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SUMMARY

In this work, gas sensing properties of hybrid structures, composed of p-type
semiconducting metal oxide nanowires and organic thin films, were investigated.
Cu,0 and CuO nanowires were synthesized as p-type semiconducting metal oxide
material. Cu,O nanowires were fabricated with anodization in KOH+NH4F ageous
solution and following thermal oxidation process. Their structural, optical, DC
electrical characterizations were done and sensing properties against H, and NO, gas
were investigated. CuO nanowires were fabricated with thermal oxidation on Si
substrates. Sensor tests were performed against H, and ethanol gases after structural
characterization of CuO nanowires. Zinc-pthlocyanine and fullerene functionalized
poly(styrene-co-chloromethlystrene) (P(S-co-CMS-Cg)) were used as organic
materials. The hybrid heterostructures were synthesized with spin coating of
dissolved organics in chloroform on Cu,O and CuO nanowires. ZnPc@Cu,0 hybrid
nanostructures showed better sensor response than Cu,O nanowires against 0.5 ppm,
1 ppm, 2.5 ppm and 5 ppm NO; gas at 150 °C under dry air flow. While the sensor
response of only ZnPc film decreased sharply against NO; gas at 150 °C under 38%
relative humidity, the sensor response of ZnPc@Cu,O hybrid structure increased.
The sensor response of P(S-co-CMS-Cg)@CuO hybrid structure and pure CuO
nanowires were compared at 100 °C against 1000 ppm H, under dry air flow. It was

observed that the hybrid structure increased the sensivity and sensor response.

Key Words: Metal Oxide, Organics Thin Films, Gas Sensors, Organic/Metal
Oxide Hybrid Structures, Zinc-Phthalocyanine, Poly(styrene-co-

chloromethlystrene).



OZET

Bu ¢alismada p-tipi yariiletken metal oksit nanotellerin organic ince filmler ile
olusturdugu hybrid yapilarn gas algilama 6zellikleri incelenmistir. P-tipi yariiletken
metal oksit malzeme olarak Cu;O ve CuO nanoteller sentezlenmistir. Cu,O
nanoteller, Cu filmin KOH + NH4F sulu ¢0zeltisi igerisinde anodizasyon ve
sonrasinda termal oksitleme islemi ile olusturulmustur. Yapisal, optiksel, DC
elektriksel karakterizasyonlar1 yapilmis, H, ve NO, gazina kars: algilama 6zellikleri
incelenmistir. CuO nanoteller Si alttas lizerine termal oksitleme yoOntemiyle
sentezlenmistir. CuO nanotellerin yapisal karakterizasyonlar1 yapilmis ve Hy, etanol
gazina karsmi sensor testleri gergeklestirilmistir. Organic malzemeler olarak ¢inko
fitalosiyanin (ZnPc) ve fulleren ile fonksiyanellestirilmis poly(styrene-co-
chloromethlystrene) (P(S-co-CMS-Cgo)) kullamilmistir. Kloroform ile ¢oziilen
organikler CuO ve Cu,O nanoteller iizerine spin kaplama yontemi ile kaplanarak
hibrit heteroyapilari olusturulmustur. ZnPc@Cu,0 nanotel hibrit yapisinin 150 °C’de
0.5 ppm, 1 ppm, 2.5 ppm ve 5ppm NO, gazina karsi kuru hava akisi altinda Cu,O
nanotellerden daha iyi algilama gosterdigi gozlemlenlemistir. Ayrica 150 °C’de %38
bagil nemin ZnPc filmin NO, gazina kars1 algilamasini 6nemli miktarda diistirdigi,
ZnPc@Cu,0 hybrit yapisinin algilamasini arttirdigi gézlemlenmistir. P(S-co-CMS-
Cs0)@CuO hybrit yapisinin 100 °C’de 1000 ppm H, gazina karsi tepkisi sade CuO
nanotellerin algilamasiyla karsilastirilmistir. Hybrit yapinin algilamayi ve tepki hizini

artirdig1 gézlemlenmistir.

Anahtar Kelimeler: Metal Oksit Malzemeler, Organik Ince Filmler, Gaz
Sensorleri, Organik/Metal Oksit Hibrit Yapilar, Cinko-Fitalosiyanin,
Poly(styrene-co-chloromethlystrene).
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1. INTRODUCTION

Sensor is a device that can convert the physical or chemical changes in its
environment to electrical signals. Sensor technology has a long history with the
needs of industry to record physical parameters. In the beginning of 20th century, the
emerging issues in test and measurement technology accelerated the research in
semiconductor technology [1]. A gas sensor is a device in which one or more of its
physical properties (e.g., mass, electrical conductivity, or capacitance) changes upon
the exposure towards a gas species [1,2]. A slight change in these properties can be
quantified and measured directly or indirectly. A typical gas sensor has two basic
components, a sensing layer and a transducing platform. Gas molecules interact
chemically with the sensing layer, which results in a change of the sensor’s
physical/chemical properties. The transducer then measures these changes and
produces an electrical output signal [2]. A general view of gas sensor components is

given below at table 1 includes types of sensing materials, types of transducers.

Table 1.1: General view of gas sensor components.

Sensing Layer Materials Transducer Types
Metals Optical
Semiconductors Mass Sensitive
Organics Electrochemical
Inorganic/organic hybrid structures Conductometric

After the first discoveries of Heiland [3], Bielanski et al. [4] and Seiyama et al.
[5] about metal oxide-gas reactions during 1950s, Taguchi brought MOX gas sensor
as an industrial product (Taguchi type sensors) based on thick films of SnO, since
1960s [6,7]. The advantages of the MOX gas sensors such as reducible size, low-
power-consumption, easy synthesis methods, good sensing properties and high
compatibility with microelectronic processing have dominated the researches on this
field [7-9].



