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Abstract

Remote detection of explosive materials has become a priority to ensure airport safety. Explosives are

easily hidden in luggage, mail, vehicles, aircraft as well as on people, and contain less and less metal parts

making their detection by means of metal detectors highly unreliable. Although there are some analytical

techniques available to detect explosives, they involve bulky equipment and take long time to report their

results. For this reason, highly sensitive, portable chemical sensors showing fast response to explosive analytes

or their fingerprint gases are being developed as an alternative. In the present work, metal-oxide sensors

containing cupric oxide as sensing material on top of platinum interdigitated electrodes were constructed onto

alumina substrates. The sensing material was obtained following two different processing routes: thermal

oxidation of sputtered copper metal and hydrothermal growth from a water solution of copper nitrate,

obtaining different morphologies. Sensors were dynamically tested in order to detect hydrogen gas in humid

air between room temperature and 400◦C. Sensors showed responses at testing temperatures as low as 200◦C.

Results indicated that sensing materials with grain sizes close to the space-charge region width have higher

sensitivity to the presence of hydrogen gas and show faster response. The sensing mechanism in terms of

inter-granular potential barriers was explained as an alternative to the sensing mechanisms found in the

literature.
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Chapter 1

Introduction

1.1 Prologue

Recently, the early detection of explosive materials hidden in luggage, mail, vehicles, aircraft, as well as on

people, has become a priority in airports’ security [1]. In the past, explosives were easily detected by means

of metal detectors. However, nowadays, explosives contain less and less metal parts, or are even completely

plastic, making this detection technique increasingly unreliable [2].

At present, trained canines are being used successfully for this task [3].However, remote or automated

detection is preferable since these devices do not need to get into contact with the item being checked and

they enable definite identification of the explosive that has been detected [4]. Some analytical techniques,

such as gas chromatography coupled to a mass spectrometer, neutron activation analysis, and electron

capture detection are employed to recognize specific explosives or their signal vapors [5] [6]. Although these

techniques are highly selective, they are cumbersome and not easily fielded in a small, low power package,

and take a long time to report analytical results [2].

Therefore, the development of more compact, low-cost and efficient instruments with short time response

is highly desired for facilitating the task of on-site detection of explosives. An electronic nose (eNose) would

be able to mimic and even exceed dogs advantages in this task without the drawbacks, since they also have

the potential to accurately determine the composition of the explosive in question, they can be fielded in

small pieces of equipment easily handled and they would imply low electrical consumption. However, to

reach these goals extensive testing and the development of a neural network to analyze experimental data

are needed.

1.2 Literature Review

1.2.1 Introduction to Metal-Oxide Semiconductor Chemi-Resistive Sensors

An electronic nose is usually composed of a chemical sensing system and a pattern-recognition system such

as an artificial neural network. The chemical gas sensing system can be made of metal-oxide semiconductors

(MOS). This kind of sensors show great sensitivity, low-cost and are easy to manufacture [7] [8] [9].
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These gas sensors require an insulating substrate where a conductive electrode is deposited. Alumina,

Al2O3, is often the substrate of choice due to its high electrical resistance, thermal stability and the ability

of many metal oxides to adhere effectively to it [10]. Electrodes are usually made of highly conductive noble

metals such as platinum, gold or silver. The metal used depends on the working temperatures of the device.

The semiconductor sensing material is deposited on top of the planarized substrate as shown in Figure 1.1.

Figure 1.1: Schematics of a micro-chemical sensor

In recent works [11] [12] [13], the semiconductor metal-oxide sensing materials are in the nano-scale

showing different morphologies such as wires, rods, spheres, cubes, etc. The goal is to present an ultra-high

surface area for gas interaction, as well as, to present non-equilibrium surfaces for enhanced gas adsorption.

In Duc Hoa et al. work [12], CuO chemical sensors, in which the sensing material was obtained by thermal

oxidation of sputtered Cu at different temperatures ranging from 300◦C to 800◦C, were tested. Fig. 1.2 is a

reproduction of Duc Hoa’s work showing the greatest sensitivity (S = R/R0) for an oxidation temperature

of 400◦C. In this paper, the authors conclude that the grain size (or surface area), the porosity and the

density of Cu vacancies in the material are the parameters that affect the response to the analyte, the last

one being the dominant one. If this were the case, the concentration of Cu vacancies would be the highest at

400◦C. However, the stoichiometry analysis carried out via XPS does not support their hypothesis. Finally,

they conclude that the change in response in CuO thin films was mainly caused by the combined effect of

the grain size and porosity and that details regarding Cu vacancies should be further explored.

300 400 500 600 700 800
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Figure 1.2: Maximum sensitivity upon exposure to 6% H2 gas in air at 250◦C vs. oxidation temperature
reproduced from Ref. [12]. It is shown that the highest sensitivity is obtained in samples oxidized at 400◦C.
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Fig. 1.3 reproduces the SEM characterization in the mentioned work showing an increase in grain size,

and therefore, a decrease in surface area, with thermal oxidation temperature. This data in combination

with results in Fig. 1.2, shows a correlation between surface area and sensitivity. As it was expected, the

lower bonding temperature resulted in a finer grain size or higher surface area absorber. Then, it can be

concluded that higher surface areas obtained by oxidizing at lower temperatures result in higher sensitivities.

In Fig. 1.2, the sensitivity of the samples oxidized at 300◦C is reported to be the lowest. This is because

Cu thin films oxidize only partially at this temperature giving a mixture of Cu and Cu2O, as it is supported

by XRD results [14]. XRD results also show that Cu2O is the main oxidation product with a small amount

of CuO after the oxidation at 400 and 500◦C. For temperatures higher than 600◦C, only CuO is formed.

This will be further discussed in subsection 1.2.3.

Figure 1.3: SEM characterization reproduced from Ref. [12] (a)300, (b)400, (c)500, (d)600, (e)700 and
(f)800◦C thermal oxidation temperatures. Thermal oxidation time: 30 minutes. Insert in a) shows the
surface of the Cu seeds.

A previously mentioned variable, Cu vacancies in CuO, have to be taken into account to explain the

sensing mechanism. An increase in Cu vacancies can be attained by quenching a high temperature state,

since the number of defects in an oxide increases with increasing temperature. This would be reflected in the

oxide electrical properties. But how are these vacancies created? One possible mechanism requires a change

in Cu valence as stated in Cu+2 + e− ↔ Cu+1.

