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SUMMARY 

 
 
Keywords: Gas Sensor, Hydrogen, Pt, PtAg Alloy 

 

This thesis presented hydrogen (H2) sensing properties of platinum (Pt) and 
platinum-silver (Pt-Ag) thin films. Pt and PtAg films were deposited on glass 
substrate by magnetron sputter technique. The Pt thin films with different thickness 
(2-50 nm) were prepared using RF sputtering method. The thicknesses of the films 
were controlled by a piezoelectric sensor placed in sputter system at the same time of 
coating process. On the other hand in this study, 3 nm PtxAg1-x (x: 0.95, 0.90, 0.80 
and 0.50) thin films were coated by co-sputtering technique. The structural properties 
of Pt and PtAg alloy films were characterized by X-ray diffraction (XRD), scanning 
electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS) and energy 
dispersive X-ray spectroscopy (EDX) techniques. Hydrogen sensing properties of the 
Pt and PtAg films were investigated depending on film thickness, temperature and 
concentration. Temperature dependent resistances and the gas measurements of the 
Pt and PtAg thin films were studied under a dry air flow and hydrogen ambient at a 
temperature range from 30 °C to 200 °C. Thus the best working performances of Pt 
and PtAg sensors were detected.  
 
The results showed that the resistance is directly proportional with temperature, and 
inversely proportional with the thickness of Pt thin film sensors. The H2 sensing 
properties of Pt thin film sensors were examined in the concentration range of 0.1 % 
- 1 % H2. Among the results for Pt thin films, it was revealed that the Pt thin film 
with 2 nm thickness exhibited the best sensing performance to H2 at 30 °C under dry 
air flow. The best response time was obtained at high temperatures for Pt thin film 
sensors. H2 sensitivity of PtAg sensors were also investigated in the concentration of 
25 ppm - 1000 ppm H2. The resistances and the sensitivities of PtAg thin film sensors 
were increased with enhancing the temperature. Among the results for PtAg sensors, 
3 nm Pt0.80Ag0.20 sensor showed the best sensitivity properties at 150 oC. 
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NANOYAPILI Pt VE Pt-Ag 

 

 
ÖZET 

 
Anahtar kelimeler: Gaz Sensör, Hidrojen, Pt, PtAg Alloy 

 

 platin (Pt) ve platin- -Ag) ince filmlerin 
ni incele  Pt ve PtAg  üzerine 

magnetron spu  a sahip Pt filmler 
(2-   K  
filml  sputter sistemi içerisinde bulunan piezoelektrik sensörle 

.  3 nm PtxAg1-x (x: 0.95, 0.90, 0.80 ve 0.50) ince filmler 
co-sputtering yön  Pt ve Pt

- am X-
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3 nm Pt0.80Ag0.20 sensör için 150 o .  
                           

 



 

 

 
CHAPTER 1. INTRODUCTION 
 

 

In recent years, the industrialization of world has caused series of problems which 

are related with the technological developments. The industrial processes have 

involved increasingly the use of highly dangerous, toxic and combustible gases. In 

some cases, gas escapes may occur in the places gases were used. The gas escapes 

cause a potential hazard for the industrial factories, workers of the plants, and also 

people living nearby. Gas leakage causes some disastrous incidents and 

consequences for people such as asphyxiation, explosions and even loss of life. The 

increasing usage of gases in industrial processes makes it absolutely necessary to 

control air pollution in several areas such as environment, factories, hospitals, 

laboratories and many more. All these problems mentioned above have led to 

produce gas sensor devices. Gas sensors help to prevent caused from gas escapes and 

thus it plays a key role in various technological processes [1, 2]. 
 

1.1. The Role Of Gas Sensors In Industry 
 

Gas sensors are smart devices which help to prevent the problems caused from 

escape of gas. Sensor technology has evolved inevitably over the recent years and 

thus it is becoming an indispensable technology. Sensors play an important role in 

various modern technological processes, where control of gases are necessary. Gas 

sensors have become more significant because of its common applications in various 

areas such as the chemical and petrochemical industries, food quality control, 

semiconductor manufacturing, agriculture, power generation, fabrication industries  

including the motor, ship, and aircraft industries [2]. 
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The atmospheric air includes several kinds of natural and synthetic chemical species. 

Some of the species are vital but many others are harmful to human life [3]. 

Therefore, the monitor of toxic and harmful gases has become a critical issue. Gas 

sensors control the contents of the dangerous gases in atmosphere. Therefore this 

smart artifacts improve our quality of life with their wide applications.  

