 4.1.2). Further-
more, additional adsorption sites are available on defective graphene com-
pared to PEG and defects increase the charge transfer between graphene
and NO:z molecules, both leading to an increased sensor response [129].
The higher the irradiation fluence, the more carbon vacancies and dan-
gling bonds are produced. These dangling bonds correlate with sp3 defects,
which also represent C-OH and C-O-C bonds. These carbon bonds are elec-
tron acceptors, i.e., p-type dopants, which could explain the change from
n- to p-type behavior. Similar explanations can be given for the observed
differences in sensor response for increasing defect density when exposed
to NHs as well [130]. An in-depth study of the defect generation can be
found in [Paper C].

This change in response behavior, i.e., from n- to p-type, can also be
achieved with a sufficiently high concentration of a strongly oxidizing gas.
This is shown in Figure 4.12, where a PEG and an ion irradiated sensor
(56x1012 ions/cm? fluence) were exposed to NO:z at 150 °C at 0 %RH. While
the PEG sensor exhibited an n-type behavior for the whole tested concen-
tration range, i.e., from 50 ppb to 50 ppm, the irradiated sensor inverts its
response direction when ppm concentrations were provided. This 1s most
probably due to a doping effect corresponding to the gas species, which
increases with an increase in concentration. This doping changes the

59



4 Results and discussion

T T T T
NO,
PEG
50 F B
o
e\/ 25 E
3
0 e
(@]
o
)
Q -25+ i
(ad
50 F i
5x10" ions/cm? EG
100 1000 10000 100000

Concentration (ppb)

Figure 4.12: Responses of PEG and 5x102 ions/cm? irradiated EG for NOz expo-
sures at 150 °C at 0 %RH. Based on [Paper C].

position of the Fermi level, which can change the response direction if the

Dirac point is passed from below to above or vice versa (compare section
2.3.2).

4.2.5 Target analyte detection

One of the main findings of this work is the ability to detect concentrations
of hazardous VOC, i.e., CéHs and CH20, quantitatively down to single ppb
and also over a large dynamic range of three orders of magnitude under
lab conditions (compare Figure 4.13). This was first presented in [Paper 2]
with the FesO4 NP DEG sensors. This measurement was repeated twice in
the same environment and once more approximately one year later with
the same sensor. The measured responses show some small deviations be-
tween the measurements but without a clear trend of decreasing response
over time. This shows the long-term stability of the sensor. What decreases
though is the SNR. More noise can be seen for a sensor if operated over a
longer time compared to a ‘fresh’ one. FesO4 (4min) NP DEG was also
tested to CeéHe in the lower ppb range at 150 °C at 0 %RH, resulting in very
similar response values as Fe3Os (2min) NP DEG, e.g., 0.049 % and
0.052 % for 10 ppb for FesO4 (2min) and (4min) NP DEG, respectively. This
fits the observation that the NP coverage is similar for both samples, indi-
cating a reproducible sensor performance. A systematic study of the influ-
ence of particle coverage on the sensor response was not done here, but it
was already found that it can have a significant impact [131]. However, as
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Figure 4.13: Response of FesO4 NP DEG for CéeHs and CH20 exposures at 150 °C
at 0 %RH. Adapted from [Paper 2].

mentioned in section 4.2.2, the sensors were able to detect both gases only
in a dry environment.

Latest results show that it is possible to detect these VOCs at low
concentrations in a humid environment as well. In Figure 4.14, the re-
sponses for Pt NP DEG and IEG sensors to CéHe exposures at 150 °C are
summarized. It can clearly be seen that the sensors react even with rela-
tive humidity present in the ambient. The response at 50 %RH 1is, how-
ever, smaller compared to the one in dry ambient, resulting in approxi-
mately half of the response compared to 0 %RH. The response of the Pt
NP DEG sensor is the highest of all observed responses (compare also
Figure 4.15), but it is also approximately one order of magnitude higher
than the only other sensor, i.e., IEG, able to detect CeHs and CH20 at
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Figure 4.14: Responses of Pt NP DEG and IEG for CsHs exposures at 150 °C.
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50 %RH. This results in LODs of 0.05 and 0.09 ppb for CéHes at 0 and
50 %RH and 0.07 and 0.17 ppb for CH20, respectively. It was already
found in other studies that Pt doped sensors showed superior gas response
to relative humidity compared to their undoped counterparts [132, 133].
However, also there, an increase in RH leads to a decrease in response.

The appearance of sensitivity for IEG compared to PEG is most proba-
bly due to the known increased defect density for IEG (compare [134] and
section 4.2.4). Another possible explanation could be the difference in car-
rier density between the sensors [134]. The response of the IEG sensor is
comparably small (see also Figure 4.15), but still has estimated LODs of
0.68 and 1.40 ppb for CeéHe at 0 and 50 %RH. Exposures to formaldehyde
result in very similar responses, e.g., 0.04 % vs 0.05 % for 10 ppb CH20
and CsHs at 0 %RH, respectively. This leads to similar LODs for CH:20
exposures of 0.97 and 1.74 ppb at 0 and 50 %RH, respectively. The prom-
1sing outcome with this sensor surface is that it could additionally be dec-
orated with other nanostructures, thus further enhancing its sensor prop-
erties.

For a better comparability, all sensors were exposed to 500 ppb CsHs
and CH:0, respectively, at 150 °C and 0 %RH. The results are shown in
Figure 4.15. As expected from theoretical calculations (see section 4.1.3),
the PEG sensor did not exhibit any response for both gases and also ZrO:
NL DEG did not react discernibly. Both FesO4 DEG sensors have similar
responses with a small increase with the NL compared to the NP DEG
sensor to CeHe but vice versa for CH20. This would support the claim that
the reaction mainly takes place at the FesO, sites as the NL DEG sensor
1s completely covered with an ultra-thin layer, whereby no direct gra-
phene-gas interaction can occur. Both CuO and V205 NL DEG sensors out-
perform the FesOs DEG in regards to their responses. The highest re-
sponse of all sensors was exhibited by the Pt NP DEG sensor, which was
more than twice as high as the second highest response observed with the
CuO NL DEG sensor. The IEG sensor showed a comparably low response,
but as it is without any additional metal oxide decoration and also operable
in a humid environment (compare also Figure 4.14), this is especially in-
teresting as both techniques, 1.e., hydrogen intercalation and metal oxide
decoration, could be combined in the future to obtain even better sensors.
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Figure 4.15: Responses of all sensors for 500 ppb CéHs and CH20 exposures at
150 °C at 0 %RH. Partly based on [Paper 2, 4].

Furthermore, the responses towards CH20 compared to CeéHe were
higher for all sensors except for the FesOs NL DEG one, where the re-
sponse was approximately the same (compare also section 4.1.3). An over-
view about LOD and SNR values is given at the end of this section.

As already mentioned, the main focus was the detection of VOCs down
to as low concentrations as possible. Nevertheless, experiments with other
gases can highly contribute to the understanding of sensor properties, es-
pecially when it comes to selectivity or even cross-sensitivity. For example,
NHs was used as either a common interference gas or common reducing
agent. All tested sensors in this work have exhibited a response to NHs. In
general, PEG showed the smallest response compared to all modified sen-
sors. Some more in-depth results regarding ammonia detection are in-
cluded in [Paper 4, C]. NHs is an interesting gas also at low concentration
for example as analyte in breath analysis applications. Hibbard and
Killard state that there is a need of simple, non-invasive detection methods
that can detect ammonia with a limit of detection of at least 50 ppb at high
levels of relative humidity [135]. This was not evaluated in this work, but
could be investigated with some of the sensors in the future due to their
promising detection behaviors.
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Other very common gases in the ambient are CO and NOz. The re-
sponses are summarized in Table 6 for 30 min exposures to 500 ppb of CO
and NOg, respectively, at 150 °C at 0 %RH. For all tested sensors, the re-
sponse to CO was smallest. Interestingly, the IEG sensor has an almost
10-times larger response compared to most other sensors. The only sensors
not reacting to CO at all were the Pt NP and ZrO: NL DEG sensor. The
Fes04 NP DEG sensor was not tested with CO. To NOg, the FesO4s NL DEG
sensor exhibited the highest and the untreated PEG sensor the second
highest response. The strong gas response towards NO2 with PEG could
be due to the fact that NOz sensing is highly dependent on the substrate
and has a known high binding energy with EG [136]. The FesO4+ NP DEG
sensor (not shown in Table 6) exhibited one of the lowest responses of all
sensors, which can partly be explained with the lower exposure time (see
section 4.3.1 for influence of exposure time on response magnitude). But a
high SNR (64 dB) at 400 ppb hints to a much lower detection limit of ap-
proximately 0.15 ppb. However, the time constant t is rather long with
approximately 500 s for a 100 ppb exposure.

In summary, the investigated EG sensors react with many different
gases and not only the desired VOC targets. A method to obtain faster time
constants and proper selectivity nevertheless is discussed in section 4.3.

Table 6: Summary of responses for 500 ppb CO and NOz exposures at 150 °C at
0 %RH partly based on [Paper 4]. FesO4 NP DEG is not shown here due
to different experimental conditions.

Response (%)

Pt CuO FesOq4 V205 ZrO2
PEG NP NL NL NL NL IEG
DEG DEG DEG DEG DEG

CO

500 ppb -0.06 0 0.12 0.09 0.14 0 0.98
NO: 42.50 -8.65 14.60  65.82 -8.93  -17.10 -5.42
500 ppb
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Table 7 gives an overview of SNR and LOD values for all different sen-
sors and various gases. The SNR values are based on 500 ppb exposures
at 150 °C at 0 %RH similar to Figure 4.15 and Table 6, and LOD values
are based on 10 ppb for CéeHe¢ and CH:20, and 100 ppb for CO and NOsg,
respectively. NHs is not included as not all sensors were exposed to ppb
level concentrations, thus limiting the comparability with the other gases.
It can be seen that the highest SNR and lowest LOD values occur for NO2
exposures, which 1s expected as also the relative responses towards NO-:
are highest compared to other gases. In general, the SNR values are rather
high indicating that 500 ppb exposures are easily detectable with all sen-
sors for all gases. The LOD values however range from about 0.01 up to
16 ppb spanning approximately three orders of magnitude. This demon-
strates that the 21 ppb NO:2 exposure limit for AQM could easily be de-
tected and could even outperform state of the art commercial sensors, such
as NO2-Al from Alphasense (Essex, United Kingdom [137]) with a resolu-
tion of 20 ppb. Moreover, the detection of NO:z at these very low concentra-
tions 1s of interest as a marker for the production of ultra-fine particles
[138]. Buckley et al. give a comprehensive overview about the sensor per-
formances of graphene based chemiresistors and, depending on the func-
tionalization, LODs ranging from single ppt up to tens of ppm are observed
for NO2 [139].

For both VOCs, the detection limit is always below 4 ppb and theoreti-
cally reaches even down to 0.05 ppb for the Pt NP DEG sensor. However,
the SNR and LOD highly depend on the amount of baseline noise, which
increases over time. This is most probably due to a slow degradation of the
contacts. For example, the FesOs NP DEG sensor has today, i.e., after 4
years of repeated operation, values of 16 dB and 3.97 ppb but it had 58 dB
and 0.03 ppb when the sensor was new. Knowing that the Pt NP DEG sen-
sor 1s relatively new, this might lead to a decreased detection limit of ap-
proximately 100 times more, i.e., 5 ppb for CsHs, if operated for 4 years.
Nevertheless, assuming an increase in baseline noise, thus a decrease in
SNR and an increase in LOD, detection of hazardous VOCs would still be
possible down to ~10 ppb with all sensors!2. Furthermore, the SNR highly
depends on the used readout electronics (compare section 4.4). Since meas-
urements could be performed with the same sensor over a period of several

12 FesO4 NP DEG sensors were operated for more than a period of 4 years,
NL DEG sensors for over 3 years, and PEG, Pt NP DEG and IEG only for
about 1 year.
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years including two different laboratories (compare section 4.4), the long-
time stability is still promising.

One of the main drawbacks are the slow ad- and desorption times. Com-
paring the investigated epitaxial graphene sensors in this thesis with com-
mercially available sensors on the market, they nevertheless perform ra-
ther well. According to Spinelle et al. [8], the VOC sensors with the lowest
detection limit and best accuracy are still chromatographic instruments.
In a slightly more user-friendly portable system, these gas chromato-
graphs reach LODs between 0.01-10 ppb with time constants between 30-
900 s, but are neither handheld nor cheap. Sensors with LODs comparable
to the investigated EG sensors are based on photo-ionization detectors
(PID). Their LODs are in the range between 1 ppb (Honeywell ppbRAE
3000+ from Geotech Environmental Equipment Inc., Denver, Colorado,
USA [140]) and 10 ppb (X-am 8000 from Dréager, Liibeck, Germany [141]).
Their big advantage is the fast sampling time of only a few seconds and
good selectivity. However, such handheld devices are still not small and
cheap enough for a versatile device integration. Commercially available
VOC sensors based on metal oxides are usually not selective to one gas
and give a TVOC (total VOC) level as output, which would also be a valid
option for the EG sensors investigated here (compare section 4.3.2). How-
ever, the operation range of available sensors is in the 0.1-100 ppm range
with best detection limits of around 50-100 ppb (AS-MLV-P2 from Scio-
sense, former AMS, Eindhoven, the Netherlands [142], SGPC3 from Sensi-
rion, Zirich, Switzerland [143], VOC/COz Sensor from UST, Geschwenda,
Germany [144] and MiCS-VZ-89TE from SGX Sensortech, Corcelles-Cor-
mondreche, Switzerland [145]). Note that it is not easy to define reliable
detection limits as the sensor response highly depends on the operation
environment and specific applications. Nevertheless, these sensors are
comparably fast with time constants of about 10 s and are all very small,
cheap and ready for device integration.
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Table 7: Comparison of the LOD and SNR values for different EG sensors and
test gases at 150 °C at 0 %RH. The SNR was calculated based on
500 ppb exposures for all gases and the LOD was calculated based on
10 ppb for CéHs and CH20, and 100 ppb for CO and NOg, respectively.

SNR (dB)
LOD (ppb)
CeHs CH:20 CO NO¢g
0 0 32 88
PEG 0 0 3.80 0.01
Fes04 16 22 / 64 13
NP DEG 3.97 2.71 / 0.15
Pt 56 58 0 74
NP DEG 0.05 0.07 0 0.04
CuO 31 33 20 61
NL DEG 0.86 0.90 14.34 0.23
Fes0q4 26 26 19 77
NL DEG 1.54 1.42 12.29 0.03
V205 25 27 19 56
NL DEG 3.90 2.73 16.73 0.46
ZrO2 0 0 0 78
NL DEG 0 0 0 0.02
31 31 50 63
1EG 0.68 0.97 1.58 14 0.16

13 Based on 15 min and 400 ppb exposure instead of 30 min and 500 ppb.
14 Based on 500 ppb exposure instead of 10 ppb.
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4.3 Advanced data evaluation

As mentioned earlier, a sensor with only good sensitivity is not sufficient
and properties like stability, selectivity and speed of response need to be
addressed as well. In this section, different methods are discussed on how
to improve these parameters with smart sensor operation modes and en-
hanced data treatment.

4.3.1 First-order time-derivative signal

One method to achieve faster time constants is the use of the sensor sig-
nal’s first-order time-derivative [21, 146]. In this section, the sensor re-
sponse 1s evaluated based on the first-order time-derivative to introduce
an alternative sensor signal. The response is calculated as

Tar = Rar — Roar (4.1)

where Ry, is the highest absolute derivative signal during a gas pulse and
Ry 4¢ 1s the derivative baseline value before gas exposure. For most sensors,
smoothening 1s necessary to eliminate the rapid fluctuations in the re-
sistance value due to background noise. Here, a moving average filter with
10 points smoothening was used if not specified otherwisel5.

Figure 4.16 shows the resistance over time of a FesO4 NP DEG sensor
(upper black line) when exposed for 15 min to different NO2 concentrations
similar to what is presented in [Paper 3]. It can be clearly seen that 15 min
of exposure is not enough for the sensor to reach an equilibrated response.
During the recovery time of 60 min, it was also not possible for the sensor
to fully relax back to its initial baseline. This is a common problem for
rather slow reacting sensors. If the signal is far from reaching an equili-
brated response level during the exposure, it is not very reliable to calcu-
late the real maximum response and the common time constants, such as
Tg3 OT Tgo. Therefore, a direct comparison with sensor performances re-
ported in literature and product specification sheets is not possible. To
overcome these issues without adding more exposure or relaxation time,
the first-order time-derivative of the sensor resistance is introduced as an
additional sensor signal (see lower brown line in Figure 4.16).

15 For more considerations regarding signal smoothening, confer the sup-
plementary material of [Paper 3].
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Figure 4.16: Resistance over time of Fe3sOs NP DEG (black, upper) with its cor-
responding time-derivative (brown, lower) for NO2 exposures at
150 °C at 0 %RH. Adapted from [Paper 3].

The peaks of the first-order time-derivative signal arise much faster
and are also concentration-dependent, which is in good agreement with
Wu et al., stating that ry; 1s directly proportional to the applied gas con-
centration [21]. This behavior is here exemplarily shown with the Fe3O4
NP DEG sensor, but was also observed, for example, with the NL DEG or
2D Pt sensors. The desorption peak is concentration-dependent as well.
However, the desorption response is normally not utilized as a standard
indicator as it occurs after the adsorption, but it might be useful as a fea-
ture in multivariate statistics for selectivity enhancement [67, 147].