It has been long known that hydrogen sensing implies its reaction with oxygen as stated in H2 + 1
2O2 ↔

H2O. If the oxygen procedence is the bulk of the CuO crystal, then a change in Cu valence would occur as

shown in Eq. 1.1,

3



2Cux
Cu + 2Ox

O → 2Cu′Cu + V ••O +
1

2
O2(b). (1.1)

1

2
O2(b) + H2(g) → H2O(g) (1.2)

Oxygen from the bulk of the crystal diffuses to the surface and reacts with the analyte, hydrogen gas

(see Eq. 1.2). Oxygen vacancies are created as stated in Eq. 1.1. Each oxygen vacancy has positive charge

+2. At the same time, Cu vacancies are also created given Cu+2 is reduced to Cu+1 as a result of hydrogen

reducing power. Then, Cu+1 atoms occupy Cu+2 sites in the crystal lattice producing a negative charge

each. This increase in Cu+1 atoms occupying Cu+2 sites in the lattice leads to an increase in resistivity. This

phenomenon is supported by resistivity values of CuO and Cu2O since it is known that cuprous oxide has

high resistivity, ranging from 102-106Ω.cm depending on the method of preparation [15], while cupric oxide

has lower resistivity values ranging from 10−2 − 10Ω.cm [16]. Furthermore, the formation of stable Cu2O

from reduction of CuO nano-particles in the presence of a reducing agent is supported in the literature [17].

Explosives, even common ones, are usually formed by complex molecules. For example, the molecules

of picric acid also known as 2,4,6-trinitrophenol, 2,6 dinitrotoluene and trinitrotoluene are shown in Figure

1.4. These complex molecules react with oxygen gas during the combustion reaction giving simpler gases

as products. These simpler gases are usually a mixture of H2, N2, NOx, COx and H2O and are known as

“fingerprint gases”. The combination and the amount of each gas present after combustion are unique for

each explosive, making it possible to differentiate them by means of an artificial neural network.

Figure 1.4: Common explosives complex molecules

When some of these fingerprint gases are in contact with the sensing materials on chemical sensors, they

are adsorbed to the surface and the electrical properties of the sensor change, such as the resistance R. This

can be measured as an electric signal.

A second sensing mechanism found in current literature of metal-oxide sensors considers that the reaction

takes place in the surface of the sensing material. This surface reaction is complex and therefore, it is the

subject of discussion in several papers [18] [19] [20]. In the case of hydrogen sensors, for example, the change

in metal-oxide resistance results from a gain in surface electrons following reaction of hydrogen with adsorbed

oxygen. The surface reactions involve two steps. Firstly, oxygen chemisorbs on the metal-oxide surface as

shown in Eq. 1.3

O2 + 2e− → 2O−ads. (1.3)
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This decreases the surface conductivity in the case of n-type semiconductors, since the carriers, electrons,

are being used to charge oxygen at the surface. On the other hand, p-type semiconductors conductivity is

increased given that more “electron holes” are created.

Subsequently, hydrogen adsorbs and reacts with the adsorbed oxygen in a reaction expressed simply by

Eq. 1.4

H2 + O−ads → H2O + e−. (1.4)

For n-type semiconducting oxides, e.g. SnO2, electrons are donated into the conduction band. As a result,

the resistance of this type of oxide decreases in the presence of hydrogen and the magnitude of the resistance

change can be related to the hydrogen concentration [10]. In contrast, in the case of p-type semiconducting

oxides, such as CuO, where the majority of the carriers are holes, the resistance is increased by the presence

of hydrogen since the donated electrones recombine with the holes in the conduction band diminishing the

overall conductivity [12] as shown in Eq. 1.5,

e− + h◦ ↔ null. (1.5)

In Fig. 1.5, schematics of the expected response for p-type and n-type semiconductors sensing materials

are shown.

Figure 1.5: Typical response to hydrogen gas for p- and n-type semiconductors

However, the explanation presented in the previous paragraphs corresponds to bulk conductivity rather

than a surface reaction as the process is claimed to be. Therefore, it is the goal of the present work to explain

the experimental results from this project, as well as those encountered in literature, by means of a surface

phenomenon such as intergranular potential barriers. This will be further developed in Chapters 3 and 4.

1.2.2 Advantages and Disadvantages of Metal Oxide Semiconductor (MOS)

Sensing Materials

The advantages and disadvantages of MOS sensing materials are thoroughly described in Hübert’s review

[10].

Some of the advantages are

• They have high sensitivity and fast response, which makes them appropriate for the detection of low

concentrations of gases.

5



• They can operate in a wide range of temperatures, from cryogenic temperatures (like hydrazine sen-

sors for spacial applications) to moderately high temperatures (like hydrogen sensors for industrial

applications, 500-600◦C).

• Their lifetime is acceptable and their manufacture is low cost.

• The power consumption they require to function is modest.

Among the disadvantages,

• Chemi-resistive sensors have poor selectivity. This means that their response changes in the presence

of certain gases as COx, NOx, H2S and humidity, not only H2.

• They usually cannot operate at high temperatures (> 600◦C). This is due to the poor stability of nano-

scale materials at high temperatures, i.e. the sensing material coarsens when exposed to temperatures

higher than half of the homologous temperature leading to a decrease in surface area which leads to a

decrease in sensitivity.

• They are susceptible to aging and memory effects.

• They usually require O2 to function.

1.2.3 Copper oxides: Cu2O and CuO as Sensing Materials

Cuprous oxide is a p-type semiconductor with unique optical and magnetic properties. It has potential

applications in solar energy conversion, electronics, magnetic storage, catalysis and gas sensors. Cupric

oxide is also a potential material with many applications in catalysis, gas sensing and lithium-copper oxide

electrochemical cells. CuO was, in fact, the first kind of humidity sensing material found by Braver et al. in

1931 [21].

In view of such utilizations, intense efforts have been devoted to the development of many kinds of

morphologies, such as wires, cubes, spheres, cages, whiskers and so forth [21] [22]. In fact, organized nano-

structured materials feature unique properties and attractive performances thanks to their large surface-to-

volume ratio, the presence of size effects and of various defects, often resulting in an unexpected reactivity [23]

[24]. In the field of gas sensing, the combined influence of the above phenomena is significantly advantageous

in order to achieve high gas sensitivity and a rapid response [25].

In this context, CuxO (x=1,2) nano-systems have received an increasing attention for various applications

in solid state gas sensors. CuxO and CuxO composites (CuO-SnO2, CuO-ZnO, etc) has been found to be

sensitive to H2 [10], COx [24], NOx [26], H2S [27], and moisture [13].