 

1.1. Requirements For An Ideal Gas Sensor  

 

An ideal gas sensor could be thought to have the following characteristics [4]: 

 

-   Rapid response time and reversibility 

-   High sensitivity  

-   Compact size 

-   Chemical selectivity 

-   Wide operation temperature 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 
 
CHAPTER 2. HYDROGEN GAS SENSORS 
 
 

One of the widely used application areas of the gas sensor is hydrogen technology. 

Today several researchers have focused on novel methods to develop next generation 

hydrogen gas sensor having the necessary requirements such as reliable, low cost, 

compact size and low power consumption.  

 

2.1. Approaches Of Nanoscience And Nanotechnology For Hydrogen Detection 

 

Nanoscience and nanotechnology include the manipulation of materials in the atomic 

level to enhance material properties. This leads several innovations in processing of 

materials. One of the main applications of nanotechnology is sensor technologies. In 

this respect, nanoscience has a profound effect on every field of study that will 

conspicuously change and revolutionize hydrogen gas sensors [5]. Usage of 

nanostructured materials assure the dramatic changes in sensor capabilities and their 

designs. Low weight, smaller size, higher sensitivity, low power consumption and 

better selectivity are some of improvements of nanosized materials in sensor design 

[6]. 

 

There are several kind nanomaterials used for hydrogen sensors. Carbon nanotubes, 

nanoparticles, nanowires, nanowhiskers, metallic nanotubes, metal oxide 

nanostructures, and nanoclusters are some of the nanomaterials investigated for 

hydrogen sensing. Most of these materials are nanoscale components of bulk 

materials, which have been investigated for hydrogen sensing for several years. 

Nanomaterials have high surface to bulk ratio resulting in higher sensitivity, faster 

response time, and high selectivity in comparison with their bulk counterparts [7]. 
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2.2. As An Alternative Energy Source: Hydrogen 

 

After the present of Industrial Revolution, inexpensive and abundant resources have 

fueled technological advances. Growing of technology will require a supply of 

inexpensive energy which is not sustainable with current resources. In addition, 

concerns about greenhouse gas emissions from fossil fuel sources are generating a 

new set of technological requirements [8]. Thus in recent years, several studies have 

focused on searching for the new fuel source having zero emission and also being 

abundant in nature. Hydrogen, which is the third most abundant element on the 

 meets all these fuel requirements perfectly. Hydrogen generation 

has the potential of being inexpensive, effective and coupled with the fact that it is 

renewable makes it an attractive choice as fuel in various applications [9, 10].  

 

Recently, hydrogen has received much attention because of its use as a clean energy 

source and therefore it has viewed as the fuel of the near future. The energy supplied 

by hydrogen is high. The energy amount produced by hydrogen per unit weight of 

fuel is about three times the energy contained nearly seven times that of coal and in 

an equal weight of gasoline [9].  
  

Hydrogen has a great potential as a process gas in many industrial and technological 

applications such as chemical, food, metallurgy, electronics, medical and petroleum 

etc.[1]. Today there has been a wide market share of hydrogen consumption. 

According to the report of the Canadian Hydrogen and Fuel Cell Association 

(CHFCA), the global hydrogen and fuel cell market is poised to be worth $8.5 billion 

by 2016 [11]. Market share of hydrogen consumption in terms of application details 

are shown by Figure 2.1. 
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Figure 2.1. Market share of hydrogen consumption in terms of application areas [12] 

 

2.3. Hydrogen 
 

The promising use of hydrogen help to meet the growing energy demand. However 

in order to implement this, hydrogen monitoring and leak detection systems are 

needed. Because hydrogen has many different properties compared with other 

flammable gases. Hydrogen is colorless, odorless and tasteless gas. It cannot be 

detected by human senses. Hydrogen is explosive in a wide range of concentrations, 

from 15 % to 59 %, at normal atmospheric pressure. It is flammable at the 

concentrations between 4 % and 75 % in air [13]. 

 

In comparison with other fuels, hydrogen is actually far less dangerous than the 

gasoline and methane, as summarized in the Table 2.1. However, small size of the 

hydrogen molecule causes the gas to diffuse rapidly and permeate easily through 

various materials. Low mass and high diffusivity features of hydrogen make it 

difficult to store and use safely. A sensitive leak detection system is therefore crucial 

for the hydrogen safety [14]. 

 
Table 2.1. Basic safety relevant properties of combustibles [15, 16] 

Properties Hydrogen Methane Gasoline 
Limits of flammability in air (vol %)                         4-75           5-15         1.0-7.6 
Auto-ignition temperature (oC)                                  585           540         228-471 

           20           290            240 
Flame propagation velocity (ms-1)                             3.46           0.43             -- 
Diffusion coefficient in air(cm2s-1)                             0.61           0.16             0.05 
 



6 
 

 

Regarding all these cases about the hydrogen, it is clear why it is require to create a 

new hydrogen monitoring system. The need for robust, affordable and compact 

hydrogen sensor is driving the development of new sensor technology [17]. There is 

a need for reliable, low cost, portable, highly specific hydrogen gas sensors which 

are capable of detecting the presence of dangerous levels of hydrogen [18]. 