1.1. Motivation

In last a few years, some studies showed that the some organic/inorganic
hybrid structures can enhance the sensivity, selectivity and reduce working
temperature of gas sensors [10-12]. The promising sensor results of hybrid structures
have emerged the necessity of understanding the organic/metal oxides interface
properties to more effective gas sensors. The idea of bringing together these metal
oxides and organics opens new guestions how change their conduction and sensing
mechanism, what are the effecting factors on gas sensing. This study focused on the
gas sensing properties of hybrid structures combination of organics@Cu,O and

organics@CuO.
1.2. Objectives

The aim of this work is to develop organics/p-type semiconducting CuO and
Cu,0 hybrid structures for usage in gas sensor applications. This includes;

¢ Investigation of synthesis methods CuO and Cu,O nanowires.

e Synthesis of organics/1D nanostructures of cuprous oxides (Cu,0) and copper
oxides (CuQ) hybrid structures.

e Understanding the sensing mechanism behind the interaction of gas species

with organic/p-type metal oxide hybrid surfaces.



2. GENERAL INFORMATION

2.1. Metal Oxide Nanowires Based Gas Sensors

2.1.1. Metal Oxides Nanowires

Semiconductor metal oxides offer a stable, selective and sensitive layer. In
1991, Yamazoe showed that reduction of crystallite size went along with a
significant increase in sensor performance [13]. Nanostructures increase efficiency
the surface area with their high aspect ratio, low limit of detection and low response
time for metal oxide based gas sensors [6,7,14-16]. Thus, the technological challenge
has moved to the fabrication of materials with small crystallizes size which
maintained their stability over long-term operation at high temperature.
Nanotechnology has supported the gas sensor technology by reducing size, power
consumption, and increasing sensors’ performance for a wide range of applications
[17-19].

Metal oxides are ceramic materials which their starting materials are abundant
and cheap. The one of the most important reason of extensive usage of MOXs in
many fields is their stability in many media. Moreover, they have many easy and low
cost synthesis methods such as thermal oxidation, electrochemical, hydrothermal,
chemical vapor deposition (CVD) etc. for desired nano and micro structures. This
variety of synthesis methods has dominated the researches on MOX nanowires based
gas sensors.

The semiconducting behavior of MOXs arises from deviation of stoichiometry.
Doping aliovalent cations or oxygen-nonstoichiometry determine the majority of
charge carriers in wide-bandgap oxide semiconductors and also the type of
semiconductor [20]. While the deficiency of metal ions in the undoped NiO cause to
p-type semiconductivity, the formation of oxygen vacancies in undoped SnO, cause
to n-type semiconductivity.

Most of the MOX based gas sensor studies were dedicated to n-type
semiconductor metal oxides because of their superior surface properties. The figure
2.1. shows the pie chart of studies based on MOXs to give an idea of the usage on

gas sensors.
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Figure 2.1: Studies on metal oxide semiconductor gas sensors.

While n-type semiconductor MOXs like SnO,, TiO,, ZnO etc. offer higher
sensivity to some gases, they need higher working temperature and have less
selectivity values than p-types. On the other hand, p-type MOXs have taken attention
with their low working temperature and higher selectivity values.

2.1.2. Sensing Mechanism of MOX Nanowires

The working temperatures of MOX gas sensors are in the temperature range
100-500 °C. The oxygen molecules are adsorbed on MOX surface and form oxygen
ion molecules by attracting an electron from the conduction band of MOX as shown
in the equation (2.1) when the MOX is heated at temperature range 100-200 °C.
Above this temperature range, the oxygen molecules are dissociated into oxygen ion
atoms with singly or doubly negative electric charges by attracting an electron again

from the conduction band as shown in the equation (2.2) and (2.3).

Oz(gas) te © Oz_(adsorbed) (2-1)
_ kOxy _
502+ e” & Oyys 2.2)
1 kOx
502+ 27 = 07, (2.3)



where the Kgss is the reaction rate constant [21]. The effect of oxygen ionosorption
causes the electron depletion region for n-type MOX and hole accumulation region
for p-type gas sensors. Oxygen ions give up the electrons from the surface back to
the conduction band of MOX when the active oxygen ions on the surface meet the
target gas molecule. A schematic representation of the conduction mechanism for n-
type and p-type MOX is given at figure 2.2.

(a) n-type oxide

semiconductors ) )
Semiconducting core

(low resistance)

Electron depletion layer
(high resistance)

(b) p-type oxide
semiconductors

Insulating core
(high resistance)

Hole accumluation layer
(low resistance)

Figure 2.2: A schematic representation of conduction mechanism for a) n-type and b)
p-type MOX.

The chemical reaction between oxygen ions and target gas molecule changes the

carrier concentrations in the conductivity and thus, change of senor resistance. The

change in sensor resistance depends on a type of MOXs. A general view on chemical

reaction between target gas and oxygen ions is given in as;

k
X408, 25X + be” (2.4)
where X and X' is target gas and out gas, respectively. b is the number of electrons
and kg4 is the reaction rate constant of gas reaction [21]. A rate equation for

electron density can be written as



dn

dt = kgas [Oads]bXb (2.5)

where n is the electron concentration under the gas atmosphere [21]. The k is the

reaction rate constant described as;

E
kgas = Aexp(— kbaT) (2.6)

where E, is the activation energy of a reaction, kz Boltzmann constant and T is
absolute temperature [21]. By using the equation (2.5) at an equilibrium state under
gas ambient and air ambient and using the carrier concentration defined as n=a/R
(where R is the resistance and a is a proportional constant) sensivity can be defined

as,;

R Lk ion1b X b
Sg :_a: t gas[ ads] [ ] +1 (27)
Rg ny

A compact form of sensivity relation on gas concentration X can be written as;

Sy =aX?+1 (2.8)

where a is a controllable parameter [21].