Because the peak of dR/dt is reached much faster, it is also more robust
against not sufficiently long exposure or relaxation times. If the exposure
time 1is not long enough for the sensor to reach an equilibrated response,
the maximum response increases with increasing exposure time, poten-
tially leading to a misquantification. As the first-order time-derivative of
the resistance signal is the slope of the change, it should be independent
of the exposure time (if the exposure time is long enough for dR/dt to reach
its peak). Exactly this phenomenon can be seen in Figure 4.17 (a). The
sensor response to 50 ppb NO:z increases from -1.2 % after 5 min to -2.8 %
after 20 min. On the other hand, r;; remains at approximately 2.5 Q/s,
with a slight increase after the third exposure, regardless of the exposure
time. The constant time-derivative response is due to r;; being determined
by the initial adsorption/desorption phase during which the change in
resistance is the highest. After this, further adsorption/desorption pro-
ceeds at a slower speed. Figure 4.17 (b) shows the sensor behavior with
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Figure 4.17: Resistance over time of FesOs NP DEG (black, upper) with its cor-
responding time-derivative (brown, lower) for NOz2 exposures at
150 °C at 0 %RH with different (a) exposure and (b) relaxation
times. Adapted from [Paper 3].

decreasing relaxation times in between two gas exposures. Here, the sen-
sor was repeatedly exposed for 15 min to 50 and 200 ppb NO2 while alter-
ing the relaxation time from initially 60 down to 15 min after the 50 ppb
exposure. If the sensor is not able to fully relax to its initial baseline be-
tween gas exposures, a drift is induced which could lead to a possible
misquantification of the measured gas concentration. Using the standard
sensor signal, the sensor is still able to distinguish between 50 and 200 ppb
of NOz for all relaxation times. However, while the response to 50 ppb
stays approximately constant (-2.6 %), the response to 200 ppb decreases
from -5.5 to -4.7 % for 60 and 15 min relaxation time, respectively. This
reduction in response is mainly due to the fact that the resistance does not
return back to its initial baseline level with decreasing relaxation time.
Therefore, the ratio between the responses at 200 and 50 ppb continuously
decreases with a decrease in relaxation time. This is a clear sign that the
sensor surface is not fully recovered, and, thus, not the same amount of
adsorption sites is available for a reaction with NO2 molecules at the sec-
ond exposure. For the time-derivative signal, the ratio between the re-
sponses at 200 and 50 ppb stays approximately the same. This could be
due to the baseline of the derivative signal relaxing much faster after the
initial adsorption/desorption phase, while the change in the raw sensor
signal occurs very slowly. Furthermore, the standard deviation of the re-
sponses to a given concentration changes drastically for the relative sensor
responses. For the relative response to 50 ppb exposures it is only
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about -2.6 £0.08 %, but it is with -5.1 £0.38 % almost five times higher for
200 ppb. For the time-derivative signal, the response changes
for -2.4 £0.20 Q/s and -4.0 £0.13 Q/s for 50 and 200 ppb, respectively. This
1s a slightly larger relative fluctuation for the time-derivative signal, but
without a large difference between the two concentrations. Therefore, it
can be assumed that the time-derivative readout has a slightly worse un-
certainty in general, but at least it is not negatively affected by sensor re-
laxation times.

It is known that not only the sensor response but also the speed of re-
sponse heavily depends on the sensor temperature [20]. Also the first-or-
der time-derivative signal was found to vary with a change in temperature.
Moreover, it was found that the time-derivative response follows the same
pattern as the standard response when adding UV irradiation or varying
the amount of relative humidity between gas measurements. More inter-
esting is the time needed to reach r;.. For changes in operating tempera-
ture or additional UV irradiation 7,4, stayed approximately constant but as
shown in Figure 4.18, 7, increases if more humidity is introduced (com-
pare also [Paper 3]). This could be due to water molecules occupying pos-
sible reaction sites, 1.e., a competition between H20 and NH3s over available
sites, or reactions between the two molecules to form ammonium and hy-
droxyl groups on the sensor surface, thus increasing the reaction time [65].
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Figure 4.18: wat of first-order time-derivative responses of NLL DEG sensors for
25 ppm NHs exposures at 75 °C (except ZrOz at 125 °C) at different
RH based on [Paper 3].16

16 Here, Fe3O4 (0.05) 1s used as the measurement with Fe3z04 (0.1) was
flawed.

71



4 Results and discussion

Especially for indoor air quality monitoring, the sampling period should
be rather fast, but at least within the range of a few minutes to allow real-
time monitoring [17]. As already mentioned above, the peaks of the deriv-
ative signal reach their highest points already after a short period of time.
Similar to Table 7, Table 8 gives an overview of the regular (7) and deriv-
ative (t4;) time constants for different EG sensors and test gases at 150 °C
at 0 %RH calculated from 500 ppb exposures. In case a sensor did not ex-
hibit a response towards a specific gas, this is specified as n.a. (not appli-
cable). NHs is not included as not all sensors were exposed to ppb level
concentrations, thus limiting the comparability with the other gases. In
general, 7, did not vary much between the different sensors and gases but
stayed between 5 and 10 = 5 s. This, and the fact that it also did not vary
for changes in operating temperature or UV irradiation, but only for vari-
ations in RH, is rather unexpected. It would fit the assumption that the
initial material/gas-reaction takes place within the first 10 seconds of ex-
posure and that the time-resolution, especially after signal smoothening,
1s not good enough to reveal occurring differences. Looking at the regular
7, this does not apply and the different sensors have very different time
constants, thus reaction behaviors, for specific gases. For example, all NL
DEG sensors exhibit a faster response towards CsHe and CH20 compared
to CO and NOg, with NO2 exhibiting the largest 7, but PEG has a higher
for CO compared to NO2. Comparing the differences between t and 7,4, for
example, the Fe3sO4 NP DEG sensor to a NO2 exposure has a 74 of about
10 s (Figure 4.16) which is 25 times faster compared to 7. Other measure-
ments suggest a decrease of time constants from approximately 350 s
down to 10 s for measurements with the same sensor to CéHe¢ and CH20
[Paper 2]17. For a TiO2 NP DEG sample (not shown in Table 8), the time
constants with oxygen measurements could be decreased from 1500 s
down to 25 s [Paper 1]18. This is an improvement by a factor of 60 in re-
sponse time compared to the standard resistance signal. In general, even
the smallest observed improvement is already 15 times lower/faster.

17 In [Paper 2], 74 is specified with 50 s and smoothening was performed
with 500 points. This was necessary, as the baseline signal exhibited
strong noise.

18 ITn [Paper 1], 14 1s specified with 60 s as smoothening was performed
with 100 points.
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Table 8: Comparison of the regular (r) and derivative (t4;) time constants for
different EG sensors and test gases at 150 °C at 0 %RH calculated from
500 ppb exposures. In case a sensor did not exhibit a response towards
a specific gas, this is denoted as n.a. (not applicable).

T (s) £ 60
Tae (8) £5
CeHs CH:20 CO NOg2
1500 425
PEG n.a n.a 10 5
Fes04 350 350 na 400
NP DEG 10 10 ' 10 19
Pt 425 475 na 750
NP DEG 5 5 ' 10
CuO 150 175 250 300
NL DEG 10 5 5 5
Fes04 175 175 200 375
NL DEG 10 5 5 5
V205 425 375 700 800
NL DEG 10 5 10 10
ZrO2 na na na 650
NL DEG ) ) ' 10
475 200 475 475
IEG 5 5 20 5

19 Based on 15 min and 400 ppb exposure instead of 30 min and 500 ppb.
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It should be noted that in practical applications of gas sensors, the
change in the gas concentration in the environment is usually a slow-
changing process and does not occur by leaps and bounds. Therefore, the
first-order time-derivative signal might not give useful information for
processes where the concentration change to be measured occurs slowly
over time. To still apply this method, an option could be a sensor setup
where an abrupt change in concentration is actively induced. This could,
for example, be realized by changing between a reference and test gas flow.
In stand-alone systems, this would require extra costs and space, as a de-
fined reference flow would need to be established, for example through a
reference gas reservoir and a pump. Nonetheless, there are still applica-
tions where this approach might be used even if an abrupt switch needs to
be implemented either passively, e.g., for leak testing or battery system
fault detection [148], or actively, e.g., with a valve switch between two ex-
isting gas streams. Another example would be the use of pre-concentra-
tors, where the test gas is not continuously measured, but rather collected
first and only released under defined conditions, e.g., degassing through
heating [149]. Other possible applications where abrupt changes are mon-
itored are, for example, measuring the gaseous by-product of biological
processes or breath-analysis [150]. Furthermore, this method could also be
used as an additional signal to create more transient data for multivariate
statistical analysis [67, 147].

4.3.2 Multivariate analysis

As explained in section 3.4.2, one sensor alone is usually not able to dis-
tinguish between different gases very effectively, a sensor array can lead
to a better classification [151]. However, when sensor arrays, physical or
virtual, are used, more complex analysis methods are necessary to obtain
useful results.

A very rudimentary example of an evaluation of a non-cyclic sensor re-
sponse using LDA is shown in Figure 4.19. The evaluation was performed
with the help of Tobias Baur at Saarland University. There, a sensor array
of the four different NL. DEG sensors was used at a constant temperature.
Therefore, each measurement point is used as a feature as this is how it
would be in a real setup, where the resistance over time is measured and
gas exposures need to be determined. It is easily possible to distinguish
between a strong-reacting gas and a weak-reacting one, NO2 and VOCs in

74



4.3 Advanced data evaluation
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Figure 4.19: LDA based on all four NL DEG sensors for 200 ppb CséHs, CH20
and NOz exposures at 150 °C at 0 %RH. Adapted from [Paper 4].

this case. But a similar response could still be achieved with different con-
centrations of different gases, leading to a not very meaningful sensor sys-
tem. More details are discussed in [Paper 4].

One way to obtain additional transient data from a single sensor for
evaluation 1s the application of cycled methods such as TCO [59, 151]. To
study if the IEG sensor in TCO mode is able to distinguish between differ-
ent, but similarly reacting gases and different RH levels, the sensor was
exposed to 1000 and 500 ppb of CéHs, CH20, CO and H: at 0, 15, 30 and
40 %RH. The temperature was changed in plateaus from 30 s at 175 °C to
30 s at 150 °C to 40 s at 125 °C. The central temperature of the cycle was
150 °C because this was the main operating temperature of comparable
measurements in this thesis. 175 °C was included to have a slightly higher
temperature with expected stronger gas interaction, which was also ob-
served to be operational without stability issues (compare section 3.3.2).
To maximize the temperature interval 125 °C was chosen as the lowest
temperature as temperatures below or around 100 °C with RH lead to ad-
ditional slow sensor drift (compare section 4.2.2). Figure 4.20 (a) and (b)
show the normalized and standardized temperature cycles, respectively,
for all four gases and RH levels. The data treatment and evaluation was
performed with the help of Guillem Domenech Gil at Linképing Univer-
sity. As one can see, the normalized cycles exhibit differences for different
gas exposures and RH levels (compare inset in Figure 4.20 (a)). The top
three cycles of the 125 °C plateau correspond to air at the three non-zero
RH levels studied, 1.e., 15, 30 and 40 %RH, the lowest to dry air and the
four in the middle to the four gases. For the four different gases, both VOCs
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Figure 4.20: (a) Normalized and (b) standardized temperature cycles of IEG for
CeéHe, CH20, CO and Hz exposures and RH levels with temperature
plateaus of 175, 150 and 125 °C. The inset in in the lower right cor-
ner in (a) shows the enlarged normalized resistances of the 125 °C
temperature plateau.

have almost exactly the same cycle shape, i.e., resistance value for the
given temperature, whereas CO and Hz have both distinguishably higher
and lower resistances at the 125 and 175 °C temperature plateaus, respec-
tively. If the cycles are standardized (Figure 4.20 (b)), only small differ-
ences can be appreciated between cycles, which only become visible if
zooming in enough. The reason for this difference between normalization
and standardization is because normalization divides the whole cycle by
1its own mean, thus centering all middle temperature plateaus at 1 and
opening up the differences between the different cycles at the ends, i.e.
lower and higher temperature plateaus. The standardization, however,
centers the middle temperature plateau at 0 and, therefore, each plateau
exhibits differences between the cycles but they are all comparably small.
For further evaluation with LDA or PCA, this does not matter much as the
used features will also be standardized, hence both preprocessing steps
can lead to the same result. Here, only LDA and PCA results based on
normalized cycles are shown. Similar measurements have been performed
with PEG, but since it did not exhibit any response to both VOCs, the re-
sults are not discussed here.

To start with, it i1s worth looking at the different quasistatic plots. A
quasistatic plot is obtained by plotting all points of all cycles at one given
position in the temperature cycle. Here, one position was chosen at each
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temperature plateau. Figure 4.21 (a), (b) and (c) show the untreated qua-
sistatic plots, the normalized quasistatic plots and a zoom-in of the expo-
sures at 0 %RH for the untreated quasistatic plots, respectively. The un-
treated quasistatic plots show changes in resistance, that correspond to
the applied gas exposures and changes of RH. This could give valuable
information about which temperature should be included in the cycle in
general, in case strong difference would be observed. Here, since the tem-
peratures are very close to each other, no strong differences between the
three quasistatic plots can be seen. After normalization (Figure 4.21 (b)),
the highest change observed is due to the increase of humidity, from 0 to
15 %RH, while an additional increase in RH and the gas exposures induce
smaller changes. A similar distinct change can be seen at the end of the

‘ ~ 1.03 ‘
125 °C <} 125 °C
2600 150 °C o 102 150 °C
c mm 175°C S ’ mm 175°C
»
§ 21017
2500 M ] o
®© N bed
@ f‘ww“@%RH 40 %RH | o 1}
n 15 %RH o)
8 | | N
\ © 099+ o9 ]
2400 WWQ \ = O%RH 45 %RH 30 %RH 40 %RH
| \ =
0 %RH ‘ ‘ ‘ 2 0.08t ‘ ‘ ‘ n
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time (min) Time (min)
(a) ()
2500 | C,H, mm CO
. CH,O mm H,
<}
© 2450 45500
(&)
C
2 150 °C ‘
2 2400 e A |
$ 175 °C N A VAN
5 LR
1000 ppb
2350 | 500 |
Bnl & [ I
0 250 500 750 1000
Time (min)
(©

Figure 4.21: (a) Quasistatic and (b) normalized quasistatic plots of IEG for CsHs,
CH:20, CO and H: exposures at 0, 15, 30 and 40 %RH at 175, 150

and 125 °C with (c) as zoom-in of the quasistatic plots for gas expo-
sures at 0 %RH.
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measurement, when the RH level is changed back from 40 to 0 %RH. This
1s in agreement with the findings in section 4.2.2. In case that the stand-
ardized quasistatic plot would only be a flat line without any distinct fea-
tures, then the TCO mode would not give additional information compared
to the operation at a constant temperature.

After the first measurement evaluations through quasistatic plots, fur-
ther multivariate statistic algorithms, 1.e., LDA and PCA, were imple-
mented to differentiate between the different gases. For the gases, the
points corresponding to 500 ppb exposures at 0% RH were used. As fea-
tures, part of the slopes between the three temperature plateaus and the
lifting, 1.e., absolute difference in resistance between the 125 and 175 °C
plateaus, were utilized (compare Figure 4.22).

Figure 4.23 shows the results of LDA and PCA evaluations. Both meth-
ods can cluster the four gases, with LDA reaching a better cluster separa-
tion. However, both VOC clusters are very close to each other and not al-
ways distinguishable. Therefore, a TVOC indicator, 1.e., the total amount
of VOCs present, instead of single gas determinations, might be a more
feasible application. Furthermore, since a steady state in the sensor re-
sponse was never reached during the gas exposure, it is expected that the
points corresponding to the same gas do not group very closely, forming
widespread clusters. These results are a first approximation, as a proof-of-
concept, similar to Figure 4.19, showing that this kind of EG sensors could
potentially discriminate among different gases with further optimization.
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Figure 4.22: Exemplary normalized temperature cycle for CO exposure together
with the used features.
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Figure 4.23: (a) LDA and (b) PCA of IEG to 500 ppb CsHs, CH20, CO and H:
exposures at 0 %RH.

Besides classification, i.e., determination of the specific gas, quantifica-
tion of the gas concentration was studied. Therefore, a PLSR was per-
formed with the IEG sensor data for CéHes and CH20 exposures with con-
centrations ranging from 2 (1 for CH20) to 1000 ppb at 0 %RH. However,
since the sensor response is rather slow and, consequently, does not reach
a steady state even after 30 min exposure, the cycled operation mode does
not help as only the last cycle of each exposure could be used for a concen-
tration calibration. Another reason is very likely the chosen narrow tem-
perature range as the physical and/or chemical surface reactions with the
specific gases do not differ strongly at the different temperatures. There-
fore, PLSR did not conclude in a meaningful evaluation, thus not giving
an advantage compared to a static measurement (compare for example
Figure 4.14).

In summary, applying TCO mode and multivariate statistics analysis
methods lead to a differentiation between different gases. To fully exploit
these methods, a broader operating temperature range would possibly im-
prove the results, and also speed up the sensor response at higher temper-
atures to some extent.
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4.4 Inter-lab studies

It is very important to conduct inter-lab studies to independently verify
sensor performances as a specific setup itself can have a strong influence
on the sensor behavior and, therefore, the obtained results may only be
valid under given circumstances. In-depth studies have shown that even
for measurements performed in certified labs, unexpected deviations can
occur, which opens the possibility for more insight into sensor behavior in
general [152, 153]. Unfortunately, round-robin testing, which is the stand-
ard in analytical chemistry to ensure that experimental procedures are
correct, 1s still not applied in the field of chemical sensor research [154,
155].

To verify that the observed results are valid regardless of the lab-set-
ting in this work, some measurements were first performed in the gas
sensing lab at Linkoping University (LiU) and then repeated in another
lab at Saarland University (UdS) or vice versa. All measurements were
performed at 150 °C operating temperature, but the tested gas concentra-
tions and levels of relative humidity were not always exactly the same due
to some restrictions of the respective systems. A summary of several dif-
ferent gas measurements with the NL DEG sensors at both laboratories is
discussed in detail in [Paper 4].