Copper oxides can be obtained following several routes. Thermal oxidation, also known as thermal

annealing, is an attractive method to obtain copper oxides from Cu thin films due to its simplicity [28]. This

process is also convenient and fast, and permits the synthesis of nanostructures such as nanowires [14].

As described in previous subsections, Cu2O is the main oxide formed at low oxidation temperatures, below

500◦C. However, traces of CuO have been reported in samples oxidized at 400◦C [29]. At temperatures above

500◦C, CuO is obtained.
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Copper oxides can also be obtained by a hydrothermal process. This method requires an aqueous solution

of a copper oxide precursor, such as copper nitrate, and an autoclave. Nanoscale crystals with high surface

area can be obtained by this route as described by the following chemical Eq.

2Cu(NO3)2(aq) → 2CuO(s) + 4NO2 + O2.

There are other routes to obtain copper oxides, such as vapor-liquid-solid growth, epitaxial growth, vapor-

solid growth, wet chemical methods and electrospining. These techniques will not be further discussed in

the present work.

1.3 Problem Overview

This research expanded on previous studies of hydrogen gas sensors and aims to create environmentally inert

prototypes, with low power requirements and able to be configured in micro-arrays for strategic placement

in explosive detectors.

A schematic of the target gas sensor was previously illustrated in Fig. 1.1. The sensors consist of an

alumina substrate, a metallic interdigitized electrode (IDE) and a copper oxide semiconductor that serves

as the sensing material on the outermost layer.

Two experimental tracks were investigated for the fabrication of micro-sensors of a maximum length of

5000 µm. This involved techniques as photolithography, sputtering and thermal oxidation or hydrothermal

growth of nano-crystals. Variables of interest in this study are described in detail in the experimental section.

Testing of the micro-chemical sensors was conducted at temperatures ranging from room temperature

to 400◦C to prove if the sensors are capable of sensing fingerprint gases such as hydrogen. Further testing

involving other fingerprint gases such as COx and NOx needs to be conducted to determine if the sensing

material presents changes in resistance in their presence.
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Chapter 2

Experimental

2.1 Substrates Fabrication

2.1.1 Alumina Slurry

Alumina slurry is prepared to make alumina tape by tape casting. The composition used is that of Table

2.1, where PI, PII and PBV are binders.

Component Amount (g)
Al2O3 60
Solvent 38.68
FO Oil 1.40

P I 3
P II 3
PBV 6

Table 2.1: Solution Contents

The alumina powder is mixed with the fish oil and a solvent made by a mixture of 50 wt% of xylene and

50 wt% of ethanol. The mixture is milled for 4 hours. Then, the PI, PII and PVB are added. The new

mixture is milled for 12 hours and then tape casted.

2.1.2 Substrates Fabrication

Alumina tape fabricated by tape casting is cut into smaller pieces and stuck in order to obtain a 400 µm

thick piece. This is laminated at 100◦C at pressures of 70 psi and 70 kpsi for a total of 30 minutes. Then,

the alumina tape is cut using a laser cutter into circular substrates with holes, which will be used in the

future to attach wires, as shown in Figure 2.1. The substrates are placed in an oven with a heating rate of

1◦C/min up to 600◦C to burn the polymeric binder. After this, they are taken up to 1500◦C to sinterize

the alumina powder, followed by 6 hours of forging at 1500◦C. The final diameter of the substrates is of 1.5

cm and that of the holes of 100 µm. Then, the substrates are polished with several grades of diamond disks

(from 600 to 1800) and diamond paste (from 7 µm to 0.5 µm). Finally, they are fired in a furnace at 800◦C

to burn any contaminant.
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Figure 2.1: Alumina substrate with holes

2.1.3 Substrates Cleaning

The alumina substrates are cleaned in WVU Nano Shared Facilities’ Cleanroom. The cleaning procedure

involves a 10 minutes wash with acetone followed by a 10 minutes wash with methanol. The substrates are

then washed with de-ionized water and dried with nitrogen gas. Finally, they are placed on a hot-plate for

20 minutes at 120◦C to evaporate any adsorbed moisture.

2.2 Interdigitated Electrodes (IDEs) Fabrication

2.2.1 Photolithography

The clean and polished Al2O3 substrates are coated with an approximate 1.5 µm layer of AZ5214E positive

photoresist by spin coating using a Laurell Technologies 400 Series spin-coater. The two step program used

is:

• 10 seconds at a velocity of 400 rpm and 330 rpm/sec acceleration,

• 15 seconds at a velocity of 3000 rpm and 440 rpm/sec acceleration.

The substrates are, then, soft-baked on a hot-plate for 5 minutes at 95◦C. The coated substrates are

exposed to UV light of 100 MJ/cm2 energy through a soda-lime mask on a Suss Microtec MAG mask

aligner. The intensity of the light is measured in MW/cm2 before each exposure so the exposure time (in

seconds) can be determined as follows:

time(sec) =
UV light energy (MJ/cm2)

intensity (MW/cm2)
=

100MJ/cm2

0.5MW/cm2
= 200sec. (2.1)

After exposure, the samples are developed by a quick immersion in AZ400K developer. The samples are

washed with DI water and dried with nitrogen gas. The resulting pattern can be seen in Figure 2.2.
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Figure 2.2: Pattern obtained after photolithography process (1.5x)

2.2.2 Sputtering

Following the pattering of the resist, a CVC 610 DC Magnetron sputter station is used next to deposit a

thin titanium layer to ensure platinum adhesion to the substrates. This layer is necessary since the platinum

and the alumina crystal structures are incompatible. Then, Pt was deposited under an argon plasma flow

at 500 volts and 6.0 Torr for 9 minutes.

2.2.3 Lift-off procedure

The lift-off procedure is performed as follows: the substrates are immersed in an acetone bath for 10 minutes

and periodically agitated with ultrasonication. This removes the polymer mold and any metal on its surface

leaving only the interdigitated electrodes pattern. The samples are then placed in a methanol bath for 5

minutes, cleaned with deionized (DI) water and dried with nitrogen gas. The final result can be seen on Fig.

2.3. Dimensions of the Pt IDEs can be seen in Appendix B.

Figure 2.3: Pattern obtained after lift-off process (1.5x)

Fig. 2.4 summarizes the procedure used to fabricate the platinum electrodes.