2.1.2.1. Surface to Volume Ratio

The surface-to-volume ratio is actually related with the surface activation. The
increased surface area over volume cause more interactions between electrons in
conduction band of MOX and O, molecules. This affects directly the density of the
oxygen ions. The adsorbed oxygen ions can be written in terms of surface-to-volume

ratio as;

| oV,
[oyiop, = 2o_m 2.9)

U)<



where g, is a number of oxygen ions per unit area, ® is a ratio of surface area per
volume of material V;, and Vis a system volume [21]. By inserting equation (2.9)

onto equation (2.7) gives

idegas (2222m)”

Sy = L xb 41
No

(2.10)

The proportional relation between surface-to-volume ratio and sensivity is
clearly seen from the equation (2.10) [21].

2.1.2.2. Debye Length

The existence of surface-localized acceptor and donor states in semiconductors
causes to charge transfer between bulk and surface in order to establish thermal
equilibrium between the two [7]. A surface space charge region, a non-neutral region
(with a non-zero electric field) in the semiconductor bulk, is created by charge
transfer. Actually, the sensor resistance is caused by two reasons; the space charge
region along the nanowire and band bending between the nanowires. According to

the space charge model, L; (Debye length), can be expressed by

1/2

SkyT
L, = 2.11
a ( q*n ) 21D)

where ¢ is a static dielectric constant, g is an electrical charge of a carrier, and n is a
carrier concentration. It can be seen that the Debye length depends only on the carrier
concentration at a constant temperature T [21].

In this model, geometric shape of nanowire is taken as a cylinder, a conductive
channel is assumed to be along the axis of the cylinder. It can be considered as the
conductive channel is reduced or increased along the radial direction of cylinder with
a thickness of L,;. The carrier concentrations can be described in terms of Debye

length and D diameter of cylinder as;



T[(D—ZLd)Z
mD?
where n, is the carrier concentration of intrinsic material and n' is carrier

!

n' =, (212)

concentration of the Debye length [21]. The effect of depletion layer on sensivity of
MOX nanowires can be obtained by inserting equation (2.12) in equation (2.10)

b
I—;rkgas (UO(D (%)) \ D2xb

: g /<D S TR -

This formula shows the dependency of sensivity on diameter of diameters of
nanowires (D) and Debye length (L;) [21]. Three conditions decide which
mechanism has dominant effect on sensivity, Depletion layers on nanowires or
potential barrier of contacts between nanowires [21]. In condition of D >> 2w
(depletion layer width), the potential barriers of the contacts between wires has
importance on sensing mechanism [21]. The sensivity is independent of the diameter
of nanowires D. In condition of D > 2w condition exists, the sensivity is affected by
both diameter of nanowires and the potential barrier [21]. In condition of D < 2w,

the sensor resistance is controlled only by the surface depletion [21].
2.2. Cupric Oxide (CuO) and Cuprous Oxide (Cu,0O)

Copper oxides have two oxidation phases; cuprous oxide (Cu,O) and cupric
oxide (CuQ). They are p-type metal oxide semiconductors and their band gap
energies are relatively narrow, for Cu,0~1.2 eV and CuO~2.1 eV. They are
potentially photovoltaic materials that because of their low-cost, earth abundance and
non-toxicity. Nanostructured Cu,O materials are great candidates for gas sensor
applications because of their high absorption coefficients, remarkable catalytic
effects, and optoelectronic properties.

Various synthesis methods have been studied on cuprous oxide(C,0)
nanostructures such as thermal oxidation, hydrothermal [22,23], electrodeposition
[24], template assisted [25], RF magnetron sputtering, plasma reduction [26]. Among

these synthesis methods electrochemical method had a special significance for
8



scientists because direct synthesis of Cu,O nanostructures have been complex and
needed some extra processes. Although Cu,0O was prone to peeling off Cu substrate
during anodization, the intermediate products, such as Cu(OH), or CuCl, can stay
tightly on the surface of anode after anodization [27]. In order to convert
intermediate products to CuO and Cu,O nanostructures, Z. Zhang et al. used three
methods H,O, hydrolysis, thermal reduction in H, gas and Fehling method[28]. Wu
et al. used thermal annealing under N, gas flow [29]. Allam and Grimes offered RTC
infrared furnace annealing under air ambition and vacuum annealing [30]. In this
work, vacuum annealing was used to synthesis after electrochemical process.

There are also many synthesis methods for the synthesis of CuO nanostructures
in literature. The huge parts of these studies were based on hydrothermal and
solvothermal methods to get single phase of CuO nanostructures [31]. However, it
seems a problematic usage for gas sensors because of the powder form of
synthesized products. On the other hand, the thermal oxidation method has been
extensively studied for the direct synthesis of CuO nanowires on Cu plates and Cu
films substrates [32,33]. Actually, there have been many reports on cracking
problems because of the high surface tension of Cu films on substrates. The high
surface tension of Cu film also cause to peeling off from substrates. Wang et al.
offered Ti metal films to handle this adhesion problem between Cu films and
substrates [34]. In this work, the thermal oxidation method was used to synthesize
CuO nanowires on Si substrates with Ti interlayer film.