In general, it was found that exposures to CeHs and CH20 resulted in
a systematically lower response if measured at UdS except for V205. Ex-
posures to NO2z also showed the same trend in response for three of the
four sensors, 1.e., an increase with increased gas concentration and a de-
crease with the introduction of relative humidity, indicating that the sen-
sors have very similar performances at both laboratories. Only the CuO
NL DEG resulted in a rather peculiar change in response direction if ex-
posed to 200 ppb NO:2 at 25% RH at LiU, compared to the exposure at 0%
RH. This change could be due to the competing effects of NO2 and RH on
the sensor surface.

In a different investigation, the FesO4 NP DEG sensor was evaluated
first with one setup at UdS and then one year later with another setup in
the same laboratory2°. At both times, the sensor was exposed for 30 min to
5 ppb of CséHe at 150 °C and 0 %RH (compare section 4.2.4 and [Paper 2]).
The response varied between 0.05 % and 0.08 %. This might seem like a

20 Note that this measurement was rather an intra-lab than an inter-lab
study.
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large difference, but taking into account that the sensor was not calibrated
for one system and was operated over a long time, the repeatability is ra-
ther good.

Additional differences in sensor response could arise from the uncer-
tainties in concentration of the gas bottles. Even with a purity of 6.0, each
gas bottle has an approximate error range in concentration of up to 10 %.
Moreover, the background gas (purity of 6.0) used for mixing of test gases
also still contains approximately 1 ppm of contaminants. Therefore, a
higher target analyte concentration in a gas cylinder results in a lower
relative error as a smaller concentration if both are diluted in the gas mix-
ing system to reach the same concentration. This uncertainty in gas con-
centrations is believed to be the main impact on the observed responses
here. Different background gases could also lead to differences between
both labs. The background gas at LiU is mixed from 80 % N2 (liquid source)
and 20 % Og, while the background gas at UdS comes from a zero air gen-
erator (79 % Nz and 21 % Og), but these differences are not believed to have
a major impact here (compare section 3.5.1). A difference in response due
to a different background gas flow, i.e., 100 ml/min at LiU and 200 ml/min
at UdS, is not expected. However, the systems could be contaminated by
prior gas exposures [156]21. Another problem could come from the applied
flows from the MFCs, although this is rather unlikely as only calibrated
MFCs were used and frequently reassessed. A variation due to the very
small difference in background humidity is also not expected (compare sec-
tion 3.5). Another very important aspect is the electric noise of the labora-
tory environment and the resolution of the readout hardware. In early
measurements at UdS the resistance-readout was done with the 3S-board,
while the measurements at LiU were always carried out with a
Sourcemeter. The SNR for a 5 ppb CéHe exposure varied for the FesO4 NP
DEG from 1.6 dB to 35 dB, depending on the setup, with the Sourcemeter
hardware being the superior solution. Looking only at the single standard
deviation of the baseline resistance as indicator of noise when a
Sourcemeter is used in both laboratories, there was no distinct difference
in noise level anymore and it stayed below 0.1 Q for all four NL DEG sen-
sors for example, which corresponds to a worst-case relative noise level of
approximately 0.007% in terms of sensor response.

21 The gas mixing system at LiU was entirely cleaned and calibrated before
low concentration measurements with VOCs have been performed as a
contamination of the system was previously determined.
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4.5 More EG sensor applications

Even if the main focus of this work was to investigate EG on SiC as versa-
tile gas sensing platform, sensing with this material is not limited to gas-
eous analytes. In this section, a short outlook to other sensing fields is
given that were investigated with EG on SiC.

In its pristine form, EG is rather inert, but it does not need to chemi-
cally bind to an analyte to be able to detect its presence. When an ion, e.g.,
a dissolved heavy metal ion, is in physical contact with the graphene lat-
tice, the local doping changes and thus a change in resistance can be meas-
ured. For example, when pumping a solution with diluted heavy metal ions
through a lab-on-chip device over the graphene lattice, the resistance of
graphene changes as soon as the dissolved ions come in contact with the
exposed graphene surface in the detection chamber, resembling a reaction
to specific heavy metal ions [157]. With this approach, heavy metals like
lead can be detected at very low concentration, i.e., 95 nM for Pb2* ions,
and, as the response is geometry dependent, a larger relative EG exposure
area is expected to further increase the sensitivity, thus further decreasing
the detection limit [158]. Note that the required recommended limit for
lead ions in drinking water by the WHO 1s 180 nM [159], so about twice as
high as the achieved LOD here.

Another advancement is the use of epitaxial graphene in bio-inspired
applications, such as the detection of certain proteins. It was demonstrated
that when exposed to HSA (human serum albumin) diluted in PBS (Phos-
phate-buffered saline) buffer, the sensor reacts rather fast to the analyte
exposure with a stable baseline and the response is repeatable [160]. The
1idea is to eventually substitute HSA with other proteins that are im-
portant for medical applications where the exact determination of analytes
reflects the health status. A similar approach is used for a rather new
study, where EG is used to detect toxic dioxins in a buffer solution, but
instead of a simple dilution process, electrophoresis is used additionally to
separate molecules and isolate the target analyte.

As already mentioned, EG can also be used as the transducer and not
the primary sensing material. Another side-project investigated the possi-
ble detection of bark beetle pheromones, in the perspective of a sensor for
early detection of bark beetle infestation in spruce forests. Fresh bark bee-
tle antennas should detect the pheromones and transfer this detection via
an ionic gel onto the graphene surface. There, the change in resistance
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between two contacts should then resemble the difference between ambi-
ent air and ambient air with pheromones present. More can be found in
[161].

All these projects are examples of what might be possible when detect-
ing low concentrations of specific analytes with EG on SiC as the trans-
ducer or even sensing material. There will be a paper giving an overview
about all these different EG sensors, but it was not published by the time
of printing of this thesis.
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In summary, the work presented in this thesis focused on how to utilize
epitaxially grown graphene on SiC as an ultra-sensitive gas sensor plat-
form for gases of interest for air quality monitoring. Three main ap-
proaches have been tested and evaluated to their impacts on sensitivity,
selectivity, speed of response and stability of the graphene based sensors.

First, the graphene surface was modified with several different meth-
ods. It was decorated with different metal oxide nanoparticles and
nanolayers, intercalated with hydrogen, or defects have been introduced
with Ag- ion bombardment. With most of the decorated sensors, it was eas-
ily possible to detect and quantitatively measure concentrations down to
single ppb of benzene and formaldehyde and their limits of detection can
be even in the ppt range. VOC detection was possible with relative humid-
ity in the ambient only after platinum decoration or hydrogen intercala-
tion though, making these materials very promising for air quality moni-
toring applications. The integrity of the graphene lattice was maintained
after surface decoration, which was verified for each sample using charac-
terization methods like atomic force microscopy and Raman spectroscopy.

The second approach is the optimization of the sensing environment.
Here, the influence of operating temperature, relative humidity and addi-
tional UV irradiation during the measurement was evaluated. All three
parameters are well known to have a strong impact on the sensor sensitiv-
ity and speed of response for some material/gas combinations.

As a last step, generation of richer data and extended data evaluation
led to a better sensor performance. The first-order time-derivative was in-
vestigated as an additional sensor signal. With this approach, the time
constants could be drastically reduced as the peak of slope reaches its max-
imum much faster compared to the resistance value, which opens an op-
portunity for rather slow gas sensors in areas where a fast sensor readout
1s compulsory. Moreover, reduced time constants can save lab testing time,
thus saving time, resources and money during research activities. This
peak is concentration dependent and almost independent of exposure and
relaxation times. If operated in temperature cycled operation mode, it was
possible to distinguish between different gases, thus increasing selectivity.

Furthermore, some sensors have been evaluated at two independent
laboratories to ensure the reliability of the obtained results.
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All three investigated methods show very promising results to improve
sensing performance and a combination of them opens new fields of possi-
ble applications. To fully exploit the potential of these epitaxial graphene
based sensors, more work in terms of production optimization, method
combination and application-specific testing would need to be done. For
example, to stay within the idea of AQM, measurements with normal air,
1.e., air with various contaminants, as background and not zero air should
be investigated, higher temperature ranges for cycled operation estab-
lished and sensors processed with a glue-less contact mechanism.
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icon carbide (SiC). Epitaxially grown graphene on SiC substrates were successfully decorated with metal oxide
nanoparticles such as TiO, and Fe;0,4 using hollow cathode pulsed plasma sputtering. Atomic Force Microscopy
and Raman data verified that no damage was added to the graphene surface. It could be shown that it was easily
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1. Introduction

Nowadays, many people in advanced societies spend up to 85% of
their time indoors under prolonged exposure to indoor air that is
often controlled in terms of temperature, humidity, and the oxygen/car-
bon dioxide ratio, but not in terms of toxic gases. Volatile organic
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compounds (VOCs), defined by the World Health Organization as all or-
ganic compounds having their boiling points between 50-100 °C and
240-260 °C, are in the top 5 of global air pollutants [1]. Although some
of them are hazardous to humans even at very low concentrations,
they are widely used in industry and everyday products such as sol-
vents. For example, the safety level for formaldehyde is 81 ppb, for
naphthalene 1.9 ppb and no exposure at all for benzene [2]. Moreover,
indoor air pollution is in the top 5 of environmental risks to human
health with 4.3 million deaths/year including 570,000 children under
the age of 5. This number is estimated to rise up to 6 million deaths/
year in 2050 [3]. There is clearly a demand for gas sensors where
ultra-high sensitivity is necessary. Until now, there are not sensors
available for all the relevant gases although the marked is estimated
to be $1.4 billion by 2021 [4].

Since the isolation and first characterization of graphene in 2004, it
has become the best investigated two-dimensional (2D) material with
many outstanding properties like perfect thermal conductivity, ballistic
electron transport at room temperature, low mass and an ultimate sur-
face to volume ratio [5]. It can therefore be of use in very different fields
of applications, one of which is as very sensitive chemical gas sensors
[6]. Due to the low density of states near the Dirac point, a small change
in the number of charge carriers results in a large change in the elec-
tronic state which then can easily be measured as a change in resistance
of the sensor surface [7].

Epitaxial growth of graphene on silicon carbide (SiC) [8] is not the
most used but a highly suitable production process when it comes to
electrical devices [9]. Si atoms sublimate in argon ambient at 2000 °C
and the carbon atoms self-assemble with the bulk SiC to form a mono-
layer of graphene with a carbon buffer layer that is formed in between
graphene and the SiC interface and is still partially covalently bonded
to the Si atoms which makes it insulating. High temperature growth
leads to high quality where the thickness can be controlled by the tem-
perature, achieving monolayer graphene with a thickness uniformity of
about 98% (2% bilayer). Since it is grown on a semiconducting or semi
insulating substrate, there is no graphene transfer needed after the
growth and it can be used directly to fabricate electronic devices with-
out short circuit effects.

Besides the sensitivity of a gas sensor, also the selectivity is of impor-
tance. Since graphene is quite sensitive to a large number of gases, there
is a lack of selectivity that has to be overcome. Enhancing the sensing
properties of gas sensors can be done with several different approaches.
It was shown that metal- and metal oxide nanoparticles can be used ef-
fectively to enhance the selectivity of graphene, and also to generate
sensitivity towards gases to which as-grown graphene does not respond
[10,11]. The addition of nanoparticles onto graphene results in specific
sensor responses to different gases. The most common materials used
are Sn0, [12,13], ZnO [14,15] and TiO; [11,16]. Hollow cathode
sputtering where the nanoparticles are grown in the gas phase is one
of the most suitable techniques for scalable deposition of nanoparticles
in a very ordered way on top of a surface without introducing much
damage to it [17]. Another approach towards selectivity tuning is to
use UV light exposure during the measurement to decrease time con-
stants and also increase sensitivity towards certain gases by tuning the
energy level [18]. In a last step, smart data processing can be used to fur-
ther increase selectivity and decrease time constants if applied correctly
[19]. In the following, we will introduce all of these techniques and
show that they can be used to enhance the performance of graphene
gas Sensors.

2. Methods
2.1. Graphene growth
As a sensor basis, epitaxial graphene with a monolayer ratio of about

98% (2% bilayer), grown on SiC was used. Epitaxial graphene (EG) was
prepared by sublimation of SiC and subsequent graphene formation

on semi-insulating, Si-terminated, 4H-SiC (0001) on-axis substrates at
2000 °Cin argon and at a pressure of 1 bar [20].

2.2. Nanoparticle deposition

TiO, and Fe;04 nanoparticles were deposited on top of the graphene
layer using a hollow cathode pulsed plasma sputtering technique [21].
The nanoparticles nucleate and grow in the plasma ejected from the
hollow cathode. The substrates were placed outside the dense plasma
region, preventing energetic species from reaching them. The discharge
parameters for the Fe30,4 particles were: pulse frequency 1200 Hz, pulse
width 80 ps and an average power of 90 W. A substrate bias was used to
attract the particles to the substrate surface. For the Fe;04 particles this
bias was +3 V and the substrates were exposed to nanoparticle deposi-
tion for 15 s. For the TiO, nanoparticles the deposition time was 30 s;
other process parameters are given in reference [17].

2.3. Characterization techniques

Before and after the deposition of nanoparticles, a series of charac-
terization measurements were conducted to see if any damage of the
graphene surface occurred during the deposition. Atomic Force Micros-
copy (AFM) (Quadrexed Dimension 3100 with a Nanoscope IVa control-
ler) with a Si tip (PPP-NCHR-50 from Nanosensors) and a tip radius of
curvature <7 nm was used in tapping mode to obtain topography im-
ages of the sensing layers. A micro Raman setup was used to perform
Raman spectroscopy and reflectance measurements. A CCD camera
coupled to a monochromator (HR460) was used along with a 100x
magnification objective which were exited at 532 nm using a solid-
state laser with a power of 17 mW focused to a spot with diameter
~0.9 um on the sample, and a system spectral resolution of approxi-
mately 5 cm™ . The Raman spectra of Si-face graphene were obtained
by subtracting a reference Raman spectrum of 4H-SiC (0001).

2.4. Sensor device fabrication

Sensor devices have been fabricated on SiC substrates by depositing
electrodes on top of the graphene surface through thermal evaporation
of titanium (2 nm) and gold (200 nm) sequentially. The electrodes are
1 mm wide with a 1 mm gap in between. To enable a controlled temper-
ature loop, each sensor chip is glued using Aremco Ceramabond 571 on
top of a ceramic heater substrate (Heraeus GmbH, Germany) with an
additional Pt-100 temperature sensor (Heraeus GmbH, Germany).
This device was mounted on top of a TO8-socket and connected to its
pins using gold-wire bonding and silver glue (Epotek E3081). This
setup limits the temperature that can be used within stable conditions
to 300 °C. The final sensor is inserted into a flow cell which is attached
to a gas mixing system. A brief description of this system can be found
here [22]. A dry background mixture of N, and O, with a ratio of
80:20 ml/min and a constant flow rate of 100 ml/min was used both
as a carrier gas and purging gas. The nitrogen concentration was then
adjusted when introducing a test gas to the gas flow. To test the influ-
ence of UV light, a UV LED (Sensor Electronic Technology Inc, S-T39B-
F1-265-01-1-050) with a wavelength of 265 nm and an optical output
power of 0.8 mW was used for some measurements.

3. Results and discussion
3.1. Morphological and structural characterization

3.1.1. Atomic force microscopy

To see that the surface decoration with TiO, and Fe304 nanoparticles
was successfully performed, AFM measurements were conducted be-
fore and after the deposition. Fig. 1(a) shows the distinct topography
of an as-grown graphene layer with almost no roughness, but the char-
acteristic steps from the SiC substrate after step-bunching upon the high
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Fig. 1. AFM scans over an area of 5 x 5 um? of (a) as-grown graphene and an area of 2 x 2 um? (b) with Fe;0, nanoparticles decorated on top of the graphene surface.

temperature graphene growth. The topography after the additional de-
position of iron oxide nanoparticles is shown in Fig. 1(b), showing
monodispersed, spherical particles with diameters mostly in the range
of 40-80 nm, with a few larger aggregates.

3.1.2. Raman spectroscopy

Raman spectroscopy measurements were also conducted before and
after the deposition to ascertain the quality of the graphene and to study
potential damage introduced through the nanoparticle deposition. The
comparison between the as-grown graphene and graphene decorated
with Fe304 nanoparticles is shown in Fig. 2. The intensity scale is in ar-
bitrary units and the signals were fitted to have the same maximum
peak height for the G-peak at around 1610 cm ™. The black line corre-
sponds to the Raman spectrum for an as-grown graphene reference
which shows the typical G and 2D peaks around 1610 cm™! and
2737 cm™!, respectively [23]. The features starting in the range of
1280 cm ™! and extending into the G-peak are all related to the interfa-
cial buffer layer between the graphene and the SiC substrate [23], and
while they overlap with the position of the D peak they are not related
to defects. It can be clearly seen that the spectra almost completely over-
lap, indicating that no damage was introduced into the graphene sur-
face during the nanoparticle deposition. If damage is introduced to the
graphene surface, the broad D peak around 1350 cm ™! would rise, indi-
cating a rise of level of disorder and impurities. Furthermore, the 2D

as-grown graphene
+ Fe,O, nanoparticles

2D

Intensity (arb. units)

1 1 1
1000 1500 2000 2500 3000

Raman shift (cm™)

Fig. 2. Raman spectra of the graphene surface before and after the deposition of Fe304
nanoparticles on top.

peak FWHM value of around 35 cm™! is an additional indicator of the
high level of monolayer graphene [24].