2.3 CuO Sensing Nano-Powder Fabrication

2.3.1 Seeding

The Pt IDEs are seeded with Cu metal. This is accomplished by a multi-step procedure. First, the alumina

substrates with fully developed IDEs are spin-coated with AZ5214E photoresist using the same spin rates

explained in Section 2.2.1. After a soft-bake, the substrates are exposed to UV light under a negative

soda-lime photomask in the Suss Microtec MAG mask aligner. The pads are aligned with the IDEs on
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Figure 2.4: Summary of the procedure to create Pt IDEs

the substrates using a microscope. Next, the substrates are agitated in AZ400K developer during a quick

immersion. This procedure creates a mold of rectangular pads over the IDE’s fingers. The dimensions of

these pads are proportional to the length of the IDE that they are matching.

The next step in the procedure is metal deposition via sputtering. The substrates are coated with a layer

of copper (seeds) using the same sputtering station as for the Pt IDEs (see Subsection 2.2.2), with argon

plasma flow at 490 V and 6.0 Torr for 8 minutes.

Finally, a lift-off procedure as explained in Subsection 2.2.3, is performed to reveal Cu pads on top of the

Pt IDEs.

2.3.2 Route 1: Thermal Oxidation

Silver wires are attached to the Al2O3/Pt IDE/Cu sensor using the holes previously cut with the laser cutter.

To secure the wires, platinum ink is deposited onto the part of the wires laying on top of the Pt pads.

The whole device undergoes a thermal oxidation procedure in a tube furnace to oxidize the Cu into CuO,

which will be the sensing material. A heating velocity of 5◦C/min up to 700◦C is used. The samples are

annealed at 700◦C for 15 minutes in static air before being taken out of the furnace.

According to references [28] [29] [14], if the heating velocity is high enough, high surface-volume ratio

CuO nanowires can be obtained.

Fig. 2.5 shows a picture of an undoped finished sensor ready to be tested.

Figure 2.5: Finished undoped sensor
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2.3.3 Route 2: Hydrothermal Process

A hydrothermal process would be an alternative to the thermal oxidation procedure to grow CuO nano-

crystals. For this process, the layer of sputtered Cu was of ≃34 nm in thickness from a 30 sec sputtering

time.

The alumina/IDE/Cu samples would undergo a templated hydrothermal process to grow Cu2O/CuO

nano-platelets onto the Cu pads. This is accomplished by forming a highly basic solution (pH>11.1) of

copper nitrate hydrate (Cu(NO3)2.xH2O) in de-ionized water via precipitation with ammonium hydroxide.

The solution compositions used are outlined in Table 2.2.

Table 2.2: Solution contents

Run N◦ Copper Nitrate Hydrate (g) DI water (g)
1 1.25 125
2 1.25 80
3 1.69 80

The solution and alumina/IDE/Cu samples are held in a stainless steel autoclave at 100◦C for 2 hours.

After this, silver wires are attached to the IDEs using the holes and Pt ink to secure them. The sensor is

taken to a furnace up to 400◦C to burn the binder in the Pt ink.

Figure 2.6: Test stand used to evaluate the sensors sensitivity to hydrogen gas
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2.4 Characterization of CuO

The CuO obtained from either from thermal oxidation of Cu thin layers or hydrothermal growth of CuO

nano-platelets is characterized using XRD to identify the phases that are present and by SEM to study the

morphology of the sensing material. The XRD measurement are carried out using Cu Kα-X radiation of

8042.2 eV (Model: Bruker D8 Discovery).

2.5 Testing procedure

Testing of the sensor H2 sensitivity is conducted in a N2/20%O2 gas mixture. Fig. 2.6 displays the test stand

used in this work. The test is completed at three different temperatures, ranging from room temperature

to 400◦C. Temperatures are measured by means of a thermocouple inside the tube of the tube furnace. For

each temperature, the sensor is tested at different gas concentrations, ranging from 500 to 5000 ppm with

different exposure times. The exact times are informed in detail in Table 2.3.

Table 2.3: Test times and concentrations.

H2 Concentration (ppm) time (min)
0 40

1000 10
0 20

2000 10
0 20 Part 1

4000 10
0 20

2000 10
0 20

1000 10
0 20

1000 1
0 20

2000 1
0 20 Part 2

4000 1
0 20

2000 1
0 20

1000 1
0 25

4000 0.5
0 20 Part 3

4000 0.25
0 20

4000 0.08

The test consists of three parts. In Part 1, sensors long time response is evaluated, while in Parts 2 and

3 sensors short time response are tested. Different gas concentrations at standard times of 1 minute are

evaluated in Part 2, and high concentrations at really short times (30, 15 and 5 sec.) are tested in Part 3.
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Chapter 3

Results: Route 1, Thermal Oxidation

3.1 Test Results

The sensors used for this chapter had ∼280 nm thick Pt electrodes (5 min sputtering) and ∼500 nm thick Cu

seed layer (8 min sputtering) thermally oxidized at 700◦C for 15 minutes. The sensor was tested at different

temperatures ranging from room temperature to 400◦C.
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Figure 3.1: Test Results at 45◦C
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Figure 3.2: Test results at 90◦C

In Figs. 3.1 and 3.2, the resistance measurements at 45 and 90◦C are shown. The sensors did not show

any response to hydrogen gas. The periodic oscillation of the reading is given by temperature fluctuations

arising for the use of a poor temperature controller. Note that semiconductors suffer changes in conductivity

(and therefore, resistivity) with temperature. At the testing temperatures, electrons are thermically excited

to the “acceptor level” in a p-type semiconductor leading to carriers (holes) at the valence band. Fig. 3.3

shows the resistance behavior for a p-type semiconductor at different temperature ranges and the process by

which enhanced conductivity is attained.

All semiconductors have infinite resistivity at 0K. Resistance starts dropping when the temperature is

increased. Within the testing temperature range, resistance shows a slight increase. At these temperatures,
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electrons from the valence band occupy all of the acceptor levels. If temperature is further increased, the

Fermi Level reaches the middle of the band gap and the semiconductor becomes intrinsic which implies an

increasing number of carriers with temperature.

Figure 3.3: Fermi-Dirac Distribution

Those electrons excited to the acceptor level at test temperatures leave behind “electron holes”, i.e.

unoccupied states in the valence band. The valence band electron holes are the main responsible for the

semiconductor conductivity [30]. Therefore, by following what is stated in Fig. 3.3, a resistance increase

is obtained when the temperature increases, and resistance drops when temperature decreases. However,

in Figs. 3.1 and 3.2 the opposite happens. This can be observed in Fig. 3.4 where the temperature and

resistance are plotted against time for a sensor tested at 45◦C in humid air.