There are extensive researches on gas sensor applications based CuxO
nanostructures. The remarkable photo-catalytic property of Cu,O provided it to take
place in sustainable, safe production of H, with water-splitting [35] and sensor
applications. Although there are many studies on gas sensing properties of CuO,
there are limited studies on gas sensing properties of Cu,O. J. Zhang et al. compared
alcohol, gas oil and H,S sensing of CuO and Cu,O nanospheres [36]. H. Zhang et al.
showed the ethanol sensing of Cu,O hierarchical hollow microspheres,
nanocrystallites and solid microspheres [37]. Gasparatto et al. compared both H,
production and sensing properties of CuO and Cu,O nanodeposits on Al,O3
substrates [38]. Guan et al. synthesized Cu,O nanorods and investigated ethanol
sensing properties of them [39]. Lastly, Zolfaakar et al. compared ethanol sensing

properties of CuO and Cu,O nanoparticles [40].



2.3. Organics Based Conductometric Gas Sensors

Another sensitive layer used for gas sensors are some organic materials having
semiconducting properties. Conductive polymers (CP) and metallophthalocyanines
(MPc) are attractive features for gas sensors such as; great processability, stability
and rich substitution chemistry [41]. In addition, they are extremely sensitive to some
gases and their gas sensing properties have been studied for twenty years [42-44].

The conductive polymers have been preferred for gas sensors because of their
promising features such as; the easy and cheap synthesis methods and adjustable
physical and chemical properties by introducing different substituents, or
copolymerizing with different monomers, mechanical flexibility, ease of processing,
modifiable electrical conductivity and a lower power and require simpler electronic
setups [45-50]. Famous conducting polymers in literature for gas sensing
applications are polythiophene and its derivatives [51,52], polypyrroles [53,54],
polyaniline and their composites [51,55-57]. The insulating polymers such as
polyacrylaonitrile (PAN), polysterene and polycarbonates etc. have become
electrically conducting with  electropolymerization of polyacrylaonitrile,
polythiophene, polypyyrole and some composties of them [58,59]. These polymers
show sensor response proportional to analyte gas concentration and rapid
adsorption/desorption kinetics [60].

Phthalocyanines were other organic sensitive materials for gas sensors
applications. Actually, they have been used as dye and pigment agents during a long
period. They have been also used in nonlinear optic applications and gas sensors with
their electroative behavior produced with the incorporation of a transition metal on
its structure, metallophthalocyanines [61-63]. Phthalocyanines are composed by four
pyrrole ring are used for the addition of substituted groups [64,65]. A schematic
structure of phthalocyanine structure is shown at figure 3. Phthalocyanines can detect
the Oz(ozone) [66], NO,[67-69], VOCs [70,71], halogens (Cl,, Br,,) [72] gases.
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Figure 2.3: A schematic representation of phthalocyanine.
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3. EXPERIMENTAL METHODS

3.1. Fabrication of Cu,O Nanowires

3.1.1. Cu Thin Film Coatings

The selection of substrates is an important process for sensor device. Three
different substrates were tested in Cu thin film coatings. The microscope glasses, Si
wafers and Al,O3 were cut in 10x10x1mm dimensions and used as substrates for
Cu,0O nanowires synthesis with anodic oxidation. The substrates were etched and
cleaned with 1:5 H,SO,4 aqueous solution acetone, ethanol and deionized water in an
ultrasonic bath for 5 minutes. Etching process was added the process after some
observations on coatings to increase the adhesion between glass and Cu film. Cu thin
films of 100 nm, 450 nm, 1p and 2u thicknesses were evaporated on pre-cleaned

substrates in a Leybold Univex 450 coater system.

3.1.2. Anodic Oxidation

Cu film was anodized in 0,2 M KOH + 0,1 M NH4F aqueous solution in a
thermo-stated bath using a dc power supply, a platinum foil as a cathode and Cu thin
film on glass substrate as an anode. A shematic representation of experimental set-up

is given at figure 3.1.

DC Power o

Supply ov T‘ " Multimeter

1 A 7
> il / J

1 1 > ’
Pt = Cufilm | 1.264A i}q,

KOH +NH,F
Ageuos Solution

Figure 3.1: Schematic representation of anodic oxidation experimental set-up.
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The temperature, anodization voltage and time values are listed at table 3.1.

Table: 3.1. Anodization Parameters

Anodization Anodization Anodization Time
Voltage(V) Temperature (°C) (seconds)
4V 23°C 300 sec
6V 23°C 8 sec
6V 23°C 300 sec
10V 23°C 300 sec

After anodization, samples were rinsed in deionized water, dried with N; gas

and annealed at different temperatures and ambiences. The anodized sample for 300

seconds at 10 V is annealed at 300 °C in tube furnace for 1 hour in room atmosphere,

under dry air flow, low (107 bar) and high vacuum(10~ bar) conditions.

The low vacuum was set up with 1 L test chamber using mechanical pump (Leybold

L408).

3.2. Fabrication of CuO Nanowires

3.2.1. Cu Thin Film Coatings

Cu films were coated on Si substrates (10x10x1 mm) with Vaksis Midas RF

Magnetron Sputtering System. The Si substrates were wet-cleaned by acetone and

de-ionized water followed by baking at 100 °C for 10 min to evacuate moisture. A

30-nm-thick Ti layer was firstly deposited to serve as the adhesion layer and then 1 u

Cu film was coated by RF sputtering. The targets used to deposit Ti layer and Cu

were 99.99% pure. The distance between the target and the sample was at 7 cm. The

Ar flow rate, base pressure, working pressure and substrate temperature were

maintained same for sputtering at 50 sccm, 5 x 10—6 Torr, 5 mTorr and 25 °C,

respectively. RF power was set 80 W for Ti target and 120 W for Cu target.
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3.2.2. Thermal Oxidation of Ti-Cu Films

The Ti-Cu films on Si substrates were thermally oxidized in tube furnace at
different temperatures to find the optimum values for CuO nanowires synthesis. The
each sample was oxidized at 350 °C, 400 °C, 450 °C and 500 °C one by one for 4

hours.