3.2. Gas measurements

3.2.1. Surface decoration

After the verification that the graphene sensors were successfully
decorated with nanoparticles and that the graphene structure is main-
tained, gas measurements were performed. It was already shown in ear-
lier work that TiO, nanoparticle decorated graphene sensors can be
used for formaldehyde detection [16]. Here, the response of Fe304 nano-
particle decorated graphene is used for the detection of the even more
toxic benzene. The sensor was exposed for 40 min towards 100, 50, 10
and 5 ppb benzene at 150 °C in dry air, respectively. Each exposure
was conducted twice and the final resistance signal was processed to
show the data without drift. The sensor response is shown in Fig. 3.

The response is defined as Response = Rgfo, where R is the saturated re-

sistance signal and Ry corresponds to the baseline resistance before the
exposure. It can be clearly seen that the sensor response is distinct over
the whole range and even an exposure towards only 5 ppb benzene
leads to a significant change of 7 Q or 0.3%. Although this value is very
small, it is no problem to detect it with the used setup, because the sen-
sor has a very high signal to noise ratio of 35 dB towards 5 ppb benzene,
calculated based on a noise level of three times the standard deviation of
the baseline signal. Since benzene has no safety level yet, due to difficul-
ties in determining its toxicity at trace concentrations, the aim has to be
to measure concentrations as low as possible. Indeed benzene has been
shown to be carcinogenic at any concentration [25]. With a detection of
5 ppb of benzene, we reach the range of safety level for other VOCs like
formaldehyde. Moreover, it can be clearly seen that the detection limit is
not yet reached and even concentrations in the sub-ppb level should be
possible to detect with this sensor (5 ppb is the lowest reliable concen-
tration permitted by the experimental setup), making it even more
promising for benzene monitoring.

3.2.2. UV-light illumination

UV light can be used to additionally change surface properties and
enhance the sensing performance [18]. Especially for graphene, it was
shown that UV light illumination can be attributed to cleaning of the
surface, hence freeing active sites for target gas adsorption [26]. This is
demonstrated on a TiO, nanoparticle decorated graphene sensor de-
tecting different levels of oxygen. Fig. 4 shows the difference of the
same sensor at 100 °C and exposed to a varying oxygen percentage be-
tween 15 and 2% (from a baseline of 20%), without (a) and with (b) UV
light illumination throughout the whole measurement. Not only does
the UV light introduce a change in the baseline resistance of about —
270 Q, but it can also be clearly seen that there is almost no distinct
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Fig. 3. Sensor response (a) of Fe304 decorated graphene sensor at 150 °C towards different benzene concentrations of 100, 50, 10 and 5 ppb. (b) Shows the relative response versus benzene

concentration for the exposures shown in (a).

change of resistance (response) without UV light, whereas the mea-
surement with UV illumination shows the typical shape of a gas sensor
response. Moreover, the desorption process is enhanced under the illu-
mination, decreasing the time needed for the sensor to get back to its
baseline after the gas exposure, making it faster and more effective. In-
deed the low response without UV is likely due to an oxygen saturated
surface in the background of 20% O,; UV illumination promotes oxygen
desorption, leading to an increased dynamic range for oxygen detection.

3.2.3. Signal processing

As a final step, smart data processing is evaluated towards decreas-
ing the time constants needed for a good sensor response. It was already
shown above that the introduction of UV light enhances the sensor, but
still, time constants (790) of around 1600 s for adsorption are needed
before the sensor signal saturates (see Fig. 5(a) blue line). In this mea-
surement, oxygen was variated between 16 and 1% (from a baseline of
20%) with a varying exposure time of 5 and 10 min while the sensor

2.938 . T . T . T . T
—— Sensor response without UV
g 2936
=
(0]
[&]
C
3
L 2934
(%]
[0
o
16 % 16 %
10 % 10 %
2932 | i
5% 5%
I 1% 1%
1 A |
0 100 200 300 400
Time (min)
(a)

was used at 200 °C and UV light was applied. Instead of waiting until
the sensor response reaches a saturated level, we introduce the use of
the time derivative signal. This signal is equal to the slope of the change
in resistance during the measurement and as one can clearly see on the
red line with the right y-axis in Fig. 5(a), also the derivative signal ex-
hibits distinct peaks for the gas exposures with not much change after
this peak hits its maximum. After smoothening the data with a moving
average filter, the time constant for the derivative signal peak can be cal-
culated. The improvement in response time resulting from having to ex-
pose the sensor just the time needed to reach the maximum of the
derivative signal is in this case up to a factor of 25. For example the sen-
sor needs 1540 s to reach 790 (90% of the saturated response), whereas
it only needs 60 s to reach 190 of the derivative signal, for a change to
10% oxygen. Moreover, the peak height of the derivative signal also cor-
responds to the concentration and could consequently be used as a sen-
sor response. However, the desorption peak heights do not correspond
that clearly to the concentration. Because of the smaller time constants,

. . i : , . .
2.72 J— Sensor response with UV |
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Fig. 4. Sensor response of TiO, nanoparticle decorated graphene sensor at 100 °C towards a change of oxygen from a background of 20% to between 16 and 1% (a) without and (b) with UV

light illumination.
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Fig. 5. (a) Sensor responses (black upper line with left y-axis) and time derivative of the responses (red lower line with right y-axis) of TiO, nanoparticle decorated graphene sensor at 200
°C towards a change of oxygen between 16 and 1% (from a baseline of 20%) with UV light illumination. (b) Response of the raw sensor signal and the time derivative signal upon

incomplete sensor signal recovery between changes in gas concentration.

the actual sensor response does not have to be saturated when using the
slope instead of the absolute value of resistance.

Fig. 5(b) shows what happens when the actual sensor signal is not
fully recovered before the next concentration is introduced. Not only
the derivative response is very stable for the different concentrations,
the response magnitude is also stable if the raw sensor signal is not
fully recovered, but the exposure time exceeds the time needed for
the derivative signal to reach its maximum.

This behavior was also found for other sensing layers and other test
gases, leading to a huge improvement when it comes to time constants.
This can be especially useful for applications where short sampling
times are needed, for example air quality monitoring.

3.2.4. Sensor design implications

The sensor design described in this study is completely scalable: the
use of epitaxial graphene on SiC allows wafer scale production of de-
vices that can be processed directly on the as-grown material as the
graphene is grown on a semi-insulating substrate. The sputter-based
technique used for nanoparticle deposition can be done on several wa-
fers in one run, and the UV-LED is an off the shelf product which can be
easily integrated into a sensor layout.

4. Conclusion

The successful decoration of epitaxial graphene sensors with metal
oxide nanoparticles (TiO, and Fe;0,4) using hollow cathode sputtering
without damaging the graphene surface was shown using AFM and
Raman. With the iron oxide nanoparticle decorated graphene sensor,
it was easily possible to detect benzene down to 5 ppb making it a
promising sensor setup for ultra-high sensitivity gas sensors for VOC de-
tection. It was also shown that with illumination with UV light of the ti-
tanium oxide nanoparticle decorated graphene sensor during the gas
exposure, sensitivity towards a change of oxygen could be created
where almost none could be seen without the UV light. As a final im-
provement, the time derivative signal was introduced to show that
time constants can be decreased by at least one order of magnitude
and that it might be used as a sensor response because it exhibits dis-
tinct changes corresponding to the applied gas concentration even if
the actual sensor response is not saturated or if a new exposure takes
place before the sensor had time to fully relax. All these three means
of sensor improvement show very promising results for future sensor

setups and will be investigated further to optimize sensitivity, selectiv-
ity and time constants of epitaxial graphene based gas sensors.

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time due to technical or time limitations. The authors
will happily share data with anyone interested on request.

Acknowledgements

The authors would like to thank Anita Lloyd Spetz for discussion and
support. Moreover, we thank the Swedish Foundation for Strategic re-
search (SSF) for financial support through the grant GMT14-0077. We
acknowledge support from the Swedish Government Strategic Research
Area in Materials Science on Functional Materials at Linképing Univer-
sity (Faculty Grant SFO-Mat-LiU # 2009-00971). This work has been
supported by The Centre in Nano science and technology (CeNano)
through the project “Graphene-nanoparticle hybrid gas sensor”.

References

[1] World Health Organisation, Indoor Air Quality: Organic Pollutant, Copenhagen,
1989.

[2] Council of the European Union, Off. J. Eur. Communities L152 (2008) 1-43.

[3] World Health Organisation, Inheriting a Sustainable World? Atlas on Children's
Health and the Environment, Geneva, 2017 (ISBN 978 92 415 1177 3).

[4] BCC Research, Portable Gas Detection Systems: Global Markets, 2016.

[5] A.C. Ferarri, et al., Science and technology roadmap for graphene, related two-
dimensional crystals, and hybrid systems, Nano 7 (2015) 4598.

[6] S.S.Varghesea, S. Lonkara, KK. Singhc, S. Swaminathan, A. Abdalad, Recent advances
in graphene based gas sensors, Sensors Actuators B 218 (2015) 160-183.

[7] R.Pearce,]. Eriksson, T. lakimov, L. Hultman, A. Lloyd Spetz, R. Yakimova, On the dif-
fering sensitivity to chemical gating of single and double layer epitaxial graphene
explored using scanning kelvin probe microscopy, ACS Nano 7 (5) (2013)
4647-4656.

[8] C.Virojanadara, M. Syvdjarvi, R. Yakimova, L.I. Johansson, Phys. Rev. B 78 (2008),
245403.
[9] A.Tzalenchuk, S. Lara-Avila, A. Kalaboukhov, S. Paolillo, M. Syvdjarvi, R. Yakimova, O.

Kazakova, T.J.B.M. Janssen, V. Fal'ko, S. Kubatin, Towards a quantum resistance stan-
dard based on epitaxial graphene, Nat. Nanotechnol. 5 (2010) 186-189.

[10] Jens Eriksson, Donatella Puglisi, Yu Hsuan Kang, Rositza Yakimova, Anita Lloyd
Spetz, Adjusting the electronic properties and gas reactivity of epitaxial graphene
by thin surface metallizations, Physica B 439 (2014) 105-108.

[11] ]J. Eriksson, D. Puglisi, C. Strandqvist, R. Gunnarsson, S. Ekeroth, 1.G. Ivanov, U.
Helmersson, K. Uvdal, R. Yakimova, A. Lloyd Spetz, Modified epitaxial graphene on
SiC for extremely sensitive and selective gas sensors, Mater. Sci. Forum 858
(2016) 1145-1148.


http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0005
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0005
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0010
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0015
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0015
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0020
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0025
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0025
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0030
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0030
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0035
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0035
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0035
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0035
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0040
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0040
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0045
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0045
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0045
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0050
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0050
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0050
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0055
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0055
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0055
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0055

158

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

M. Rodner et al. / Materials and Design 153 (2018) 153-158

F.-L. Meng, H.-H. Li, L.-T. Kong, J.-Y. Liu, Z. Jin, W. Li, Y. Jia, J.-H. Liu, X.-]. Huang, Parts
per billion-level detection of benzene using SnO,/graphene nanocomposite com-
posed of sub-6 nm SnO, nanoparticles, Anal. Chim. Acta 736 (2012) 100-107.

S. Mao, S.M. Cui, G.H. Lu, KH. Yu, Z.H. Wen, ].H. Chen, Tuning gas-sensing properties
of reduced graphene oxide using tin oxide nanocrystals, J. Mater. Chem. 22 (2012)
11009-11013.

S. Liu, B. Yu, H. Zhang, T. Fei, T. Zhang, Enhancing NO2 gas sensing performances at
room temperature based on reduced graphene oxide-ZnO nanoparticles hybrids,
Sens. Actuators B Chem. 202 (2014) 272-278.

G. Singh, A. Choudhary, D. Haranath, A.G. Joshi, N. Singh, S. Singh, R. Pasricha, ZnO
decorated luminescent graphene as a potential gas sensor at room temperature,
Carbon 50 (2012) 385-394.

A. Esfandiar, S. Ghasemi, A. Irajizad, O. Akhavan, M.R. Gholami, The decoration of
TiO,/reduced graphene oxide by Pd and Pt nanoparticles for hydrogen gas sensing,
Int. J. Hydrog. Energy 37 (2012) 15423-15432.

R. Gunnarsson, U. Helmersson, 1. Pilch, Synthesis of titanium-oxide nanoparticles
with size and stoichiometry control, J. Nanopart. Res. 17 (9) (2015) 1-11.

M. Kodu, A. Berholts, T. Kahro, T. Avarmaa, A. Kasikov, A. Niilisk, H. Alles, R. Jaaniso,
Highly sensitive NO, sensors by pulsed laser deposition on graphene, Appl. Phys.
Lett. 109 (2016), 113108.

A. Schiitze, T. Baur, M. Leidinger, W. Reimringer, R. Jung, T. Conrad, T. Sauerwald,
Highly sensitive and selective VOC sensor systems based on semiconductor gas sen-
sors: how to? Environments 4 (2017) 20.

(20]

(21]

[22]

(23]

(24]

[25]

[26]

R. Yakimova, C. Virojanadara, D. Gogova, M. Syvdjdrvi, D. Siche, K. Larsson, L.I.
Johansson, Analysis of the formation conditions for large area epitaxial graphene
on SiC substrates, Mater. Sci. Forum 565-568 (2010) 645.

L. Pilch, D. Séderstrom, M.I. Hasan, U. Helmersson, N. Brenning, Fast growth of nano-
particles in a hollow cathode plasma through orbit motion limited ion collection,
Appl. Phys. Lett. 103 (19) (2013), 193108.

A. Lloyd Spetz, M. Andersson, Technology and Application Opportunities for SiC-FET
Gas Sensors, Solid State Gas Sensors - Industrial Application, 281, 2012.

D.S. Lee, C. Ried], B. Krauss, K. von Klitzing, U. Starke, ].H. Smet, Raman spectra of ep-
itaxial graphene on SiC and of epitaxial graphene transferred to SiO,, Nano Lett. 8
(12) (2008) 4320-4325.

A.C. Ferrari, Raman spectroscopy of graphene and graphite: disorder, electron-
phonon coupling, doping and nonadiabatic effects, Solid State Commun. 143
(2007) 47-57.

WHO Guidelines for Indoor Air Quality: Selected Pollutants2010 (ISBN 978 92 890
0213 4).

A. Berholts, T. Kahro, A. Floren, H. Alles, R. Jaaniso, Photo-activated oxygen sensitiv-
ity of graphene at room temperature, Appl. Phys. Lett. 105 (16) (2014), 163111.


http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0060
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0060
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0060
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0060
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0060
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0065
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0065
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0065
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0070
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0070
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0070
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0075
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0075
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0075
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0080
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0080
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0080
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0080
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0085
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0085
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0090
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0090
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0090
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0090
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0095
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0095
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0095
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0100
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0100
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0100
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0105
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0105
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0105
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0110
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0110
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0115
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0115
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0115
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0115
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0120
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0120
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0120
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0125
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0125
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0130
http://refhub.elsevier.com/S0264-1275(18)30363-0/rf0130

11







ﬂ SCNSors m\py

Article

Graphene Decorated with Iron Oxide Nanoparticles
for Highly Sensitive Interaction with Volatile Organic
Compounds 7

Marius Rodner 1*{0, Donatella Puglisi (7, Sebastian Ekeroth 2(), Ulf Helmersson 2,
Ivan Shtepliuk 3(0, Rositsa Yakimova 3, Andreas Skallberg 4 Kajsa Uvdal 4 Andreas Schiitze 5
and Jens Eriksson !

1 Applied Sensor Science Unit, IFM, Linkoping University, 58183 Linkoping, Sweden;

donatella.puglisi@liu.se (D.P.); jens.eriksson@liu.se (J.E.)

Plasma & Coatings Physics Division, IFM, Linkoping University, 58183 Linkoping, Sweden;

sebastian.ekeroth@liu.se (S.E.); ulf.helmersson@liu.se (U.H.)

Semiconductor Materials Division, IFM, Linkoping University, 58183 Linkoping, Sweden;

ivan.shtepliuk@liu.se (I.S.); rositsa.yakimova@liu.se (R.Y.)

Division of Molecular Surface Physics & Nanoscience, IFM, Linkdping University, 58183 Linkoping, Sweden;

andreas.skallberg@liu.se (A.S.); kajsa.uvdal@liu.se (K.U.)

Lab for Measurement Technology, Department of Systems Engineering, Saarland University,

66041 Saarbriicken, Germany; schuetze@lmt.uni-saarland.de

Correspondence: marius.rodner@liu.se; Tel.: +46-700-896785

1t This paper is an extended version of the conference paper: Iron Oxide Nanoparticle Decorated Graphene for
Ultra-Sensitive Detection of Volatile Organic Compounds. In Proceedings of the EUROSENSORS 2018, Graz,
Austria, 9-12 September 2018.

check for

Received: 29 January 2019; Accepted: 19 February 2019; Published: 22 February 2019 updates

Abstract: Gases, such as nitrogen dioxide, formaldehyde and benzene, are toxic even at very low
concentrations. However, so far there are no low-cost sensors available with sufficiently low detection
limits and desired response times, which are able to detect them in the ranges relevant for air quality
control. In this work, we address both, detection of small gas amounts and fast response times, using
epitaxially grown graphene decorated with iron oxide nanoparticles. This hybrid surface is used as
a sensing layer to detect formaldehyde and benzene at concentrations of relevance (low parts per
billion). The performance enhancement was additionally validated using density functional theory
calculations to see the effect of decoration on binding energies between the gas molecules and the
sensor surface. Moreover, the time constants can be drastically reduced using a derivative sensor
signal readout, allowing the sensor to work at detection limits and sampling rates desired for air
quality monitoring applications.