As it will be further explained in section 3.2, this behavior might indicate that holes overcome potential

barriers at grain boundaries by jumping over them, and that this process is thermally activated.

The lack of response to the presence of hydrogen gas may be due to a process that does not take place

at low temperatures. Possibly, the chemical reaction described in Eq. 1.4.

Results obtained while testing at 170◦C (see Fig. 3.5) show a slight response to the presence of hydrogen

gas. Nevertheless, this response is not acceptable for practical applications as the measurement is not stable

with the resistance monotonously increasing during the test.

At 200◦C (see Fig. 3.6), the sensor responds to hydrogen presence. However, there is noise in the

measurement and the resistance is monotonously increasing during the extent of the test. The drift is of

108.1 Ω/h and indicates that the sensor is not stable. Probably, the interaction with the atmosphere involves

huge time constants.

It can be seen that the increase in resistance is proportional to the hydrogen gas concentration, i.e. it

15



32 34 36 38 40 42 44 46 48 50 52

45

4660

4662

4664

T
e
m

p
e
ra

tu
re

 (
ºC

) 
  
  
  
  
  
  
  
  
R

e
s
is

ta
n
c
e
 (

Ω
)

time (min)

44.6ºC

Figure 3.4: Temperature - Resistance analysis for a sensor tested at 45◦C in a mixture of humid
80%N2/20%O2. Resistance peaks coincide with temperature valleys.
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is higher for higher concentrations of hydrogen gas. However, the resistance measurement is also dependent

upon time of exposure, i.e., the change is resistance is higher for longer exposure times. For example, the

absolute resistance change upon exposure to 4000 ppm of hydrogen gas for 10 minutes is ≃ 200Ω. However,

when exposed to the same level of hydrogen gas but for 1 minute, the absolute resistance change is ≤ 150Ω.

Results obtained while testing sensors at temperatures > 300◦C are shown in Figs. 3.8, 3.9 and 3.10. In

all these cases, the drift was found to be ≃ 20Ω/h.

However, in current relevant literature about chemical sensors, the absolute resistance change is not the

variable used to compare test results. Instead, the sensitivity S, defined as the ratio between the resistance

measurement upon exposure to the test gas R and the resistance of the sensor in the reference gas Rg is

used. Eq. 3.1 is the proper definition of the sensor response.

S =
R

Rg

(3.1)

In Table 3.1, the sensitivity upon exposure to 4000 ppm of hydrogen gas for different times and tempera-

tures is shown. This data can be easily analyzed from the graph in Fig. 3.11. The sensitivity increases with

the logarithm of time as shown in Eq. 3.2.

S = a lg(t) + 1 (3.2)

where a is a constant that represents the sensitivity change per decade of exposure time and 1 indicates that

the resistance measurement is that of the dilution gas when the sensor is not being exposed to the test gas.
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Figure 3.9: Test results at 340◦C

Table 3.1: Sensitivity at different exposure times and temperatures for 4000 ppm H2 gas.

Exposure time (sec) S200◦C S220◦C S320◦C S340◦C S360◦C

5 1.004 1.006 1.011 1.015
15 1.005 1.015 1.021 1.036 1.041
30 1.009 1.021 1.030 1.057 1.060
60 1.012 1.031 1.040 1.080 1.085
600 1.019 1.057 1.075 1.161 1.180
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Eq. 3.2 for each temperature was calculated and results are shown in 3.3-3.7. It can be observed that

the slope a, defined before as the sensitivity change per decade of exposure time, increases with increasing

testing temperature. This indicates that the sensor response is faster at higher testing temperatures.

S200◦C = 0.0084 lg(t) + 0.9961 (3.3)

S220◦C = 0.0258 lg(t) + 0.9849 (3.4)

S320◦C = 0.0333 lg(t) + 0.9818 (3.5)

S340◦C = 0.0734 lg(t) + 0.9528 (3.6)

S360◦C = 0.0808 lg(t) + 0.9484 (3.7)

Furthermore, a 50% of the sensitivity change (from S0 = 1 to St = S) attainable upon 10 minutes of

exposure to the analyte occurs in the first minute. This indicates that the mechanism by which hydrogen

sensing takes place is a combination of the two explained in Chapter 1. First, a fast linear surface reaction

comes about, in which the adsorbed oxygen reacts with hydrogen as indicated in Eq. 1.4 repeated here.

H2 + Oads → H2O + e−

Then, as the surface concentration of adsorbed oxygen diminishes, oxygen from the bulk of the CuO

diffuses to the surface and reacts with hydrogen gas. Simultaneously, Cu+2 is reduced to Cu+1 creating

copper vacancies. Now, the reaction is diffusion controlled and therefore, no longer linear. As time passes,

deeper oxygen has to diffuse to the surface to react with hydrogen and the reaction slows down. Resistance

vs. time graphs show a change in slope which indicates that the reaction slows down after 1 minute of

exposure to the target gas. This might prove that oxygen from the bulk diffuses to the surface to react with

the analyte. Fig. 3.12 summarizes the explained reaction.

Figure 3.12: Reaction progression and sensing mechanism change.
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3.2 Alternative Explanation for the Sensing Mechanism in Terms

of Intergranular Potential Barriers

The characterization of the CuO thin film by Scanning Electron Microscopy indicated that the oxide is

polycrystalline (see subsection 3.3.2). Therefore, band bending at grain boundaries can be present given

that grain size is large enough for a specific acceptor concentration. Band bending refers to the local change

in electron bands due to surface charge effects. In the vicinity of grain boundaries, due to intergrain states,

bands bend as shown in Fig. 3.13.

Figure 3.13: Band bending at grain boundaries

The figure shows the potential that corresponds to electrons. However, the majority of the carriers in

CuO are “electron holes” located in the valence band. Therefore, the potential for holes is in the opposite

direction to the one shown in Fig. 3.13. This can be observed in Fig. 3.14. From this, it can be concluded

that the potential bends forming a double parabolic Schottky-type potential barrier.

Figure 3.14: Potential corresponding to holes

For conduction from one grain to another to take place, holes have to go through or over the double

parabolic potential barrier. There are two possible mechanisms to overcome these potential barriers at grain

boundaries. The first one implies that the carriers have to go through the barrier by tunneling. The second
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one involves thermionic conduction which takes place when the holes overcome the barrier by “jumping”

over it.

In the previous section, it was observed, at low temperatures, that resistance drops when temperature

rises and viceversa (see Fig. 3.4). However, at the testing temperatures the expected behavior is the opposite

(see Fig. 3.3), i.e. the resistance should slightly increase with temperature. Then, what is wrong?