3.3. Synthesis of Hybrid Structures

The organics were coated on the nanostructured CuO and Cu,O nanowires with
spin coating method. Firstly, the Cu-Pc (Copper- Phthalocyanine) solution is
prepared by solving 10 mg Cu-Pc in 10 ml Toluene. The P(S-co-CMS-Cyg) (fullerene
functionalized poly(styrene-co-chloromethylstyrene)) solution is prepared by solving
1 mg P(S-co-CMS-Cgp) in 10 ml Tolune. Then the solutions were coated by spin

coater at 1000 rpm onto the CuO and Cu,O nanowires.

3.4. Fabrication of Gas Sensor Device

In order to investigate DC electrical and gas sensing measurements of samples,
we evaporated gold (Au) interdigital electrodes (IDT) onto samples with Leybold
Univex 450 coater system by using a shadow mask. The Au IDT has 10 fingers
which have 100p widths, 5 mm lengths and 100 nm thicknesses.

3.5. Gas Measurement System

The CuO nanowires, Cu,O nanowires, P(S-co-CMS-Cg)@CuO hybrid, Zn-
Pc@Cu,0 hybrid and P(S-co-CMS-Cg)@Cu,O hybrid gas sensors were tested
against to different concentrations of H, and Ethanol gas under dry air flow in Gebze
Technical University (GTU) Sensor Laboratory and against to different
concentrations of NO, gas under dry and humid air flows in Barcelona University

Nanoelectronics Laboratory.
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During the H, and Ethanol measurements, the temperature of the sensor
devices was controlled with a Lakeshore 340 temperature controller in order to
measure temperature dependent sensor parameters. The DC electrical measurements
of Cu,O nanowires were done under 200 sccm high purity dry air flow in the
temperature range between 303 — 473 K. Keithley 6517A Electrometer/High
Resistance Meter was used for I-V measurements with a sweep rate of 50 mV/s
between -1V and +1V in a homemade test chamber (1L). Then, the samples were
heated up to 473 K under 200 sccm high purity dry air flow and waited for 30
minutes to get steady state. Concentrations were controlled by using multi gas
controller (647C MKS Instruments) and gas flow meters for sensor measurements. A
constant bias voltage was applied to sensor devices and the dc current of them was
measured with a Keithley 6517A Electrometer/High Resistance Meter. The DC
current was monitored continuously under dry air flow to establish the baseline of the
device and different concentrations of gases were exposed into the test chamber at
desired temperatures. Then the chamber was cleaned with dry air. A schematic

representation of gas measurement system is given at figure 3.2.

;;:.oooo“(o : . '
t — ©
Multimeter

Computer

Temperature
Controller

!!II Gas flow controller

Chamber

Gas Tank

Thermocirculator

Figure 3.2: A schematic representation of gas measurement system.
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For the NO, measurements, temperature of sensor devices was controlled by
applying a constant voltage on Ni-Cr wire. The DC current changes with time under
1V potential were recorded for all samples. We used two Keithley 2400 sourcemeters
for electrical measurements and Bronkhorst gas flowmeters to control flows in set
up.

The sensor responses of this work were calculated with using relation;

Al
Rgensor(Sensor Response) = <u> (3.1)

Ig

where Al is the change in the current when exposed to analyte gas and I, is the

minimum value of the devices when exposed to analyte gas.
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4. RESULTS and DISCUSSIONS

4.1. Cu,0O Nanowires

4.1.1. Anodic Oxidation

The Cu films on glass substrates did not peel off from the surface in the
solution. Current density vs time for anodized Cu thin film with a constant
anodization voltage of 10 V at anodization temperature of 23 °C during anodization

process is shown in figure 4.1.
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Figure 4.1: Current density vs time graph of Cu thin film.

The current density decreases sharply and come in from 127 mA/cm? to steady
state 0,8 mA/cm?. Copper dissolution, formation of copper hydroxides and copper
oxides took place in anodization process. A possible formation mechanism of copper

oxide and hydroxide species;
Cu+ 20H™ - Cu,0 + 2e~ + H,0 (4.2)

Allam and Grimes reported that the oxygen reduction may occur at the counter
electrode under OCP. They observed an slight increase in current density with time
and explained with the transformation of dissolving pits into pores on oxide film

[30]. However, it is not observed such an increase in current density with time in
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this study. The difference between thicknesses of Cu foil and Cu film could be
effective on the pore formation. The lower thickness of Cu film might have

prevented the pore formation and increase in current density [73].

4.1.2. Structural Characterization of Cu,O nanowires

In order to investigate the formation process and surface morphology of
substrates, SEM analyzes were done by scanning electron microscopy (SEM, Philips
XL 30S). The sample anodized at 6V for 8 seconds (figure 4.2.a) showed the start of
wire formation after the formation of hydroxide layer. We characterized the shape of
nanostructures anodized in 0,2M KOH+ 0,1M NH/F soluiton at 23 °C with SEM at
different voltages 4V (figure 4.2.b), 6V (figure 4.2.c), 10V (figure 4.2.d). The

increasing voltage led to formation of thinner and denser nanowires.

Figure 4.2: SEM images of copper oxide nanowires after anodization a) 6V 8 sec. b)
6V 300 sec ¢) 4 V 300 sec. d) 10 V 300 sec.