Keywords: epitaxial graphene; metal oxide nanoparticle; gas sensor; volatile organic compounds;
benzene; formaldehyde; derivative sensor signal; air quality sensor

1. Introduction

Several toxic air pollutants in more than 80% of the urban areas where air pollution is monitored
exceed the World Health Organization’s (WHO) recommended safe exposure levels. Poor air quality
has been associated with several negative health aspects ranging from less severe conditions, such as
skin and eye irritation, to more acute respiratory problems, cancer, or death. Air pollution has been
estimated to cause 8 million annual deaths and to financially burden the European region by about 1.6
trillion US dollars per year [1,2].
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Air quality (AQ) monitoring and control using extremely sensitive sensors are crucial from the
viewpoint of preventing further deaths and diseases correlated with toxic air substances. However,
commercial sensors/instruments available today are either large, expensive, and complex or small
but limited by poor selectivity, sensitivity, and a slow sampling rate [3]. In addition, there are no
commercially available sensors with sufficiently low detection limits to monitor carcinogenic volatile
organic compounds (VOCs), such as formaldehyde (CH,O) and benzene (C¢Hg), at levels of relevance
to human health. Benzene is a genotoxic aromatic compound, especially associated with leukemia.
There are no safe exposure limits for C¢Hg according to the last published WHO recommendations [4],
however the European Air Quality Directive guidelines [5] recommend an exposure limit of 1.6 parts
per billion (ppb), and in France, which has very strict guidelines, the limit is 0.6 ppb [6].

In the future, AQ assessment should ideally be based on real-time monitoring of air pollutants
with high spatial resolution [7], allowing pollution mapping and forecasting. This can only be satisfied
by utilizing low-cost monitoring devices of small size. Szulczynski et al. [3] recently published a review
of currently commercially available sensors for VOC detection in outdoor and indoor air, in which they
concluded that current sensor technologies suffer from too high limit of detection or poor selectivity.

In a report by Spinelle et al. from 2017, commercially available portable low-cost sensors for
VOCs were reviewed, and it was found that few sensors can detect C¢Hg at the concentrations of
relevance for AQ monitoring [8], with most sensors showing detection limits that are at least one order
of magnitude above the guideline levels. Some of these small sensors can reach a low CgHg detection
limit down to 0.5 ppb. Unfortunately, none of the sensors are selective to a particular VOC, making it
impossible to distinguish, e.g., the C¢gHg concentration. Some of the reviewed sensors also include a
selective absorbing cartridge for benzene. Unfortunately, the best limit of detection for commercially
available sensors selective to C¢Hg was found to be 10 ppb for the Ion Science Tiger Select (Ion Science,
Great Britain).

Among state-of-the-art research studies on portable AQ sensors [9], there are reports of prototypes
including gas sensitive field effect transistors based on silicon carbide (S5iC-FETs) that allow detection of
1-3 ppb of C¢Hg [10]. Both SiC-FETs [11] and metal-oxide based sensors [12] operated in Temperature
Cycled Operation can yield selectivity to specified VOCs. A drawback of this approach is the required
sampling time, which increases the response time. An approach to improve the detection limit even
further is the use of pre-concentrators [13], in which the gas concentration is temporarily increased by
adsorbing gas over a long time and then releasing it. A similar approach is used by Trzcinski et al.,
where a miniaturized photoionization detector is coupled to a specifically designed pre-concentrator
with selective desorption of benzene [14]. However, also those approaches have a prolonged response
time as a drawback.

A low cost, portable sensor capable of detecting benzene at 1 ppb or lower concentrations would
thus constitute a breakthrough in the field of air quality monitoring.

Using the unique properties of graphene as a transducer allows fabrication of sensor devices
that can be used for gas detection where low concentrations can be detected, including air quality
control for human health. Besides a high sensitivity, also interaction with specific target analytes and
a good selectivity must be addressed to get a useful sensor device. It has already been shown that
decoration of the graphene surface with metal/oxide nanoparticles can lead to a higher sensitivity
and selectivity towards certain gases, e.g., nitrogen dioxide (NO;), C4gHg and CH,O [15,16]. Using
a “soft” decoration approach, the surface chemistry of the sensing layer could be modified without
changing the transducer’s electronic properties. In addition, zinc oxide (ZnO) fibers [17] and iron oxide
(Fe304) decorated multiwall carbon nanotubes [18] in combination with ultraviolet (UV) irradiation
have shown sensitivity towards C¢Hg. However, poor reproducibility and insufficient detection limits
make the state-of-the-art sensors ill-suited for human safety applications. So far, these sensors were
able to detect the mentioned gases down to tens of ppb, but not reliably lower. In this paper, which is
an extension of a conference contribution [19], we demonstrate how it is possible to detect even single
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ppb concentrations, and we further introduce a data evaluation approach allowing fast response times
to meet the criteria for AQ monitoring.

2. Materials and Methods

2.1. Sensing Layer Preparation

The graphene was grown epitaxially on silicon carbide (5iC) through a sublimation process were
an on-axis, semi-insulating (0001) 4H-SiC substrate (7 mm x 7 mm) is used for the formation of
graphene in argon (Ar) at a temperature of 2000 °C and a pressure of 1 bar [20]. The method allows
a highly homogenous growth of monolayer graphene and requires no further transfer to another
insulator. Hollow cathode pulsed plasma sputtering [21] was used to functionalize the graphene
surface with iron oxide nanoparticles (NP).

2.2. Characterization Techniques

Before and after the deposition of nanoparticles, a series of characterization measurements was
conducted to determine the graphene uniformity and quality, and to see if any damage of the graphene
occurred during the deposition. Atomic Force Microscopy (AFM) (Quadrexed Dimension 3100 with
a Nanoscope IVa controller) was used in tapping mode to obtain topography images of the sensing
layers. The measurements were performed using silicon (Si) tips (PPP-NCHR-50 from Nanosensors)
with a tip radius of curvature below 7 nm. X-ray photoelectron spectroscopy (XPS) studies using a
Microlab 310-F spectrometer were performed to investigate possible alterations made to the sample
after deposition of NPs and to establish if Fe3O4 was present on the surface.

2.3. Sensor Device Fabrication

As a first step, titanium on gold (Ti/Au, 2/200 nm) contact pads were thermally evaporated onto
the epitaxially grown graphene on SiC (EG/SiC) before functionalization. The contacts have a size
of 1 mm x 1 mm with a distance of 1 mm between them. The sensor chip and a Pt-100 resistance
thermometer were glued (Aremco Ceramabond 571) onto a ceramic heater (Heraeus GmbH) to enable
a controlled temperature loop, and welded to a 16 pin TO8 header to establish the electrical contacts.
This device was mounted on top of a TO8-socket and connected to its pins using gold-wire bonding
and silver glue (Epotek E3081). The final sensor was placed in a flow chamber connected to a gas
mixing setup. A Keithley 2601B SourceMeter was used in a two-wire mode to measure the resistance
between the contacts during gas exposure. The total gas flow was kept constant at 100 mL/min, and a
dry mixture of 80% Nj and 20% O, was used as a purging and carrier gas. A more detailed description
of the measurement system can be found in a previous work [22].

2.4. Theoretical Approach

The adsorption of gas molecules (C¢Hg and CH;O) on pristine EG (PEG) and Fe3O4-decorated
epitaxial graphene (DEG) on Si-face 4H-SiC was investigated based on hybrid gas-phase density
functional theory (DFT) calculations performed by using Gaussian 16 Rev. B.01 program package [23].
As a model of PEG, 4 x 5 first graphene layer located above 4 x 5 buffer layer, which is covalently
bonded to 4 x 4 Si-face surface of hexagonal SiC, has been chosen. DEG was simulated by full
geometrical optimization of Fe304 located on PEG. All dangling bonds are passivated by the hydrogen
atoms. The calculations were carried out using M06-2X level of theory with consideration of
split basis set [24]. It is important to note that the dispersion-corrected DFT functional M06-2X
includes implicitly modified parameters associated with the Hartree-Fock exchange interaction,
thereby allowing prediction of the weak van der Waals interaction [25]. A 6-31G basis set was
used for carbon (C), silicon (Si), oxygen (O) and hydrogen (H) atoms, while a LANL2DZ (Los
Alamos National Laboratory 2 Double-Zeta) basis set was utilized for Fe species [26]. All atoms
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were enabled to be fully relaxed during geometrical optimization. All calculations were carried out
without symmetry restrictions.
The adsorption energy of gas molecules (E,qs) was calculated by using the following Equation:

PEG/DEG as as@PEG/DEG
Eads = (Etot / + E?ot) - E;got )

where EE&G/ DEG and EtgoatS are the total energies of isolated templates and gas molecules (C¢Hg or
CH,0), respectively, whereas EthatS@PEG/ PEG s the total energy of the PEG or DEG after complexation
with gas molecules. Counterpoise correction for basis set superposition error (BSSE) [27] was applied

for accurate prediction of the adsorption energy.
3. Results and Discussions

3.1. Morphological and Structural Characterization

Figure 1 shows AFM graphs of the graphene sensor surface before (a) and after (b) decoration
with Fe3O4 NPs. Neglecting the characteristic steps corresponding to the SiC step bunching (typically
0.5-1.5 nm in height), the as-grown graphene surface in Figure 1a shows almost no roughness (Rq
~ 0.25 nm on the terraces). The particle coverage is about 60%, and single particles have an average
diameter of about 80 nm. The histogram in Figure 1c shows the width distribution for single particles
and particle clusters. The main peaks arise for particles between 70 and 90 nm, but also much larger
agglomerates up to 290 nm can be seen. Raman spectroscopy confirms structural integrity of the
graphene surface also after the decoration [16].

2.0 nm . 500.0 nm

count

0.0 0.0

Height 2.0 um Height

@) (b)

Figure 1. Atomic Force Microscopy (AFM) image of the graphene sensor surface before (a) and after
(b) decoration with Fe304 NPs, and (c) the particle width distribution.

The effect of deposition of Fe30; NPs onto graphene was investigated by means of XPS.
The elemental compositions of as-grown EG/SiC prior to and after deposition of Fe;O; NPs
(Fe304/EG/SiC) were obtained to demonstrate the presence of Fe;04 NPs on the latter sample.
The XPS survey spectra for EG/SiC sample and Fe3O4/EG/SiC sample are shown in Figure 2a. The
XPS survey spectrum for Fe;O4/EG/SiC showed the presence of iron and gold (Au) with XPS peaks
Fe2p, Au4d, and Au4f found at binding energy position about 711 eV, 340 eV and 84 eV [28]. The gold
peaks in the XPS spectra come from the Ti/Au contacts (see Section 2.3). Both samples also showed
the presence of oxygen, carbon, and silicon, see Figure 2 with XPS peaks Ols, Cls, Si2s and Si2p at
binding energy positions about 532 eV, 285 eV, 151 eV and 100 eV respectively. XPS Ols, Fe2p, and
Cl1s core level spectra for EG/SiC and Fe304/EG/SiC are shown in Figure 2b—d. Quantification of
oxygen and carbon content for EG/SiC and Fe304/EG/SiC, based on the XPS Ols and Cl1s core level
spectra has been performed. An increase of O, estimated to be a fivefold increase, and a decrease of
C, reduced to about half for Fe304/EG/SiC, were observed. The strong increase in oxygen signal is
shown for Fe3O4/EG/SiC sample, with an additional peak at binding energy position 530.0 eV, in
good agreement with the presence of the chemical structure Fe-O in Fe304 NPs. XPS Fe2p core level
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spectra before and after deposition of Fe304 NPs are shown in Figure 2c. As expected, no iron could
be detected for EG/SiC. After deposition, two strong peaks at binding energy position 710.9 eV and
724.4 eV were observed for Fe304/EG/SiC. The corresponding XPS Cl1s core level spectra for EG/SiC
and Fe30,4/EG/SiC are presented in Figure 2d.
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Figure 2. X-ray photoelectron spectroscopy (XPS) survey spectra (a), Ols (b), Fe2p (c) and C1s (d) XPS
core level spectra for as-grown EG/SiC and Fe3O4 NP deposited on graphene (Fe304/EG/SiC).

3.2. Gas Measurements

After the successful decoration of the graphene surface with Fe3O4 NPs, gas measurements were
performed. Figure 3a shows how the resistance of the sensor changes with the exposure towards CH,O.
The sensor was exposed to CH,O and C¢Hg in a dry background of synthetic air using concentrations
ranging from 5 parts per million (ppm) to 1 ppb, and a pulse duration of 30 min. Tests to identify a good
operating temperature have been conducted and 150 °C, which is a good compromise between stability
and high response, was chosen for all measurements shown here. Similar measurements with pure
graphene did not show any response to both test gases. In an earlier work of ours [16], it has already
been shown that Fe3O4 nanoparticle-decorated graphene sensors can be used for formaldehyde and
benzene detection, but not over such a large range and down to a single ppb. The same measurement
was repeated twice in the same environment and was repeated once more approximately one year later
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with the same sensor. The measured responses show some small deviations between the measurements
without a clear trend of decreasing response over time. The sensor response shown here is from the
first measurement. The response is defined as Rgfo , where R is the saturated resistance signal and
Rg corresponds to the baseline resistance before the gas exposure. The raw sensor signal in Figure 3a
shows that the sensor does relax completely, but a slow drift hinders the baseline resistance to stay
stable over time. DFT calculations support the choice of operating temperature, as they show that
it is possible to overcome the desorption barrier of C4Hg at the sensor surface at 150 °C (see Figure
S1). The relative response for different concentrations of the two target gases is shown in Figure 3b.
A distinct response for both gases over the whole range can clearly be observed. Both formaldehyde
and benzene can be quantitatively measured down to a single ppb. The relative responses towards 1
ppb CH,0 and C¢Hg are about 0.04% and 0.02%, respectively. It is worth to be noticed that the WHO
recommended safety limit for CH,O (81 ppb over 30 min of exposure) is easily reached with a relative
response above 0.1%.
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Figure 3. (a) Sensor behavior exemplarily shown for the first four exposures (5 ppm-0.1 ppm, 30 min
exposure and relaxation) towards formaldehyde at 150 °C in dry air with the smoothened derivative

signal as inset and (b) relative sensor response towards different concentrations of formaldehyde
and benzene.

Besides a very good sensitivity, also time constants of these measurements need to be addressed.
For an application in indoor air monitoring, the time constants for the sensor should be in the range of
half a minute to several minutes, depending on the application. However, as shown in Figure 3a, even
an exposure towards the gas over 30 min does not lead to a saturated sensor response. Using the time
it takes for the first order time derivative of the sensor signal to reach its maximum for each exposure
instead, the time constant can be decreased significantly. This is exemplarily shown for the first two
exposures in the inset in Figure 3a, comparing the raw sensor signal with dR/dt (after smoothening the
data with a 500-point moving average filter), where the time derivative signal reaches its maximum
value after about 50 s. It is evident from the insert that dR/dt exhibits distinct peaks in response to
CH,O0 and the peak values are concentration dependent. Because of the smaller time constants needed
to reach maximum dR/dt, the actual sensor signal does not have to be saturated when using the rate of
change instead of the absolute value of resistance. It is therefore possible to significantly improve the
speed of the sensor by utilizing dR/dt as a sensor parameter.

3.3. DFT Calculations

An efficiency of the decoration approach towards gas sensing can be directly demonstrated and
validated by the DFT results. For this aim, a comparative analysis of the adsorption of benzene
and formaldehyde onto non-decorated and Fe3Oy4-decorated epitaxial graphene was performed.
Energetically favored adsorption configurations of considered gas molecules on PEG and DEG are
illustrated in Figure 4. The adsorption energy for CsHg on DEG, E,qs = 1.795 eV, is significantly higher
than on PEG with a value of E 45 = 0.284 eV. In the absence of the Fe30, nanoparticle, C¢Hg molecule
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adsorbs in the flat geometry, which is parallel to the surface. In this case, the center of C¢Hjg ring lays
on top of a carbon atom belonging to graphene. On the other hand, a functionalization of graphene
with Fe;O4 causes the formation of a strong chemical bond between C¢Hg ring and one of the Fe
atoms, facilitating the C¢Hg adsorption in the tilted geometry regarding the graphene surface. Like the
situation for CgHg, we found that CH;O molecule prefers to accommodate in a parallel geometry to
graphene surface with weak adsorption energy of 0.149 eV, while the energetically preferred adsorption
mode for CH,O on DEG is related to the formation of strong Fe-O covalent bond with a bond length
of the 1.98 A. The calculated adsorption energy of 1.870 eV is much higher than the value predicted for
adsorption on pristine graphene sample, implying the strong chemisorption case. To summarize, one
can conclude that weak physisorption of gas molecules on non-decorated graphene is immediately
changed to strong chemisorption when iron oxide NPs are involved in adsorption phenomena. From
an experimental point of view, the observed chemical similarity between adsorption configurations of
benzene and formaldehyde enables us to anticipate comparable responses of Fe3O4-decorated epitaxial
graphene to exposure of both gases, with slightly higher sensitivity towards formaldehyde.