As it was explained before, conduction takes place either by tunneling of thermionic conduction. Both

mechanisms, are favored at higher temperatures. Therefore, holes have more energy to jump over intergrain

barriers or tunnel through them when the temperature is increased. Then, the result shown in Fig. 3.4

indicates that the main conduction mechanism is related to inter-granular potential barriers.

When the sensor is exposed to hydrogen gas what happens, in terms of intergrain barriers, is that the

bands bend even more and then the barrier becomes higher and wider making it harder for carriers to go

through or over it. This is experimentally measured as an increase in the sensor resistance. When the sensor

is exposed to the dilution gas (air for this work), the interaction between oxygen and grain surfaces produces

the transfer of electrons from the bulk to the surface. From this process, barrier heights diminishes and, as

a consequence, the sample resistance decreases for a p-type semiconductor like CuO.

Furthermore, the increase of sensitivity at higher testing temperatures for a given exposure time (see Fig.

3.11) indicates that grain boundary resistance decreases with temperature, effect that is also expected since

current transport mechanisms are all thermally facilitated [31].

3.3 Characterization of CuO

3.3.1 X-Ray Diffraction

X-ray diffraction patterns of CuO thin films oxidized in air at 700◦C have been widely reported in literature

[12], [14], [29]. Therefore, no X-ray diffraction was performed on the thermally oxidized samples used for

this work.

3.3.2 Scanning Electron Microscopy

After testing, the sensing material on the micro-chemical sensors was characterized by Scanning Electron

Microscopy. In Figs. 3.15 and 3.16 the microstructure of the sensing material can be observed.

The CuO sensing material microstructure is conformed by grains of a wide grain size distribution ranging

from 0.1 to 1 µm. The rough and bumpy CuO surface after the oxidation process is due to the volume

expansion that occurs during Cu to CuO conversion. The surface of CuO thin films has been reported to

become rougher and rougher with the oxidation temperature due to the increasing crystal growth rates [12].

Although the surface appears to be rough containing hills and valleys, the oxide does not show signs

of porosity: it is completely dense. Porosity is a crucial characteristic, as explained in Chapter 1, because

the greater the surface area the higher sensitivity to the analyte and the shorter the response times. For

this reason, current research in the area, and specifically this work (see Chapter 4), suggests that sensing

materials in the nanoscale show a better performance.
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Figure 3.15

Figure 3.16
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In section 2.3.2, it was explained that literature indicates that given a high enough heating rate, high

surface to volume ratio CuO nanowires can be obtained. However, no CuO nano-wires were observed in any

of the samples. This might be due to a low heating rate or a short dwell time at the highest temperature.
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Chapter 4

Results: Route 2, Hydrothermal

Process

Although materials in the nano-scale have the disadvantage of suffering solid state reactions at lower tem-

peratures than micro-scale materials, given that their high surface area represents a high driving force to

get to the thermodynamically stable state, it is expected to obtain working chemical sensors with increased

sensitivity at low testing temperatures. It was previously explained (see Chapter 1) that sensing materials in

the nano-scale show enhanced sensitivity. Some of the relevant work done in the area [11] [12] [13], indicate

that enhanced sensitivity is the result of higher surface area for gas interaction. However, this can be also

explained in terms of electronic bands.

In this Chapter, test results obtained from nano-CuO sensing material produced by a hydrothermal

process are analyzed. It is the aim of this Chapter to show results supporting the exposed hypothesis and

explain how the sensing mechanism in terms of band bending is altered by the reduction in grain size.

4.1 Test Results

In Figs. 4.1, 4.2 and 4.3 test results are shown. It is observed that at 200◦C, the sensor does not stabilize

and there is a monotonously increase in resistance. These might be, once again, the result of the sensor

interaction with its environment which is thought to involve very large time constants. At higher testing

temperatures, 300 and 400◦C, the sensor seems to be stable during the extent of the test.

Let’s define the change in sensitivity ∆S as the difference between the sensitivity in the dilution gas,

Sg = 1, and the sensitivity upon exposure to the analyte for a certain time, S.

∆S = Sg − S = 1− S (4.1)

Table 4.1, shows the sensitivity at different temperatures and exposure times for an analyte concentration

of 4000 ppm. By comparing these results with those in Table 3.1 in Chapter 3, it can be concluded that

the change in sensitivity in the thermally oxidized samples is as low as 10% of the change in sensitivity in
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Figure 4.1: Test results at 200◦C
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Figure 4.3: Test results at 400◦C

the hydrothermally obtained samples. Taking into account that the thermally oxidized samples have a grain

size in the order of 1µm and the hydrothermally obtained ones are about 25-50nm in width (see Sub-section

4.3.2), it can be reasoned out that the higher the surface area (or smaller the grain size), the higher the

sensitivity.

Table 4.1: Sensitivity at different exposure times and temperatures for 4000 ppm H2 gas.

Exposure time (sec) S200◦C S300◦C S400◦C

5 1.031 1.168 1.121
15 1.049 1.412 1.375
30 1.083 1.660 1.491
60 1.091 1.799 1.578
600 1.242 2.248 1.925

The sensor response was represented against the exposure time for different temperatures given an analyte

concentration of 4000 ppm in Fig. 4.4. It can be observed that 50% of the total change in sensitivity attained

26



in 10 min of exposure to the target gas occurred during the first 30 sec of exposure. After this, the reaction

slows down. This may indicate that from t = 0 to t = 30sec, hydrogen molecules react with the adsorbed

oxygen from the surface. Then, as the surface gets depleted of adsorbed oxygen, the reaction slows down

while oxygen from the bulk diffuses to the surface to react with the analyte.

The presence of a diffusion controlled second half of the reaction could also be explained by the long

recovery times (around 20 min) given that oxygen from the dilution gas has to adsorb onto the surface and

afterwards, diffuse into the nano-crystals.
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Figure 4.4: Sensor response vs. exposure time for different test temperatures, 4000 ppm of H2 gas

A remarkable result shown in Fig. 4.4 is that the sensitivity increases when testing temperature increases

up to 300◦C and then diminishes again. Therefore, the highest sensitivity at all times was obtained on

samples tested at 300◦C. This can also be observed in Eqs. 4.2-4.4, where a (remember Eq. 3.2) known as

the sensitivity change per decade of exposure time is the highest for 300◦C.