The XRD pattern of as-synthesized sample (figure 4.3.a) observed only peaks
at 20 values of 43.6° and 50.8° corresponding to Cu (111) and (200) planes, which
revealed that the nanowires were amorphous. In order to get dehydration of

hydroxides and crystal formation the samples were thermally annealed. Atmosphere,
18




high and low vacuum conditions were tested for annealing process. In the
atmosphere, the wire formation was broken down or distorted because of the high
surface tension of Cu film on glass and weak amorphous structures of nanowires. For
the protection of nanowires, thermal annealing was done under low vacuum. After
vacuum annealing the patterns (figure 4.3.b) showed the Cu,O (111) plane peak at
36.4° [74] and decreased Cu peak counts at 43.6° and 50.8°.
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Figure 4.3: XRD patterns of a) as-synthesized sample b) vacuum annealed sample.

The XPS measurements of samples were done to get more information about
the structure and composition of the nanowires. Figure 5 shows the XPS spectra the

(@) Cu 2p and (b) O 1s core levels for as synthesized and annealed samples.
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Figure 4.4: XPS results of annealed and as-synthesized samples a) Cu 2p peaks b) O
1s peaks.

As shown in figure 4.4.a, the Cu 2p peaks at the binding energies of 932.4 eV
and 934.1 eV are corresponded to that of Cu+ in Cu,O and Cu+? in Cu(OH),
respectively.. The peak position of Cu+ in Cu,O is reported between 932.0 - 932.7
eV [27,30,75-82] and it is well agreement with our results. The XPS peak of
Cu(OH), at 934.1 eV is disappeared after annealing at 280 °C in vacuum for 15
minutes as seen in figure 4.4.a. On the other hand, the peak position of Cu (between
932.2 - 933.1 eV) is near to Cu+ in Cu,O and cannot be definitely discerned from
each other by only analyzing Cu 2p core XPS spectra. However, the O 1s peaks at
530.1 eV and at 531.5 eV correspond to O,- ions in Cu,O and surface-adsorbed
oxygen species (O, or OH), respectively. As a result, XRD and XPS measurements

all prove that Cu,O is the only product.

4.1.3. Optical Characterization of Cu,O nanowires

The results of UV-vis absorption (figure 4.5.a) showed that annealed sample
have stronger lighter absorption ability then as-synthesized sample. The UV-vis
absorption data was used to determinate the optical band gap and the type band to
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band transition of Cu,O annealed sample. We plotted the (ohv)? versus hv in figure

172

6.b for direct transition and the (ahv)™“. The optical band gap was found 2.24 eV for

Cu?0 nanowires from the slope of (ahv)? versus hv graph.
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Figure 4.5: UV-vis analysis results of Cu,O nanowires a) UV-vis absorbance of
Cu,0 and as-synthesized sample, b) plot of (ahv)? versus hv.

Singh et al. showed a similar absorbance graph of Cu,O nanowires and
estimated the optical band gap of Cu,O nanowires 2.67 eV. They stated that the
higher band gap can be attributed to the quantum size effect of Cu,O nanowires [83].
In this work, there is amorphous thin copper oxide thin film under the Cu,O
nanowires. This copper oxide thin layer might have reduced the quantum size effect

on optical band gap.
4.1.4. Electrical Characterization of Cu,O nanowires

The I-V curves at different temperatures of Cu,O nanowires were plotted in
figure 4.6.a to illustrate an increase in conductivity with temperature. The Ohmic
behavior as shown by the 1-V curves is due to the contact of Au electrode and Cu,0O
nanowires [84,85]. In order to investigate the thermal conduction mechanism of

Cu,0 nanowires we used the relation:
_ -Ea
GDC_Go.eXp(F) (41)

where Ea is activation energy, T temperature, k Boltzmann’s constant and o,

proportionality constant. Figure 4.6.b shows the semi-logarithmic graph of

21



conductivity at 1V vs reciprocal temperature for the Cu,O nanowire exposed to dry
air. The activation energy of Cu,O nanowires was determined 0.63 eV by plotting
In(o) vs 1000/T graph in figure 4.6.b. The activation energy is smaller than the
optical band gap energy which may indicate the conduction is due to the transition of

charge carriers from valance band to acceptor level.
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Figure 4.6: a) I-V characteristics of Cu,O nanowires b) The dependence of
logarithmic current, In I, on the inverse of the temperature, 1000/T.

4.1.5. Gas Measurements

Cu,0 nanowires were used for H, sensing measurements. 1000 ppm, 500 ppm
and 250 ppm of H, was exposed to the devices at 200 °C, and after ~10 min waiting
the chamber was cleaned with 200 sccm high purity dry air flow for ~30 min. Figure
4.7 shows the sensor response of sample to 250 ppm, 500 ppm and 1000 ppm H; gas
flow at 200 °C. The results showed that the sensor responses had proportionality

according to ppm values and also the recovery of sample was successful.
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Figure 4.7: Sensor results of Cu,0 nanowires at 200 °C to 1000, 500, 250 ppm H,

gas.

In order to determine the optimal operating temperature for Cu,O nanowires to

H. gas, they were exposed to 1000 ppm H, at various operating temperatures of 150

°C, 200 °C and 250 °C. Figure 4.8 shows the sensor response of sample at 250 °C to

1000 ppm H; gas and the comparison of sensor responses at different temperatures.
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Figure 4.8: Sensor responses of sample at 150 °C, 200 °C and 250 °C to 1000 ppm

Ho.

Cu,0 nanowires also tested against 500 ppb, 1 ppm, 2.5 ppm and 5 ppm
concentrations of NO; gas at 23 °C, 50 °C, 100 °C and 150 °C. Figure 4.9. shows the
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sensor response of Cu,O nanowires against different concentrations of NO, gas at 23
°C (figure 4.9.a.) and 50 °C (figure 4.9.b) under dry air flow.
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Figure 4.9: Cu0 nanowires sensor responses at a) 23 °C b) 50 °C for different NO,
concentrations.