IN.®:0:e
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Figure 4. Optimized adsorption configurations of benzene on (a) PEG and (b) DEG. Preferred

adsorption geometries of formaldehyde on PEG and DEG are presented as (c) and (d).
4. Conclusions

Benzene and Formaldehyde sensing properties were investigated using epitaxially grown
graphene on silicon carbide decorated with Fe3O4 NPs. We could verify the decoration and the
integrity of the graphene surface using AFM and XPS. With this sensor platform, concentrations down
to a single ppb of toxic VOCs could be quantitatively measured, which makes it very promising for
air quality monitoring. DFT calculations show that the gas molecules are more likely to bind to the
decorated sensor surface. Moreover, by evaluating the first-order time derivative of the sensor signal,
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it was possible to significantly enhance the speed of the sensor, yielding response times of less than
one minute, in turn allowing sampling rates desired in air quality monitoring.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1424-8220/19/4/918/s1,
Figure S1: Reaction energy profile corresponding to benzene desorption. IS, TS and FS represent the initial state,
transition state and final state, respectively.
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For many applications, gas sensors need to be very sensitive, selective and exhibit a good stability. Moreover, they
should also be cheap and small, and allow a fast response time. Usually, sensors are optimized for specific applica-
tions with a compromise between the mentioned criteria. Here, we show a method that allows very sensitive, but
rather slow, graphene metal oxide hybrid sensors to be used in a much faster and more effective way with a focus
on targeting trace level concentrations of some common toxic air pollutants. By exploiting the first-order time-

derivative of the measured resistance signal after a concentration step, the response peak is achieved much faster,
while also being more robust against sensor exposure and relaxation times, and concomitantly maintaining the
very high sensitivities inherent to graphene. We propose to use this method to generate an additional signal to
allow using sensors that are normally rather slow in applications where steep concentration changes need to be
detected with much faster time constants.

1. Introduction

Two dimensional materials such as graphene gain an increasing
interest in the field of gas sensors where very low detection limits are
needed. One of those fields is the application in air quality monitoring
(AQM), where gases like toxic volatile organic compounds (VOCs) must
be detected in the lower or even sub-parts-per-billion (ppb) range. Some
VOCs are very toxic even at very low concentrations and therefore usu-
ally have safety levels in the low ppb range. Formaldehyde for example
has a safety level of 80 ppb whereas benzene is carcinogenic at any con-
centration [1]. Metal oxide films such as TiO,, WO3 or SnO, as gas sens-
ing layers are commonly used in air quality sensors [2]. Although
exhibiting a good sensitivity at elevated temperatures, trace concentra-
tions of single ppb are so far not easily detectable and no commercial
low-cost sensor system is available yet [3]. In an earlier study, we have
already shown that sufficient sensitivity can be reached towards low
ppb concentrations of benzene by combining the surface chemistry of
metal oxide nanoparticles with the sensitivity of epitaxial graphene on
silicon carbide (SiC) in a hybrid sensing-layer-transducer structure [4].

Besides high sensitivity and low detection limit, also other perfor-
mance requirements related to stability, selectivity and time constants
need to be met to make an overall useful gas sensor. For indoor air qual-
ity monitoring, the sampling rate should be within a range of a few
minutes to allow real-time monitoring [5]. To achieve a faster sensor
response, usually elevated temperatures are used or the sensor is addi-
tionally irradiated with a light source [6,7]. Another method is the use
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of the sensor signal’s first-order time-derivative, which was already
shown to work for various kinds of chemical gas sensors like field-effect
transistors, as well as thick and thin films of metals and metal oxides for
abrupt changes in gas concentration [8—10]. In an earlier study, we
demonstrated that this approach might be used also for two-dimensional
materials, but it was not fully studied and developed [4]. Here, we focus
on sensor response evaluation based on the first-order time-derivative of
the sensor signal and how stable it is towards changing exposure and
relaxation times compared to the standard sensor response.

2. Experimental

The used materials were epi-graphene on SiC [11] functionalized
with monodispersed Fe;0,4 nanoparticles (NP) or a nanolayer (NL; nomi-
nally 0.5 — 1 nm) of Fe30,4. They are referred to as NP and NL DEG (dec-
orated epitaxial graphene). The sensor resistance between two contacts
on the surface is used as the sensor signal. More information about the
growth parameters and sensor fabrication can be found in our previous
works [12,13]. Different gases like nitrogen dioxide and ammonia were
used to demonstrate the method in general, but benzene and formalde-
hyde, i.e. gases of relevance for AQM are investigated as well and dis-
cussed in the context of previous results and the state-of-the-art.
Moreover, the different sensors were also operated at different tempera-
tures when exposed to the various gases in order to always be able to
explain the occurring phenomena at conditions with a good compromise
between speed and magnitude of sensor response.
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The gas measurements were performed using a gas mixing system
where the sensor is inserted in a flow cell [14]. The background mixture
of nitrogen and oxygen was kept at a ratio of 80:20 ml/min and at 0%
relative humidity (RH) if not mentioned otherwise. The flow during
both test gas and background exposure was constantly at 100 ml/min.
When introducing a test gas (in N, background) to the flow, the nitrogen
concentration was adjusted accordingly to maintain a constant 80:20
ratio. The measurement data is recorded using a Keithley Source-
meter 2600 and the first-order time-derivative signal is further smooth-
ened in post-processing using an adjacent average filter. The sensor
response is defined as

r=(R—Ro)/Ro * 100%, 1)

where R is the saturated/absolute highest resistance signal and R, corre-
sponds to the baseline resistance before gas exposure. The derivative
response is defined as

Tar =Rar—Rar 0, (2)

where Ry, is the absolute highest derivative signal and Ry, corresponds
to the baseline before gas exposure.

3. Results and discussion
3.1. Introduction of the first-order time-derivative signal

Fig. 1 shows a standard gas exposure response shape of graphene
with p-type conductivity towards an oxidizing gas (upper black line). In
this case, the sensor was exposed to NO, concentrations of 400, 300,
200 and 100 ppb at 150°C for 15 min with a relaxation time of
60 minutes. It can be clearly seen that the sensor signal neither reaches
a saturated response, nor does it fully relax back to its initial baseline.
With a very high signal to noise ratio (calculated using three times the
standard deviation of the baseline) of 133 dB and a relative response of
about —3.3% for 100 ppb after the 15 minutes exposure, this material
seems to be a promising sensing transducer. Unfortunately, as the sensor
response is not saturated at the end of the gas exposure, it is not straight-
forward to compare its performance with other sensors from the litera-
ture. Moreover, common time constants like 749y or 743, defined as the
time when 90 or 63% of the total change during one gas exposure com-
pared to the baseline signal is achieved, cannot always easily be
extracted using an exponential fit of the sensor response. To circumvent
the slow response characteristics, we investigated the use of the first-order
time-derivative of the sensor resistance as an additional sensor signal to
the sensor resistance. This is shown as the red (lower) curve in Fig. 1.
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Fig. 1. Resistance over time (black, upper) of Fe;0, NP DEG with its corre-
sponding time-derivative (red, lower) for NO, exposures at 150 °C at 0%RH. The
inset in the lower right corner shows the enlarged time-derivative response of
the first gas exposure.
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The time-derivative signal is more stable against short exposure times and
relaxes much faster, while exhibiting a very stable baseline. Moreover,
the peaks arise much faster and are also concentration dependent, making
it very promising as an additional sensor signal. This behavior is in good
agreement with the findings of Wu et al. who concluded that the rate of
change in resistance is directly proportional to the applied gas concentra-
tion as well as the rate of gas ad- and desorption [9]. The desorption
response is normally not utilized as a standard indicator as it occurs after
the adsorption, but it might be useful as a feature in multivariate statistics
for selectivity enhancement [10,15].

If the resistance does not have a very smooth baseline, the first-order
time-derivative signal can exhibit too much noise to analyze it easily.
Therefore, a smoothening filter, e.g. adjacent average smoothening can
be used. However, 74, defined as the time from the start of a gas expo-
sure until rg, reaches is maximum, can be strongly altered if the filter is
not used properly (compare Fig. S1). An adjacent average filter with
10 point smoothening was used for all measurements.

3.2. Influence of exposure times

The first-order time-derivative of the resistance is the slope of the sig-
nal change and thus the peak value should be independent of the gas
exposure time (if the exposure time is long enough for rg4 to reach its
peak), whereas the change in resistance should increase with increasing
gas exposure time until the gas-adsorption reaches equilibrium. This
phenomenon can be seen in Fig. 2(a), where the sensor response is
shown towards 50 ppb of NO, with exposure times of 5, 10, 15 and
20 minutes, with 60 min of relaxation in between exposures. The magni-
tude of change in resistance clearly increases with longer exposure times
from -1.2% for 5 min to —2.8% for 20 min. Gas sensors often need signif-
icant time to reach the maximum response and usually even longer time
to relax back to its baseline value. If the steady state maximum is not
reached, time constants cannot always be calculated and if the sensor is
not fully relaxed, the response magnitude can vary, potentially leading
to a misclassification of the exposed gas concentration. The time needed
to reach rg, on the other hand, is much shorter and can therefore be
applied for determination of analyte concentration even if the raw sen-
sor signal did not reach steady state. Here, rg towards 50 ppb NO, is
approximately 2.5 Q/s, with a slight increase after the third exposure,
regardless of the exposure time. This invariance with exposure time
comes from r4 being determined by the initial adsorption/desorption
phase during which the change in resistance is the highest, after which
further adsorption/desorption proceeds at a slower pace.

Another problem arises when the sensor signal is not fully relaxed
before the next gas exposure starts, leading to an induced drift and there-
fore possible misclassifications of the measured gas concentration. Fig. 2
(b) shows the sensor response towards 50 and 200 ppb of NO,, which
were applied in sequences of decreasing relaxation time. Each exposure
lasted for 15 min, but the relaxation time in between exposures was
altered from 60 down to 30 and 15 minutes, respectively. The relative
response as well as the response of the first-order time-derivative signal
are summarized in Table 1. As the baseline does not fully recover even
at 60 minutes relaxation time, the classification of the two different gas
concentrations becomes more difficult with shorter relaxation times.
Using the standard sensor signal (upper black line), the sensor is able to
distinguish between 50 and 200 ppb of NO, for all relaxation times.
However, the ratio between the responses at 200 ppb and the responses
at 50 ppb continuously decreases with a decrease in relaxation time as
the response towards 50 ppb stays approximately the same (—2.6%), but
the response for 200 ppb decreases with a decrease in relaxation time
from —5.5 to —4.7% for 60 and 15 min relaxation time, respectively.
This is a clear sign that the sensor surface is not fully recovered, and not
enough adsorption sites are available for a reaction with NO, molecules
at the second exposure. When using the time-derivative signal instead,
this decreasing trend for the response for 200 ppb is not observed. The
differentiation between both concentrations is possible at all tested
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Fig. 2. Resistance over time (black, upper) of Fe;04 NP DEG with its corresponding time-derivative (red, lower) for NO, exposures at 150 °C at 0%RH with (a) differ-

ent exposure times and (b) different relaxation times.

relaxation times and the ratio between the responses at 200 and 50 ppb
stays approximately constant. This is because the baseline of the deriva-
tive signal relaxes much faster after the initial adsorption/desorption
phase, while the change in the raw sensor signal occurs very slowly.
Moreover, the variation, calculated as the single standard deviation
based on the baseline noise, of the responses towards a single concentra-
tion changes drastically for the relative sensor response. While the varia-
tion in relative response for exposures towards 50 ppb is only about
+0.08%, it is with +0.38% almost 5 times higher for 200 ppb. For the
time-derivative response, the variations are +0.20 and +0.13 Q/s for 50
and 200 ppb, respectively, which shows a slightly more fluctuating
response in general, but without a large difference between both concen-
trations.

3.3. Influence of environmental factors

It is known that not only the sensor response heavily depends on the
sensor temperature but also the speed of response changes [16]. Hence
the operation temperature is often optimized to decrease time constants

and operate the sensor at a point of highest response towards a specific
gas. Considering this, also the first order time derivative of the sensor
signal is expected to change with temperature. Fig. 3(a) shows the deriv-
ative response over sensor temperature towards exposures of 1ppm
formaldehyde (blue) and benzene (orange), respectively. As expected,
the derivative response is not constant over temperature but exhibits a
trend towards increasing sensitivity with increasing temperature in the
tested range. This correlation between response magnitude and temper-
ature is similar to the one observed for the raw sensor response. More-
over, the time constant of the raw signal response, 7, strongly depends
on the operating temperature and increases from approximately 300 s at
170 °C to 400 and 450 s at 100 °C for CH,0 and C¢Hg. The time needed
for the derivative signal to reach its maximum, in contrast, is not signifi-
cantly dependent on the temperature and stays at around 50 s for both
gases. This is unexpected, but could be due the relatively small tested
temperature range, thus only small changes might occur.

Similar to an increase in operating temperature, the sensor response
can be increased with the irradiation of UV light during the gas expo-
sure. However, this does not work for all material/gas combinations.

1 ppm CH,
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0
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Fig. 3. (a) First-order time-derivative response of Fe304 NP DEG towards CH,O (blue) and C¢Hg (orange) at different operating temperatures at 0%RH and (b) 74, of
the first-order time-derivative responses of Fe304 NL DEG for 25 ppm NHj; exposures at 75 °C at different RH.



M. Rodner and J. Eriksson

Table 1

Comparison of the regular relative sensor response and the time-derivative
response of Fe;04 NP DEG for NO, exposures at 150 °C at 0%RH (compare
Fig. 2(b)).

NO, concentration Relaxation time Relative response Derivative response

ppb min % Q/s

50 60 -2.7 -2.6
200 -5.5 -39
50 30 -2.6 -2.2
200 -5.1 —4.1
50 15 -2.6 -2.3
200 -4.7 —4.2

Comparably to the exposure shown in Fig. 1, the sensor was tested again
while under the permanent influence of UV irradiation (355 nm). With
UV irradiation, the response towards NO, increases with about 28%
compared to without irradiation. The derivative response rg; increases
even more with about 100%. However, 7¢3 and 74, stay approximately
the same for both cases.

The response of the Fe;0, nanolayer decorated sample towards
25 ppm NH; with varying relative humidity (RH) at 75 °C operating
temperature was analyzed towards changes in the first-order time-deriv-
ative response. The changes in response for different RH is again similar
to what was observed for the standard response, e.g. a decrease in
response for an increase in RH. More interesting is the time needed to
reach rg,. As shown in Fig. 3(b), the time to peak increases if humidity is
introduced. 74, increased from 13s at 0%RH up to 20s at 60%RH,
respectively. This could be due to water molecules occupying possible
reaction sites, or a competition between H,O and NH;3 over available
sites, and/or reactions between the two molecules to form ammonium
and hydroxyl groups on the sensor surface, thus increasing the reaction
time [17]. The sensors were operated in total over a period of almost
two years and the measured responses towards several gases show some
small deviations between the measurements but without a clear trend of
decreasing response over time.

3.4. Time constants

As described above, the responses of the first-order time-derivative
signal reach their peaks already after a short period of time. The time
constant 74, for Fe;O4 nanoparticle decorated graphene towards NO,
exposure lies around 10 s (compare Fig. 1) which is 25 times faster com-
pared to the extrapolated time constant of the standard resistance
response. Other measurements suggest a decrease of time constants
from approximately 300 s down to 50 s for measurements with the same
sensor towards CgHg and CH,O [12]. For the nanolayer decorated sam-
ple, 74 was found to be approximately 10s for exposures towards
200 ppb Ce¢Hg and CH,0 and 15 s for 25 ppm NHj3. For a TiO5 nanopar-
ticles decorated graphene sensor, the time constants towards changing
oxygen concentrations could be decreased from 1500s down to 60s
using this approach [4]. This is an improvement with a factor of 25 com-
pared to the standard resistance signal. Therefore, we conclude that the
time needed to reach rg, max depends on the combination of sensor
material and test gas, but should be applicable to all resistive type gas
Sensors.

3.5. Applications and limitations

It should be noted that in the practical applications of gas sensors,
the change in the gas concentration in the studied environment usually
does not occur by leaps and bounds, but rather slow-changing processes.
Therefore, the applied method might not be useful for processes where
the concentration change to be measured occurs slowly over time. How-
ever, an option could be a sensor setup, where an abrupt change in con-
centration is actively induced through changing between a reference
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and test gas flow. In stand-alone systems, this would require extra costs
and space, as a defined reference flow would need to be established, for
example through a reference gas reservoir and a pump. Nevertheless,
there are also examples where this approach might be used even if an
abrupt switch needs to be implanted either passively (leak test or battery
system fault detection [18]) or actively (valve switch between two exist-
ing gas streams). Another option could be the use of pre-concentrators
[19], where the test gas is collected first and only released under defined
conditions, e.g. degassing through heating. Possible application fields,
where the test gas is not put over the sensor in a constant flow, but
abrupt changes are monitored, are for example in breath-analysis [20]
or measuring the gaseous by-product of biological processes. Moreover,
this method could still be used as an additional signal to create more
transient data for multivariate statistical analysis, which could be used
for selectivity enhancement [10,15].

4. Conclusion

In conclusion, the first-order time-derivative can be used as an addi-
tional sensor signal for gas sensors with low intrinsic noise such as gra-
phene metal oxide hybrids, with maintained high sensitivity for
applications, where abrupt concentrations changes need to be moni-
tored. Using this approach, a more stable time-derivative signal baseline
compared to the resistance baseline can be achieved, and an indepen-
dency of exposure and relaxation times can be gained to some extent.
The best improvement though is the highly decreased time constants,
which, in combination with the maintained high sensitivity of epitaxial
graphene on SiC, makes the sensors applicable in areas where both low
detection limits and relatively fast gas sensor readout are required, e.g.
air quality monitoring. Moreover, the approach can save a lot of lab test-
ing time, hence saving time and money during research activities.

Declaration of Competing Interest

None.

Acknowledgments

The authors would like to acknowledge the Swedish Foundation for
Strategic Research (SSF) for financial support through the grants
GMT14-0077 and RMA15-024. This work has been supported by The
Centre in Nano science and technology (CeNano) through the project
“Graphene-nanoparticle hybrid gas sensor”. Moreover, we would like to
thank Professor Rositsa Yakimova from the Semiconductor Materials
Division at Linkoping University, Sweden for the provision of pristine
epitaxial graphene, Dr. Sebastian Ekeroth and Professor Ulf Helmersson
from the Plasma & Coatings Physics Division at Linkoping University,
Sweden for the decoration with nanoparticles, and Dr. Margus Kodu and
Professor Raivo Jaaniso from the Institute of Physics at University of
Tartu, Estonia for the decoration with nanolayers.