S200◦C = 0.1037 lg(t) + 0.9351 (4.2)

S300◦C = 0.5220 lg(t) + 0.8318 (4.3)

S400◦C = 0.3753 lg(t) + 0.9044 (4.4)

A similar result was found in literature [12], where CuO thin film chemical sensors were tested upon

exposure to 6% H2 gas in air at three different operating temperatures: 200, 250 and 300◦C given the
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highest sensitivity at 250◦C and the lowest at 200◦C.

4.2 Sensing Mechanism in Terms of Intergranular Potential Bar-

riers

4.2.1 Gas Sensing Mechanism and the Role of Surface Reactions

When exposed to air, freshly prepared copper oxide particles adsorb oxygen atoms on the surface, according

to

1

2
O2(g) + 2e− = 2O−(ads). (4.5)

Thus, oxygen atoms pick up electrons when adsorbed on the particle surface as O− ions. Each CuO

particle is covered with negatively charged O− ions on the surface. On the other hand, due to the depletion

of holes, there exists a layer of negatively charged acceptor atoms just below the particle surface. Each CuO

particle, thus, has a space-charge layer near its surface, the depth of which primarily depends on the surface

coverage of oxygen adsorbates and intrinsic hole concentration in the bulk (depletion layer, L). Other oxygen

adsorbates such as O−2 and O2− are also known to cover the surface of semiconductor metal oxides in air.

However, O− is the most reactive with the inflammable gases within a temperature range of 300-500◦C, in

which most semiconductors gas sensors are operated [32].

A typical linear arrangement of CuO particles, which may be encountered in a semiconductor gas sensor

used in the form of either thin/thick films or pellets, is shown in Fig. 4.5. The presence of an electrical double

layer at each grain boundary decreases the potential barrier for the conduction of holes. Hence, a p-type

oxide semiconductor exhibits low electrical resistance in air. When the sensor is exposed to an atmosphere

containing inflammable gases at elevated temperature, the O− adsorbates react with the inflammable gases

and release the electrons. As a result, the depth of the space-charge layer increases, causing an increase in the

height of the potential barrier for the conduction of holes at the grain boundaries. The overall resistance of

the sensor raises and its electrical conductivity decreases. The sensitivity of the gas sensor is then determined

as the ratio of its resistance in air to that in a sample gas containing inflammable components [33].

Figure 4.5: A model of the variation in potential barrier to electronic conduction with respect to changes
in the crystallite size. a) D >> 2L, b) D ≥ 2L, c) D < 2L, where D is the crystallite size and L is the
space-charge layer thickness. In a-c, the potential barrier is mainly controlled by the grain-boundaries, the
necks, and the grains, respectively. Reproduced from [33]
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4.2.2 Effect of Particle Size on Sensitivity

A semiconductor gas sensor has two functions. The receptor function (i.e., surface oxygen) recognizes or

identifies a chemical gas component. If a metal or a metal oxide is added onto the surface as a surface

modifier, it may influence the receptor function. The transducer function transforms the chemical signal

into an electrical signal. In this case, the holes generated via chemical reaction are conducted through the

material. As these conduction of holes have to overcome the potential barrier induced by the space-charge

layer, the microstructure of these sensors plays the key role in controlling the transducer function. The

magnitude of this potential barrier to electronic conduction strongly depends on the ratio of the crystallite

size D to the space-charge layer thickness L [32].

In a semiconductor gas sensor, the crystallites are connected to each other via necks forming aggregates

(i.e., large particles). The large particles are, in turn, connected to the neighbors via grain boundary contacts.

When the crystallite size is very large D >> 2L, the conduction holes have to overcome the potential barrier

induced by the space-charge layer at each grain boundary contact (Fig. 4.5 a). In this situation, the

resistance of the gas sensor is determined by the resistance offered by the grain boundary contacts, which is

independent of the grain size. Hence, when the crystallite size is very large compared to the space-charge

layer D >> 2L, the sensitivity of an oxide semiconductor is independent of the crystallite size.

As the crystallite size decreases, the space-charge layer penetrates deeper into each of the crystallites.

When the crystallite size approaches the space-charge layer thickness D ≥ 2L, the space-charge layer forms

channels at each neck within a particle (Fig. 4.5 b). As the conduction holes must move though these

channels, they experience potential barriers in addition to the potential barrier existing at the grain boundary.

Under these constraints, the resistance of the gas sensor is determined predominantly by the neck resistance.

As the neck size is observed to be proportional to the crystallite size, the sensitivity of the gas sensor is

dependent on the crystallite size when D ≥ 2L.

As the crystallite size reduces below two times the space-charge layer thickness D < 2L, the entire crys-

tallite becomes depleted of carriers. The space-charge layer then penetrates into the crystallite completely

(Fig. 4.5 c). The electrical resistance of the gas sensor decreases abruptly and is controlled mainly by the

grain resistance [33]. In this region, given that the ratio between surface area and volume increases abruptly

(S/V ⇈), the number of carriers also increases for a specific oxygen gas partial pressure. The sensors sensi-

tivity is high and conduction is accurately explained by means of bulk conduction mechanisms.

4.3 Characterization of the nano-crystals obtained by the hydrother-

mal process

4.3.1 X-Ray Diffraction

Cu2O can be identified by its peaks at 2θ = 29.5◦, 36.4◦ (†), 42.3◦ (‡), 61.6◦, 73.8◦ and 77.6◦. These

correspond to (110), (111), (200), (220), (311) and (222) [34]. CuO can be identified by its most relevant

peaks located at 2θ = 32.5◦, 35.6◦ (†), 38.8◦ (‡), 48.7◦, 53.4◦, 58.3◦, 61.6◦, 66.5◦, 68.2◦, 72.4◦ and 75.3◦.

These peaks are indexed to CuO (110), (111), (111), (202), (020), (202), (113), (310), (220), (311) and (222)

[13]. † corresponds to the highest peak and ‡ corresponds to the second highest peak.
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The remaining solution from the hydrothermal process called Run 1 was dried and the powder obtained

was used for XRD characterization. The XRD graph obtained is presented in Fig. 4.6. It can be seen that

the peaks corresponding to CuO are present in the sample.
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Figure 4.6: XRD results for powder obtained from solution Run 1

4.3.2 Scanning Electron Microscopy

The nano-crystals grown onto the Cu seed using the three solutions, called “Run 1, 2 and 3”, described in

Table 2.2 (see Chapter 2) in a hydrothermal process were characterized by Scanning Electron Microscopy.

In Figs. 4.7 and 4.8 the results from the hydrothermal process using solution “Run 1” are presented.