While the response of sensor at 23 °C is the nearly same for all different
concentrations, at 50 °C there is a considerable difference between sensor responses
against 500 ppb and 5 ppm NO, concentrations. This shows the relation between the
temperature and activation of surface states.

At the higher temperatures, the sensivity against NO; gas is increased. Figure
4.10 shows the sensor responses of Cu,O nanowires at 100 °C and 150 °C against

different concentration of NO, gas.
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Figure 4.10: Cu,O nanowires sensor responses at a) 100 °C b) 150 °C for different
NO, concentrations.

To understand the effect of humidity on sensing, some measurements were also
taken under humid air flow. The Cu,O nanowires were tested against different
concentrations of NO; gas under %38 humid air flow at 150 °C. (figure 4.11.a.)
Cu,0 nanowires showed better NO, sensing under humid air. The comparison
between the NO; sensor responses of Cu,O nanowires under dry air and humid air
flow against 0.5 ppm, 1 ppm and 5 ppm NO, concentrations is given below at figure
4.11.b.
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Figure 4.11. a) Sensor responses of Cu,O nanowires against different NO; gas
concentration at 150 °C under 38% RH. b) Comparison of sensor responses of Cu,O
nanowires under dry and humid air.

4.2. CuO Nanowires

4.2.1. Structural Characterization of CuO Nanowires

The characterization of CuO nanowires was done with SEM images and XRD
measurements. According to SEM images (figure 4.12.) of thermally oxidized
samples at 350 °C, 400 °C, 450 °C and 500 °C, the best homogeneity of CuO

nanowires was observed in sample oxidized at 400 °C.
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Figure 4.12: SEM images of CuO films oxidized at a) 300 °C, b) 400 °C, c) 450 °C
and d) 500 °C.

The crystal structure of samples also investigated with XRD measurements.

The patterns (figure 4.13) showed that there are not only CuO plane peaks but also

Cu,0 plane peaks. The reason is that there is a Cu,O layer at the bottom of CuO

layer as a result of CuO nanowire formation. The formation mechanism of CuO

nanowires is explained by the relaxation of compressive stress and by grain-

boundary diffusion of Cu ions through the Cu,O layer by researchers [86-90].
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Figure 4.13: XRD patterns of annealed samples at a) 350 °C, b) 400 °C, c) 450 °C
and d) 500 °C.

4.2.2. Gas Measurements

The gas sensor measurements of CuO nanowires were taken at lower
temperatures in order to compare the sensor responses of pure CuO nanowires and
P(S-c0o-CMS-Cgp) @CuO hybrid structure. The P(S-co-CMS-Cg) can be deformed
above the 100 C. CuO nanowires were tested against 1000 ppm H; gas at 30 °C, 50
°C, 100 °C and 5000 ppm Ethanol gas at 100 °C under dry air flow. The results of H,
and ethanol measurements were showed at figure 4.14.
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Figure 4.14: Sensor responses of CuO nanowires against 1000 ppm H; at a) 30 °C, b)
50 °C, ¢) 100 °C and d) against 5000 ppm ethanol at 100 °C.

According to these results, the recovery of CuO nanowires is a problem. Especially,
there is no recovery for ethanol gas.

4.3. Organics@Cu,O Nanowires Hybrid Structures

4.3.1. Structural Characterization

The SEM characterization of

images were taken for the structural
organics@Cu,O nanowires hybrid structure to control the homogeneity of organic
films on Cu,O nanowires after spin coating. For the Cu,O nanowires, homogeneity is

not much because of the accumulation of Cu,O nanowires locally during synthesis.
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Figure 4.15: SEM images of the Zn-Pc@Cu,0 nanowires at different magnifications
a) 5000X and b) 20000X.

4.3.2. Gas Measurements

The measurements of heterostructures of organics and Cu,O nanowires were
started with H, gas. The P(S-co-CMS-Cg)@Cu,O hybrid structures were tested
against 1000 ppm H, gas under dry air flow at 30 °C, 50 °C, 100 °C and 150 °C.
There was no response to H; gas at 30 °C and 50 °C. The sensor responses at 100 °C
and 150 °C against 1000 ppm H; gas is given at figure 4.16.
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Figure 4.16: H; sensing of P(S-co-CMS-Cgo) @Cu,0 hybrid structures at a) 100 °C
and b) 150 °C.

The results showed that base line of sensors have not observed for the P(S-co-
CMS-Cgp) @Cu0 hybrid structures. The reason may be that the hybrid structure can
make the surface unstable.

The P(S-c0-CMS-Cg)@Cu,O hybrid structure was tested against different
concentrations of NO; gas at 23 °C, 50 °C and 100 °C. Some NO; sensor results
were shown at figure 4.17. The results showed that increasing temperature enhance

the NO, sensing of hybrid structure.
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Figure 4.17: NO, measurements of P(S-co-CMS-Cg,) @Cu,O hybrid structure at a)
23 °C and b) 150 °C.
Zn-Pc@Cu,0 hybrid structures were tested against 0.5 ppm, 1 ppm, 2.5 ppm, 5
ppm of NO, gas at 23 °C, 50 °C, 100 °C and 150 °C. Also, humidity effect on hybrid
structure was investigated with measuring sensor response under %38 RH at 100 °C

and 150 °C. Moreover, only Zn-Pc film sensor was tested against NO; gas at 100 °C
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and 150 °C under dry air and %38 humid air flows to understand the effect of hybrid
structures on NO; sensing. A comparison of sensor responses of only Zn-Pc film,
only Cu,0 nanowires and their hybrid structures at 150 °C against different NO;
concentrations is given at figure 4.18.
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Figure 4.18: Response comparisons of ZnPc film and Cu,O nanowires and their
heterostructures against different NO, gas concentration at 150 °C under dry air flow.