Supplementary materials

Supplementary material associated with this article can be found in
the online version at d0i:10.1016/j.snr.2020.100012.

Appendices

See the supplementary material for further details about the used
adjacent average smoothening filter.

References

[1] World Health Organisation, Guidelines for Indoor Air Quality: selected Pollutants,
WHO Guidel. 9 (2010) 454.


https://doi.org/10.1016/j.snr.2020.100012
http://refhub.elsevier.com/S2666-0539(20)30009-6/sbref0001
http://refhub.elsevier.com/S2666-0539(20)30009-6/sbref0001

M. Rodner and J. Eriksson

[2]

[3]

[4]

(5]

[6

[7

[8

9]

[10]

[11]

A. Mirzaei, S.G. Leonardi, G. Neri, Detection of hazardous volatile organic com-
pounds (VOCs) by metal oxide nanostructures-based gas sensors: a review, Ceram.
Int. 42 (2016) 15119-15141, doi: 10.1016/j.ceramint.2016.06.145.

B. Szulczyniski, J. Gebicki, Currently commercially available chemical sensors
employed for detection of volatile organic compounds in outdoor and indoor air,
Environments 4 (2017) 21, doi: 10.3390/environments4010021.

M. Rodner, J. Bahonjic, M. Mathisen, R. Gunnarsson, S. Ekeroth, U. Helmersson,
L.G. Ivanov, R. Yakimova, J. Eriksson, Performance tuning of gas sensors based on
epitaxial graphene on silicon carbide, Mater. Des. 153 (2018) 153-158, doi:
10.1016/j.matdes.2018.04.087.

B. Timmer, W. Olthuis, A. Van Den Berg, Ammonia sensors and their applications - A
review, Sensors Actuators B Chem. 107 (2005) 666-677, doi: 10.1016/j.
snb.2004.11.054.

N. Barsan, D. Koziej, U. Weimar, Metal oxide-based gas sensor research: how to? Sen-
sors Actuators B Chem 121 (2007) 18-35, doi: 10.1016/j.snb.2006.09.047.

E. Espid, F. Taghipour, UV-LED Photo-activated Chemical Gas Sensors: a Review,
Crit. Rev. Solid State Mater. Sci. 42 (2017) 416-432, doi: 10.1080/
10408436.2016.1226161.

R. Muller, E. Lange, Multidimensional sensor for gas analysis, Sens. Actuators 9
(1986) 39-48.

C.H. Wu, G.J. Jiang, C.C. Chiu, P. Chong, C.C. Jeng, R.J. Wu, J.H. Chen, Fast gas con-
centration sensing by analyzing the rate of resistance change, Sens. Actuators B
Chem. 209 (2015) 906-910, doi: 10.1016/j.snb.2014.12.066.

T. Eklov, P. Martensson, I. Lundstrom, Enhanced selectivity of MOSFET gas sensors
by systematical analysis of transient parameters, Anal. Chim. Acta. 353 (1997) 291-
300, doi: 10.1016/50003-2670(97)87788-4.

G.R. Yazdi, T. Iakimov, R. Yakimova, Epitaxial graphene on SiC: a review of growth
and characterization, Crystals 6 (2016), doi: 10.3390/cryst6050053.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Sensors and Actuators Reports 2 (2020) 100012

M. Rodner, D. Puglisi, S. Ekeroth, U. Helmersson, I. Shtepliuk, R. Yakimova,
A. Skallberg, K. Uvdal, A. Schiitze, J. Eriksson, Graphene decorated with iron oxide
nanoparticles for highly sensitive interaction with volatile organic compounds, Sen-
sors (Switzerland) 19 (2019), doi: 10.3390/519040918.

M. Kodu, A. Berholts, T. Kahro, J. Eriksson, R. Yakimova, T. Avarmaa, I. Renge,
H. Alles, R. Jaaniso, Graphene-based ammonia sensors functionalised with sub-
monolayer V,0Os: a comparative study of chemical vapour deposited and epitaxial
graphene, Sensors 19 (2019) 1-17, doi: 10.3390/519040951.

A. Lloyd Spetz, M. Andersson, Technology and Application Opportunities for SiC-FET
Gas Sensors, in: M. Fleischer, M. Lehmann (Eds.), Solid State Gas Sensors - Ind. Appl.,
Springer, Berlin, 2011, pp. 189-214, doi: 10.1007/5346_2011 5.

S. Marco, A. Gutierrez-Galvez, Signal and data processing for machine olfaction and
chemical sensing: a review, IEEE Sens. J. 12 (2012) 3189-3214, doi: 10.1109/
JSEN.2012.2192920.

C. Schultealbert, T. Baur, A. Schiitze, S. Bottcher, T. Sauerwald, A novel
approach towards calibrated measurement of trace gases using metal oxide
semiconductor sensors, Sens. Actuators B Chem 239 (2017) 390-396, doi:
10.1016/j.snb.2016.08.002.

N. Barsan, U. Weimar, Conduction model of metal oxide gas sensors, J. Electroceram-
ics. 7 (2001) 143-167, doi: 10.1023/A:1014405811371.

M. Wenger, R. Waller, V.R.H. Lorentz, M. Marz, M. Herold, Investigation of gas sens-
ing in large lithium-ion battery systems for early fault detection and safety improve-
ment, in: Proceedings of the Conference of the IEEE Industrial Electronics Society,
2014, pp. 5654-5659, doi: 10.1109/IECON.2014.7049366.

M. Leidinger, M. Rieger, T. Sauerwald, C. Alépée, A. Schiitze, Integrated pre-concen-
trator gas sensor microsystem for ppb level benzene detection, Sens. Actuators B
Chem. 236 (2016) 988-996, doi: 10.1016/j.snb.2016.04.064.

N.A. Rakow, K.S. Suslick, A colorimetric sensor array for odour visualization, Nature
406 (2000) 710-713, doi: 10.1038/35021028.


http://dx.doi.org/10.1016/j.ceramint.2016.06.145
http://dx.doi.org/10.3390/environments4010021
http://dx.doi.org/10.1016/j.matdes.2018.04.087
http://dx.doi.org/10.1016/j.snb.2004.11.054
http://dx.doi.org/10.1016/j.snb.2004.11.054
http://dx.doi.org/10.1016/j.snb.2006.09.047
http://dx.doi.org/10.1080/10408436.2016.1226161
http://dx.doi.org/10.1080/10408436.2016.1226161
http://refhub.elsevier.com/S2666-0539(20)30009-6/sbref0008
http://refhub.elsevier.com/S2666-0539(20)30009-6/sbref0008
http://dx.doi.org/10.1016/j.snb.2014.12.066
http://dx.doi.org/10.1016/S0003-2670(97)87788-4
http://dx.doi.org/10.3390/cryst6050053
http://dx.doi.org/10.3390/s19040918
http://dx.doi.org/10.3390/s19040951
http://dx.doi.org/10.1007/5346_2011_5
http://dx.doi.org/10.1109/JSEN.2012.2192920
http://dx.doi.org/10.1109/JSEN.2012.2192920
http://dx.doi.org/10.1016/j.snb.2016.08.002
http://dx.doi.org/10.1023/A:1014405811371
http://dx.doi.org/10.1109/IECON.2014.7049366
http://dx.doi.org/10.1016/j.snb.2016.04.064
http://dx.doi.org/10.1038/35021028




IV







@ nanomaterials WW\D\Py

Article
Metal Oxide Nanolayer-Decorated Epitaxial
Graphene: A Gas Sensor Study

1, Adam Icardil, Margus Kodu 2 Raivo Jaaniso 2, Andreas Schiitze 31 and

Marius Rodner
Jens Eriksson *

1 Applied Sensor Science Unit, IFM, Linkoping University, 58183 Linkoping, Sweden;

marius.rodner@liu.se (M.R.); adaic903@student.liu.se (A.L)

Institute of Physics, University of Tartu, 50411 Tartu, Estonia; margus.kodu@ut.ee (M.K.);
raivo.jaaniso@ut.ee (R.].)

Department of Systems Engineering, Lab for Measurement Technology, Saarland University,
66123 Saarbriicken, Germany; schuetze@lmt.uni-saarland.de

*  Correspondence: jens.eriksson@liu.se; Tel.: +46-(0)-13-286-613

check for
Received: 8 October 2020; Accepted: 28 October 2020; Published: 30 October 2020 updates

Abstract: In this manuscript, we explore the sensor properties of epitaxially grown graphene on
silicon carbide decorated with nanolayers of CuO, Fe304, V,05, or ZrO,. The sensor devices were
investigated in regard to their response towards NHj as a typical reducing gas and CO, C¢Hg,
CH,O, and NO; as gases of interest for air quality monitoring. Moreover, the impact of operating
temperature, relative humidity, and additional UV irradiation as changes in the sensing environment
have been explored towards their impact on sensing properties. Finally, a cross-laboratory study is
presented, supporting stable sensor responses, and the final data is merged into a simplified sensor
array. This study shows that sensors can be tailored not only by using different materials but also by
applying different working conditions, according to the requirements of certain applications. Lastly,
a combination of several different sensors into a sensor array leads to a well-performing sensor system
that, with further development, could be suitable for several applications where there is no solution
on the market today.

Keywords: metal oxide; epitaxial graphene on SiC; chemical gas sensor; nanolayer; inter-lab comparison

1. Introduction

It is estimated that people in North America and Europe spend 90% of their time indoors,
where the air quality is usually worse than in outdoor air. Poor indoor air quality is responsible for
about 4 million premature deaths and costs about USD?5 trillion in welfare costs per year [1,2]. One of
the main challenges is to have a sensor solution that is accurate and reliable enough, while also being
affordable [3]. Another big challenge is the miniaturization of such gas sensors, with reliable selectivity,
stability, and sensitivity [4]. Moreover, IDTechEx expects that the total market for environmental
sensors will be over USD3.8 billion by 2030 [5].

Two-dimensional materials such as graphene have been shown to exhibit outstanding sensitivity
if used as gas sensors [6]. However, to achieve sensitivity and selectivity to desired target analytes,
the surface normally needs to be functionalized. Often, metals or metal oxides are used for the
functionalization, as there is a wide range of well-studied materials, which are not only well known in
the scientific community but also dominate in commercial sensor applications [7]. A well-designed
sensor focuses on a specific application, and the optimal material/gas combination already leads
to very good sensor performance. To further increase the sensitivity, the surface-to-volume ratio
of the sensing layers can be increased, as a larger detection area per unit volume results in more
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material/gas interaction due to a higher adsorption of gas molecules per volume. Especially when
thinking about a miniaturization of the whole sensor device, nanostructured materials are often
used with highly sensitive materials to combine their advantages. For example, the combination of
sensitive and more selective nanostructured metal oxides with very sensitive and low noise graphene
leads to promising sensor hybrids. There, the gas reaction mainly takes place on the metal oxide
nanostructure, and the graphene is used as a highly sensitive transducer [8,9]. In this work, we show
that decorating an epitaxially grown graphene surface with continuous metal oxide nanolayers (NLs)
can lead to increased sensitivity and selectivity towards different desired target gases. The choice of
material is based on previous observations. For example, we have shown that using Fe3O4 or TiO,
nanoparticles to decorate epitaxial graphene has very promising results regarding sensitivity [10,11].
However, controlled coverage of the whole surface with an NL is much easier compared to controlling
the distribution of nanoparticles. Moreover, epitaxially grown graphene was found to outperform
commercially available CVD graphene when used as a transducer in a gas sensor and decorated with
V105 [12]. ZrO; is used in many catalytic applications, such as the lambda sensor, and CuO was also
found to be a very promising material for gas sensors [13,14]. Furthermore, the influence of several
environmental properties on sensor performance is evaluated. The aim of this study is to provide an
overview of how different material combinations affect sensor performance for a selection of typical
toxic AQ pollutants.

2. Materials and Methods

The graphene surface was epitaxially grown on silicon carbide (SiC) through a silicon sublimation
process [15]. As a semi-insulating 4H-SiC (0001) substrate is used, no further transfer of the grown
graphene lattice is needed. Gold on titanium (Ti/Au, 2/200 nm) contact pads are sputtered onto
the surface, and the resistance between the contacts is measured as a sensor response in the final
device. More detailed information about the growth parameters, sensor fabrication, and the gas
mixing system can be found in our previous works [10,12]. Gas measurements were performed with
different gas mixing systems at Link&ping University (LiU) [16] and Saarland University (UdS) [17,18].
Both laboratories use gas bottles with a purity of 6.0, and the gas mixing systems are calibrated on flow
rather than concentration by using calibrated mass flow controllers (MFCs). To test the influence of UV
irradiation on sensor response, two different UV LEDs, with wavelengths of 265 nm (Sensor Electronic
Technology Inc, Colombia, GA, USA, S-T39B-F1-265-01-1-050) and 355 nm (Roithner Lasertechnik
GmbH, Vienna, Austria, XSL-355-3E-R6), were used separately to illuminate the sensor layers.

The pulsed laser deposition (PLD) process used in this work is described in [12]. Copper oxide
(CuO), iron (Fe) foil, vanadium pentoxide (V,0s), and zirconium dioxide (ZrO;) have been used as
target materials. A krypton fluoride (KrF) excimer laser COMPexPro 205 (Coherent GmbH, Germany) at
a wavelength of 248 nm and laser fluences between 3-7 J/em? have been used for ablation. The number
of laser pulses was adjusted to achieve a layer thickness of around 0.5-1 nm. The sensor substrates
were kept at room temperature during deposition.

In this manuscript, pristine epitaxial graphene on SiC will be referred to as PEG and decorated
epitaxial graphene as DEG.

As mentioned before, the sensor resistance is measured over time, and the response is defined as

Ross — R
Response = %0 +100% 1)
0

where Ry is the saturated/absolute highest resistance signal during the gas exposure, and Ry
corresponds to the baseline resistance before gas exposure.
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3. Results

3.1. Morphological and Structural Characterization

Figure 1a shows Atomic Force Microscopy (AFM) images obtained before the decoration of
the graphene surface with the different metal oxide NLs, and Figure 1b shows a summary for all
four surfaces after the decoration. The observed morphologies of the NL-decorated sensor surfaces
are not very different compared to each other and still show a similar surface roughness compared
to the pristine epitaxially grown graphene sample on SiC. The dominating features belong to the
step-bunching edges formed at the SiC surface during high-temperature graphene growth. This is
expected, as tapping mode AFM in ambient conditions does not allow the resolution of atomic structure,
and the different layers form continuous films of a few atomic layers in thickness (0.5-1 nm) on top of
a very flat substrate.

EG + CuONL  WEG + Fe;0, NL

- i 5 nm

EG + V,05 NL EG + ZrO, NL

-5 nm

(a) (b)

Figure 1. AFM images of pristine epitaxial graphene (PEG) (a) before and (b) after the decoration with
nanolayers (NLs).

To ensure that the integrity of the graphene lattice is still given after the surface decoration,
Raman spectroscopy measurements have been performed (see Figure 2). For a better comparison,
all spectra are normalized to the G peak. All spectra exhibit the typical G and 2D peaks around 1610 and
2737 em™!, respectively [19]. The peak observed around 1350 cm™! could be misinterpreted as the D
peak, which is related to defects of the graphene lattice. Instead, these features, arising above 1280 cm ™!
and extending into the G peak, are related to the interfacial buffer layer between the graphene and
the SiC substrate [19]. The small full width at half maximum (FWHM) value of the 2D peak of the
pristine graphene reference is an indication of a uniform monolayer of graphene [20]. After the surface
decoration, the Raman spectrum stays approximately the same as the reference, indicating no induced
structural damage. While the position of the 2D peak occurs at the same Raman shift for all samples,
the G peak varies a bit for the different samples. It occurs at 1605 + 10 cm™~!. This could be due to
different levels of doping in the graphene due to the charge transfer between the graphene and the
various metal oxide decoration materials or simply due to different levels of strain in the graphene
lattices [21]. It can also be seen that the 2D peaks broaden a bit after the surface decoration, and the
ratios between G and 2D peaks slightly decrease. This could be related to some inclusions of bi- or
multilayer graphene in the measured spot.
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Figure 2. Raman spectra for PEG and after NL decoration.

3.2. Gas Measurements

Ammonia (NH3) gas was used to generally study the response of the different hybrid sensors
towards influences of operating temperature, relative humidity, and irradiation with UV light during
the gas measurements. In addition, the sensor response to benzene (C¢Hg), formaldehyde (CH,0),
nitrogen dioxide (NO;), and carbon monoxide (CO), i.e., gases of interest for, e.g., air quality monitoring,
is discussed. The results were obtained over a period of about two years with the same sensors,
showing that the sensors work without significant degradation during this time span if the operating
temperature is kept at 150 °C or lower.

3.2.1. Influence of Operating Temperature

It is well known that the operating temperature of a sensing layer has a huge impact on the sensor
response, especially when using metal oxides or catalytic metals [22]. The sensor response was tested
at several rather low temperatures, as the current sensor packaging limits the operating temperature to
200 °C. Therefore, no temperature above 150 °C was used.