The copper oxide nano-crystals cover the whole surface previously seeded with Cu. When using higher

magnifications, platelets with thicknesses in the nano-scale can be observed. From these images, it can

be concluded that the sensing material has a very high surface area. This property is desired for sensing

purposes, since higher surface area implies higher sensitivity. As described in Chapter 1, non-equilibrium

surfaces enhance gas adsorption, i.e., an ultra high surface area facilitates gas interaction.

Results obtained from “Runs 2 and 3” are presented in Figs. 4.9 and 4.10. In these images, it can be

seen that the copper oxide particles do not cover the entire surface of Cu seeds. Instead, they form isolated

spheres. Higher magnifications show that the spheres are formed by platelets with similar dimensions to

those of Fig. 4.8. Nevertheless, the results from these runs are undesirable since the CuO crystals are

not creating a bridge between the fingers of the IDEs. Therefore, the sensor is not conductive and cannot

serve its purpose. These results might indicate solution saturation for high concentrations of Cu(NO3)2) in

de-ionized water.
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Figure 4.7: SEM results of solution Run 1 - x8000 Figure 4.8: SEM results of solution Run 1 - x50000

Figure 4.9: SEM results of solution Run 2 - x3500 Figure 4.10: SEM results of solution Run 3 - x1300

In all three cases, the platelets have the thickness dimension in the nano-scale ranging from 25 to 50 nm

and they seem to grow perpendicular to the surface.
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Chapter 5

Conclusions

Nano-derived CuO micro-chemical sensors were successfully developed and tested upon exposure to hydrogen

gas. The sensing material was obtained with two different processing routes which leaded to different

morphologies. Results indicated that the performance is enhanced when the grain size of the sensing material

is reduced in agreement with theoretical predictions.

During the extent of this work, it was proven that cupric oxide is sensitive to hydrogen gas in a variety of

concentrations, ranging from 1000-4000 ppm. Although these concentrations may be high compared to those

encountered while dealing with explosive materials, results obtained in the present work represent a step

forward to meeting the objective of remotely detecting them. In addition, these sensors may have application

in industrial processes where higher hydrogen concentrations have to be detected to ensure process control

and safety management.

As it was predicted by literature [11] [24], it was confirmed that the sensitivity S increases linearly with H2

concentration. It was also observed that the response increases linearly with the logarithm of exposure time,

which indicated that the resistance changes more abruptly during the first minute of exposure (thermally

oxidized CuO) or within 30 seconds of exposure (hydrothermally obtained CuO). As these can be considered

the response times for both kinds of sensors, it can be concluded that the smaller the grain size, the faster

the response time.

A fast response time has been described as one of the most important characteristics of metal-oxide

sensors. In the present work, thermally oxidized CuO and hydrothermally obtained CuO as well responded

to hydrogen presence within 5 seconds of exposure to the analyte reassuring fast response. Recovery times,

however, have to be improved.

Gas sensing measurements indicated that the sensitivity increases when grain size decreases, S ↑ as D ↓.

This was explained in terms of inter-granular potential barriers, given that a decrease in grain size would

overlap space-charge regions, also known as depletion regions, making potential barriers at grain boundaries

disappear, which in turn would make the resistance to be bulk controlled. Data obtained from this work was

combined with data from literature [12], and it is presented in Fig. 5.1 where the sensitivity vs. grain size is

shown. From this, it can be presumed that sensing materials with grain sizes smaller than 25 nm will have

the greatest sensitivity.
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Figure 5.1: Sensor response vs. grain size. • correspond to [12] where CuO sensors were tested at 250◦C in
6% H2 gas. × corresponds to results obtained in the present work. Grain size for hydrothermally obtained
CuO was considered to be 50 nm, while the mean grain size for thermally oxidized CuO, 550 nm, was used.

5.1 Future Work

• Test these sensors in other fingerprint gases, such as COx, NOx, SOx, etc. Analyze their response.

• Produce CuO and modify its surface with noble metals or oxides to increase the sensitivity of the

sensors. Noble metals such as Pt are expected to act as a catalyst for catalytic decomposition of

inflammable gases over the CuO particle surface, and thus, enhance the spillover of inflammable gases

over the CuO particle surface so that they react with the oxygen adsorbate more easily [33]. Some

oxides may increase the space charge region making it easier to obtain greater sensitivities.

• Design the best sensor array, in which each sensor has enhanced detection of a singular fingerprint gas,

and build a neural network to process data and estimate the explosive that is being detected.
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Appendix A

Deposition Rate Studies

A.1 Pt Deposition Rate Study

A deposition rate study was performed using the CVC 610 DC Magnetron sputter station prior to making

the electrodes for the sensors.

Pieces of cleaned silicon wafers were used as substrates. A piece of copper tape was used to attach the

wafers to the sputter station’s substrate holder as shown in Fig. A.1. Pt was sputtered onto the p-type Si

wafers for different periods of time. When the sputtering was done, the copper tape was removed, creating

a “step” (see Fig. A.2). Measurements of the hight of this step were done by means of a perfilometer.

Figure A.1 Figure A.2

Results to this study can be seen in Fig. A.3. The average values of the measurements for each time

were used to calculate the deposition rate (See Fig. A.4). From this graph, the deposition rate for Pt can

be calculated as 56.6 nm/min.

A.2 Cu Deposition Rate Study

Using the same procedure as for the Pt Deposition Rate Study, the deposition rate of Cu was obtained.

Measurements done for this study are shown in Fig. A.5. Average measurement results are represented in

Fig. A.6. Cu deposition rate: 67.9 nm/min.
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Figure A.3: Pt step hight perfilometer measurements

0 2 4 6 8 10

0

100

200

300

400

500

600

A
v
e
ra

g
e
 S

te
p
 H

ig
h
t 
(n

m
)

Sputtering Time (min)

y=0.2+56.6x

R=1

Figure A.4: Average values of Pt step hight
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Figure A.5: Cu step hight perfilometer measurements
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Figure A.6: Average values of Cu step hight
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Appendix B

Inter-Digitated Electrodes Dimensions

In Fig. B.1, the schematics of the Pt electrodes made during this work is shown. Dimension of the electrode

can be seen on Table B.1. From this, the area of the Cu rectangles can be calculated as

ACu ≃ (c− 2a)b = 3.734 mm2

Figure B.1: Pt IDEs dimensions

Table B.1: Dimensions of Pt electrode.

(µm)
a 750
b 1150
c 4747.31

The copper sputtering time was 8 minutes. Using the results from Appendix A, the copper thickness can

be calculated to be 500 nm.
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