According to figure 4.18., ZnPc film has the best response against NO, gas
among other sensors. Moreover, ZnPc@Cu,0 hybrid structure showed better sensor
response than Cu,O nanostructures. The ZnPc film on Cu,O nanowires enhanced the
NO; sensing of Cu,O nanowires. It is a significant result that there is not a big
change on sensor responses beside the ZnPc film sensor response. This shows that
Cu,0 nanowires are dominant on the sensing mechanism of heterostructure.

The humidity effect on NO, sensing of ZnPc film and ZnPc@Cu,O hybrid
structure was also investigated with measurements. Both samples were tested against
0.5 ppm, 1 ppm and 5 ppm NO, gas under %38 humid air flow. A comparison of
sensor responses of ZnPc film and ZnPc@Cu,O hybrid structure is given at figure
4.19.
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Figure 4.19: Response comparisons of ZnPc film and ZnPc@Cu,O heterostructure
under 38% RH.

The comparison at figure 4.19. shows that the hybrid structure has better NO,
sensing than ZnPc film under humid air flow. The sensor response of ZnPc film was
drastically decreased under humid air flow. This is well known property of organics
that humidity has a negative effect on sensing. On the other hand, there is a
significant increase on NO; sensing of ZnPc@Cu,O hybrid structure. There is also
an increase on NO; sensing of Cu,O nanowires. Therefore, better sensing of hybrid
structure is probably related with the bottom layer Cu,O nanowires behavior against
humidity discussed before. This is an important result to make better gas sensor

under RH with organics@Cu,0 hybrid structures.
4.4. Organics@CuO Nanowires Hybrid Structures

4.4.1. Structural Characterization

The surface of P(S-co-CMS-Cg)@CuO nanowires hybrid structure was
investigated with SEM images to see the dispersion of organics on CuO nanowires.

Figure 4.20. shows the SEM images of P(S-co-CMS-Cg)@CuO nanowires hybrid
structures.
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Figure 4.20: The SEM images of the P(S-co-CMS-Cgp)@CuO nanowires at different
magnifications a) 5000X and b) 20000X.

Although the organics were diffused into the Cu,O nanowires structure, P(S-
c0-CMS-Cq) spread as film structure over CuO nanowires. The homogeneity of
CuO nanowires can be a reason for the protection of film structure of P(S-co-CMS-
Ceo)-

4.4.2. Gas Measurements

The P(S-co-CMS-Cgo)@CuO hybrid structure was tested against 1000 ppm H,
at 30 °C, 50 °C, 100 °C and 5000 ppm ethanol at 100 °C under dry air flow. Figure
4.21. shows the sensor responses of these measurements. There is not a big
difference on H, sensing properties between 30 °C and 50 °C measurements for the

CuO and P(S-co-CMS-Cgp)@CuO hybrid structures. On the other hand, there is an
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enhancement on sensing properties of CuO with addition of P(S-co-CMS-Cg). The
response and recovery times of P(S-co-CMS-Cgo)@CuO hybrid structure are faster

than CuO nanowires against 1000 ppm H, gas at 100 °C.
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Figure 4.21: Sensor responses of P(S-co-CMS-Cgo)@CuO nanowires against 1000
ppm H; at a) 30 °C, b) 50 °C, ¢) 100 °C and d) against 5000 ppm ethanol at 100 °C.
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5. CONCLUSIONS

In this work, Cu,O nanowires and CuO nanowires were synthesized,
characterized and tested against Hy, NO, in order to investigate the effect of
organics@p-type semiconductor MOX hybrid structures on gas sensing properties.

The main results were listed as;

e The Cu,0 nanowires were synthesized on glass substrate by vacuum annealing
after Cu thin film anodization in KOH + NH4F ageous solution under 10 V
potential for 5 minutes. The structural, optical and electrical characterizations
of Cu20 were done by SEM, XRD and XPS measurements for structural, UV-
vis absorption spectrum measurements for optical and DC electrical
measurements at different temperatures for electrical characterization.

e The CuO nanowires were fabricated with thermal oxidation method on Si
substrate. The structural characterizations were done by SEM and XRD
measurements.

e The better working temperature of Cu,O was determined as 200 °C with H2
sensing measurements.

¢ In NO, measurements, the response and recovery times are long for Cu,0,
organics and their heterostructures. Also, the full recovery of NO, is not
observed for all samples at low temperatures.

e While the P(S-co-CMS-Cg,) @Cu,0 heterostructure showed better responses to
NO, gas than pure Cu,O nanowires at 150 °C, the P(S-co-CMS-Cg) film
showed no responses to NO, gas at tested temperatures and concentrations.

e It was observed that Cu,O nanowires, ZnPc film and their heterostructure have
both ability to sense NO, in between 500ppb-5ppm concentration range at 23,
50, 100 and 150 °C temperatures. Also, while the response of ZnPc film is
increasing with high temperatures, the response of Cu,O nanowires and
ZnPc@Cu,0 heterostructure is not increasing much.

o Besides the 38% relative humidity decreased drastically the sensor response of
ZnPc film at 150 °C, it increased the sensor response of ZnPc@Cu,O
heterostructures against NO, gas. Also, ZnPc@Cu,0O heterostructure shows

better sensing properties than ZnPc film in 38% RH.
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e The H, sensing properties of CuO nanowires and P(S-co-CMS-Cg)@CuO
hybrid structures were compared with measurements. The hybrid structure

decreased very much the response time of sensor.
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