All sensors have been tested at 125, 100, 75, and 50 °C at 50% relative humidity (RH) and exposed
to 25 and 100 ppm NHj. Each exposure lasted for 30 min, with a relaxation phase of 90 min in
between exposures, where the system was purged with synthetic air as background gas (80/20-N,/O,),
also at 50% RH. The resistance over time is exemplarily shown for the Fe3O4 NL DEG sensor in
Figure 3a, and the results for all sensors towards 25 ppm are shown in Figure 3b. The sharp peaks in
resistance when changing temperatures are due to an overshoot in the temperature control mechanism.
The highest observed absolute responses for each sample are highlighted in bold. It can be clearly
seen that an increase in operating temperature does not always mean an increase in sensor response.
Only ZrO; has its highest response at 125 °C, while all other sensors exhibit their highest response
at 50 °C. However, this rather untypical behavior with increasing temperature could be due to a
reaction with OH groups or be products of reactions from OH groups and NHj instead, leading to a
higher overall response at the lower temperature, which is not necessarily related only to the NHj
exposure itself. This phenomenon was shown to occur for metal oxide gas sensors when operating
them at relatively low temperatures in a humid environment [23,24]. While a higher sensor response is
normally desired, the conditions at which this occurs may impose other disadvantages like higher
time constants or a less stable sensor baseline. A perfect example of this behavior can be clearly seen
in Figure 3a, as only exposures at 125 °C come close to a steady-state sensor response during the
30 min gas exposure. Tg3 is extrapolated for all four operating temperatures using an exponential
fit. It continuously increases, from approximately 150 s at 125 °C up to 550 s at 50 °C on average.
Furthermore, the sensors are not always able to relax back to the baseline after 90 min when operated
at lower temperatures. As a compromise between the level of response, response shape, and relaxation,
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all further measurements with ammonia were conducted at 75 °C except for ZrO,, which was operated
at 125 °C. The overall highest response was observed for ZrO, with a change of —21.2% for 25 ppm NH;3
at 125 °C. Moreover, ZrO, and Fe;O, NL DEG sensors exhibit n-type behavior, i.e., resistance is reduced
during exposure to reducing gases, while V,Os exhibits p-type behavior. Presumably, this difference is
due to different charge transfers between the metal oxide layer and the graphene, which will depend on
the work function difference between the materials. CuO, on the other hand, shows a positive response
at 125 °C and then switches to a negative response at lower temperatures. This change can also be
induced at 125 °C when using a higher concentration (100 ppm) instead. The reason for this change in
response direction is likely due to increasing gas adsorption, resulting in sufficient electrons being
donated to the graphene for the Fermi level to move from below the Dirac point (p-type conductivity)
to above the Dirac point (n-type conductivity). The change with temperature could also partly explain
why the absolute response increases with lower temperatures as temperature and NH3 concentration
work against each other in terms of charge carrier generation.

T T T T T
10 E
45r 25 ppm 1 *--.
T e - -
— - - - _
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g Q Of-cmmmmmmmmo - - -4 Cuo_|
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0 250 500 750 1000 50 75 100 125
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Figure 3. (a) Resistance over time of Fe304 NL decorated epitaxial graphene (DEG) vs. 25 and 100 ppm
NHj at different operating temperatures at 50% relative humidity (RH) and (b) relative responses of
NL DEG samples for 25 ppm NHj; exposures at different operating temperatures at 50% RH.

Other gases like benzene or formaldehyde, both volatile organic compounds (VOC), on the other
hand, normally require a higher temperature to interact with the sensor surface. In a dry ambient,
the four sensors were exposed to 200 ppb of C¢Hg and CH,O at 50, 100, and 150 °C. Only CuO DEG
was able to detect gas pulses down to 50 °C. While the ZrO, DEG sensors showed a response only at
150 °C, Fe304 and V,05 DEG sensors also exhibited a response at 100 °C.

3.2.2. Influence of Relative Humidity

Besides the operating temperature, relative humidity in the ambient can be another critical
parameter for sensor response. It was shown that many metal oxides exhibit a cross-sensitivity towards
RH, and a higher level of RH in the ambient usually results in a lower gas sensitivity, as the target gas
molecules compete with water molecules for available adsorption sites.

Figure 4 summarizes the response magnitudes for all four NL DEG sensors towards 30 min
exposures of 25 ppm NHj at different levels of RH. The sensors were tested at approximately 0%, 20%,
40%, and 60% RH, and the operating temperature was kept at 125 °C (ZrO,) and 75 °C (all other NLs),
respectively. Comparing the response at 0% to 20% RH, all sensors exhibit a decrease in response except
V1,05, which not only increases for the first 20% RH but progressively increases from 8.8% at 0% RH to
13.8% at 60% RH. On the contrary, the response of the Fe;0, NL DEG sensor decreases progressively
with an increase in humidity, from initially —8.4% at 0% RH down to —4.3% at 60% RH. CuO, on the
other hand, starts with a decrease in response for the first 20% RH but then stays almost constant for
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40% and 60% RH. After the first drop in response at 20% RH compared to 0% RH, the ZrO, NL DEG
sensor increases its response for 40% and 60% RH again, eventually exceeding the response observed
at 0% RH. This increase in response with an increase of relative humidity in the environment could
be due to an additional sensor reaction with OH groups or with products resulting from reactions
of OH groups with NHj3, which can occur for metal oxide gas sensors when operated in a humid
environment at relatively low temperatures [23,24]. An analysis of the change in baseline resistance
due to the change in relative humidity can be found in the supplementary material (compare Table S1).

mmmmm 25 ppm NH, + 60 %RH
| w25 ppm NH, + 40 %RH

s 25 ppm NH, + 20 %RH
| s 25 ppm NH_ + 0 %RH

20

Relative response (%)

-20

Cu0 | Fe,0, | V,0, | Zr0,

Figure 4. Relative responses of NL DEG samples for 25 ppm NHj exposures at 75 °C (except ZrO, at
125 °C) at different levels of RH.

Table 1 summarizes several measurements of all sensors towards all measured gases when
exposed in a dry (0% RH; <5 ppm H,O for gas from gas bottles (6.0) and <63.2 ppm for gas from a
0-air generator; see Section 3.3) or a humid (25% or 50% RH) environment. The measurements were
performed in different laboratories, and the differences are discussed in Section 3.3. In this section,
we show only one value per gas. All measurements were performed at 150 °C operating temperature,
and the response was measured after 30 min of exposure. It can be clearly seen that the introduction
of relative humidity can have a severe effect on the measured sensor response, e.g., no sensor was
able to detect CO, C¢Hg, or CH,O in the presence of humidity. Similar to the observations for NHj,
relative humidity enhances or hinders the response towards NO;. It greatly increases the response for
V,05 by almost 50% but only marginally increases it for ZrO, by about 8% of the original response.
The high response of the Fe;0, NL DEG sensor decreases by about one-third. The response for CuO
does not only decrease strongly, but it also changes direction from an increase in resistance towards
NO; exposure to a decrease in resistance if relative humidity is added. This is similar to what was
observed for this sensor when exposed to NHj3 + 50% RH at a temperature below 125 °C.

Table 1. Summary of relative responses towards CO, C4gHg, CH,O, and NO; in dry and humid conditions.

Relative Response (%)

co co CeHp CeHp CH,O CH,O NO, NO,
500 ppb 500 ppb 200 ppb 200 ppb 200 ppb 200 ppb 200 ppb 200 ppb
0% RH 50% RH 0% RH 25% RH 0% RH 25% RH 0% RH 25% RH
CuO 0.12 / 2.81 / 1.54 / 5.28 -0.89
Fe304 0.09 / 0.40 / 0.33 / 39.69 26.68
V7205 0.14 / 0.17 / 0.25 / —-5.84 —-8.65
ZrO, / / 0.02 / / / —-14.60 -15.75

3.2.3. Influence of UV Irradiation

The sensitivity of a chemical gas sensor was shown to be enhanced through UV irradiation for
many different material/gas combinations, and, normally, the irradiation also decreases time constants,
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hence speeding up the sensor response [25]. Moreover, it was shown that UV irradiation can be used
to clean graphene surfaces, thus freeing active sites for a target gas interaction [26]. Through the
irradiation with light, photons can react with the target gas or the sensing material, which depends on
the possibility of adsorbing photons at the given photon energy. Therefore, certain wavelengths work
best for a given material/gas combination, and longer wavelengths will not have an effect at all.

Figure 5 summarizes the responses towards a 30 min exposure of 25 ppm NHj at 50% RH
without and with the influence of UV irradiation. The sensors were operated at 75 °C except for
ZrO,, which was operated at 125 °C. A clear trend can be observed as the relative sensor response
is highest with 355 nm UV irradiation and decreases with no irradiation for all sensors except ZrO,.
For ZrO,, on the other hand, a small decrease is observed with UV irradiation (-19.3%) compared
to —21.3% without irradiation. When changing the UV irradiation from 355 to 265 nm, the sensor
response decreases slightly. Both wavelengths have a strong impact on the time constants, which are
lower with additional UV light compared to no irradiation. With UV irradiation, the time constants
range between 350-500 s, whereas without irradiation, they go up to 550-1000 s. In contrast to the
small effect on the response when adding UV irradiation, the ZrO, DEG sensor shows the highest
enhancement in time constant from 1000 s down to 450 s.

20 fom 25'ppm NH'3 +265nm
= 25 ppm NH, + 355 nm
= 25 ppm NH,

Relative response (%)
o

cu0 |  FeO

Figure 5. Relative responses of NL DEG sensors vs. 25 ppm of NHj at 50% RH, without and with UV
irradiation, based on [27].

The complete sensing mechanism of DEG is not fully understood yet, and the introduction of one
more variable like UV irradiation results in additional complexity. It is known that if the bandgap is
below the photon energy (e.g., 3.49 eV for 355 nm), there will be charge excitation, changing the charge
density in the surface modification and graphene as well [25]. This effect should be more distinct for
thicker surface layers. This is in agreement with the observation that only ZrO,, with its comparably large
bandgap (>5 eV), shows no significant difference in response magnitude under UV irradiation, while all
other sensors did exhibit a significant difference (CuO = 1.4 eV, Fe304 = 3 eV, and V,05 = 2.4 eV).

3.3. Interlab Studies

To verify that measurements performed are valid regardless of the lab-setting, some measurements
were first performed in the gas sensing lab at Linkdping University (LiU) and then repeated in another
lab at Saarland University (UdS). All measurements were performed at 150 °C operating temperature,
but the tested gas concentrations and levels of relative humidity were not always the same due to some
restrictions of the respective systems. For example, the level of humidity and the gas concentrations
changed between 25% RH and 200 ppb for LiU and 50% RH and 500 ppb for UdS, respectively.
This means that a higher sensor response is expected for measurements performed at UdS as a higher
concentration was used. Nevertheless, we tried to keep everything as close as possible to support the
comparison. Measurements that did not show a response at both labs are not included (e.g., CH,O with
humidity; compare Section 3.2.2). An overview of the comparison is given in Table 2. If exposed to
Cg¢Hg and CH;O, the response measured at UdS is lower for all sensors except for V,0Os. Especially for
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the CuO DEG sensor, the response varies a lot. The reported response for ZrO, towards C¢Hg was only
observed at LiU, but the response (0.02%) was very small. Therefore, the measurements conducted with
VOCs do not result in a clear outcome for the interlab studies. On the other hand, measurements with
exposures towards NO, show the same trend for three of the four sensors: the response increases with
an increase in concentration and decreases with the introduction of relative humidity, indicating that
the sensors show very similar performance at both laboratories. The only exception is the exposure
of the CuO NL towards 200 ppb at 25% RH at LiU, where the response direction changed compared
to the exposure at 0% RH or towards 500 ppb at 50% RH at UdS, which could be explained by the
competing effects of NO, and RH on the sensor surface.

Table 2. Summary of responses of all sensors towards CgHg, CH,O, and NO, at 150 °C under dry and
humid conditions.

Relative Response (%)

CeHg CeHg CH,0 CH,0 NO, NO; NO, NO;
200 ppb 0% 500 ppb 0% 200 ppb 0% 500 ppb 0% 200 ppb 0% 500 ppb 0% 200 ppb 25% 500 ppb 50%
RH LiU RH UdS RH LiU RH UdS RH LiU RH UdS RH LiU RH UdS
CuO 2.81 0.45 1.54 0.92 5.28 14.60 -0.89 5.87
Fe30y4 0.40 0.20 0.33 0.19 39.69 65.82 26.68 60.63
V705 0.17 0.27 0.25 0.38 -5.84 -8.93 -8.65 -11.87
ZrO, 0.02 / / / ~14.60 -17.10 -15.75 -16.94

The single standard deviation of the baseline resistance was used as an indicator of noise. Since a
similar electronic setup was used in both labs, there is no distinct trend in the noise level between the
labs. The standard deviation stayed below 0.1 () for all sensors, leading to a worst-case relative noise
level of approximately 0.007%. This highly depends on the baseline resistance of the different sensors,
which varied between 1.5 to 3.2 k(). With the ZrO, DEG sensor, the relative baseline noise was even
10 times lower.

Additional deviations could come from the uncertainties in concentration from the gas bottles,
as each bottle, even with a purity of 6.0, has an approximate error range in concentration of up to +10%.
This alone can have a major impact on the observed sensor response. Another problem could come
from the administered flows from the MFCs, although this is rather unlikely as only calibrated MFCs
are used and frequently reassessed. Moreover, the background gas (purity of 6.0) used for mixing of
test gases still contains approximately 1 ppm of contaminants, or the system could be contaminated by
prior gas tests [28]. This can especially influence the comparison between both labs as the background
gas at LiU is mixed from gas bottles (N, and O;), while the background gas at UdS comes from a
0-air generator. Since only relative responses and not absolute values are compared, the comparison
is still valid. A variation due to the very small difference in background humidity is not expected
(compare Section 3.2.2).

Nevertheless, we think that interlab studies should be conducted to verify sensor performances,
at least qualitatively, and to raise awareness that published results may only be accurate for the
specific setup used for the investigation, which itself can have an influence on sensor response.
Indepth studies, comparing their gas measurements with certified labs, have shown that even
there, unexpected deviations can occur, which opens the possibility for more insight into sensor
behavior [29,30]. Unfortunately, round-robin testing, which is the standard in analytical chemistry
to ensure that experimental procedures are correct, is still not applied in the field of chemical sensor
research [31,32].

3.4. Data Analysis/Multisensor Array

As we have seen in the earlier sections, the different NL DEG sensors respond differently to
different gases and environmental influences. This is summarized in Table 3. If the gas has the addition
“+RH”, either 25% or 50% RH was used, which did not matter for the direction of response in this
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case. The addition “+UV” means that the measurement was performed with 355 nm UV LED and at
50% RH.

Table 3. Summary of response directions (+ for positive, — for negative, and/for no response) of all
sensors towards CO, C¢Hg, CH,O, NHj3, and NO, under dry and humid conditions.

Qualitative Response
CcoO CO +RH CeHg C¢H¢ + RH CH,0 CH,0 + RH NH;3 NH;3; + RH NH3 + UV NO, NO; + RH

CuO + / + / + / + + - + -
Fe304 + / + / + / - - - + +
V7205 + / + / + / + + + - -
Zr0, / / + / / / - - - - -

However, one sensor alone would not be able to distinguish between different gases very effectively.
Therefore, using a sensor array with all or some of the used sensors could lead to a better classification
of exposed gases [33]. A simple LDA (linear discriminant analysis) [34] was used to differentiate
between three gases (C¢Hg, CH,O, and NO,) applied to all sensors during several single gas exposures
at 0% RH. Each gas was applied three times, with a concentration of 200 ppb and a sensor operating
temperature of 150 °C. The gas cycle was repeated twice, resulting in six exposures per gas in total.
DAV3E, a MATLAB toolbox [35], was used to calculate an LDA scatter plot based on each measurement
point during the exposure of each sensor. Each measurement point is used as this is exactly what
would happen if the sensors are used in a real setup, where the resistance over time is measured and
gas exposures need to be determined. For better clarity, however, only every 50th point is plotted.
The first five seconds of each exposure are neglected due to time constants of the gas mixing system.
The result of this LDA is shown in Figure 6. As expected, it is rather easy to discriminate between
NO, and the two VOCs, as the response towards NO, is much higher in comparison. It is harder,
but still not impossible, to discriminate between benzene and formaldehyde. This example is very
much oversimplified as, for example, similar concentrations of different gases might give very different
magnitudes of response (e.g., NO, vs. VOCs). Another problem is the high time constants of the sensor,
and, therefore, each measurement point was used and not the slope of the change of the signal during
exposure. One way to overcome this issue would be the application of cycled methods like temperature
cycled operation (TCO) to create steep changes and more transient data for evaluation [33,36,37].
A more extensive data set with different gases, concentration levels, and combined gas exposures
would be needed to make a proper statement about the applicability of these exact four sensors to
real-world applications, which, in turn, would be highly application-dependent.

1600 B

S)
8 1500
C
©
@
(/2]
[0]
04
1400 ay
C.H, CH,0 NO, ¢
4 F eg
5 N T , . . . .
0 250 500 750 .30 -20 -10 0 10
Time (min) DF1(99.8 %)
(a) (b)

Figure 6. (a) Resistance over time of V,05 NL DEG towards 200 ppb of C¢Hg, CH,O, and NO; at 0%
RH and 150 °C and (b) linear discriminant analysis (LDA) based on gas exposures of all four sensors.
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4. Conclusions

In conclusion, we have shown that nanolayer-decorated epitaxial graphene sensors perform differently
depending on the decoration material used and the measurement conditions. Increased operating
temperature and level of relative humidity were found to either increase or decrease the sensor response
towards NHj, depending on the material. Moreover, illumination with UV light, in general, results in
increased sensor response and decreased time constants, although some decoration materials are not
significantly affected by UV. Investigating gases of interest for AQM, the influence of relative humidity is
large as it inhibits the response towards CgHg, CH,O, and CO completely, at least at the low concentrations
tested here. Comparing the sensors in an interlab study, the responses vary strongly for the measured VOCs
but stay very comparable for NO,. This could indicate significant variations in either the concentrations of
the source gases or, more likely, the concentrations of impurities in the source gas bottles, which, in turn,
is an important aspect to consider for sensor calibration. Combining all four sensors into a sensor array;,
it was possible to distinguish between C¢Hg, CH,O, and NO; in a dry ambient using an LDA.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2168/s1,
Table S1: Summary of changes of baseline resistance with varying relative humidity.
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