 

2.4. Hydrogen Gas Sensors 

 

The main object of hydrogen gas sensor is to provide reliable informations about the 

chemical composition of the surrounding environment. Therefore, a sensor designed 

for gas sensing should operate continuously and reversibly. Hydrogen sensor should 

produce a measurable signal output at wide range of gas concentration. It should be 

instantaneously selective to the hydrogen gas. Simple fabrication, fast response, 

relative temperature and humidity insensitivity are also useful requirements of the 

designed hydrogen sensor. For portable applications, an ideal H2 sensor should be 

small size, has low energy consumption and it should provide repetitive 

measurements of target hydrogen gas for a long time [2]. 

 

2.5. Types of Hydrogen Sensor  
 

Mass spectrometers, gas chromatographs and specific ionization gas pressure sensors 

are some of the examples of traditional hydrogen gas detectors. However these 

sensors have some shortcomings such as high cost, large size, slow response time, 

sometimes working at elevated temperatures. A good hydrogen sensor is required 

smaller size, low cost, low power consumption, fast response time and work even at 

room temperaure for widely use as portable and in-situ monitoring. Hydrogen 

economy has developped rapidly and the number of researches on promoting new 

types of hydrogen gas detector have increased [19]. 

 

Currently, several types of hydrogen sensor have been commercialised to find the 

best working sensor perfomance. Hydrogen sensors can be classified into six main 

types according to the gas sensing mechanism of the sensor such as electrochemical, 
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catalytic, thermal conductivity, surface acoustic wave, metal oxide and resistive 

metal based hydrogen sensors. 

 

2.5.1. Electrochemical hydrogen sensors 
 

Electrochemical hydrogen sensors consist of three-electrode system, an electrolyte 

solution and a selective membran. The potential difference occurs between the 

electrodes and hydrogen concentration because of the chemical reactions on the gas 

sensor surface. The basic representation of electrochemical sensor is given by Figure 

2.2. 

 

 
Figure 2.2. Electrochemical hydrogen sensor [20] 

 

Electrochemical hydrogen sensors are widely used as a commercially in industry. 

Electrochemical sensors require very little power to operate and they are have fast 

response time. The life expectancy of the sensor is highly dependent on the 

environmental contaminants, temperature, and humidity [21]. These sensors cannot 

be operated at low pressures or at sub-zero temperatures [14]. Moreover 

electrochemical hydrogen sensors have high cost, limited lifetime and also cross 

sensitive to CO. 

 

2.5.2. Catalytic hydrogen sensors 

 

Catalytic hydrogen sensors are based on the temperature change occuring because of 

exothermic oxidation on heated surface of the sensor film. The principle of catalytic 
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sensor is based on heating up a catalytic surface to its working temperature as shown 

in Figure 2.3. If a combustible hydrogen gas is provided in the environment, it will 

react with oxygen to water. This exothermic reaction leads to a higher temperature 

[22]. There are two pellistors of the sensor surface which are connected by a 

Wheatstone bridge.  
 

 

Figure 2.3. Catalytic hydrogen sensor [23] 

 

Catalytic sensors work at a wide operating temperature. However these sensors are 

not selective completely to hydrogen gas. Also the sensor needs oxygen between 5 % 

and 10 % in the atmosphere to work exactly. 

 

2.5.3. Thermal conductivity sensors 

 

Thermal conductivity hydrogen sensors are based on measuring the heat lost from a 

resistive element to the walls of the sensor. The sensor is thermostatically maintained 

at a certain temperature, while the resistive element is maintained at a higher 

temperature. The temperature of the sensor depends on heating lost to the lower 

temperature. The electrical resistance of the heated sensor is measured by using 

Wheatstone bridge [24]. The schematic representation of thermal conductivity 

sensors is given by Figure 2.4. 
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Figure 2.4. Thermal conductivity hydrogen sensor [4] 

 

Thermal conductivity sensors are inexpensive and have resistivity to poisoning. Also 

the configuration of the conductivity sensors are simple. However the detection 

limits of the thermal conductivity hydrogen sensors are very low. They are not able 

to measure low concentrations and also they have cross sensitivity to helium gas.  

 

2.5.4. Surface acoustic wave hydrogen sensors 

 

Surface acoustic wave (SAW) hydrogen sensors operate by using interdigitated 

transducer (IDT). The IDT transducer is used to transform radio frequency (RF) 

signals into an ultrasonic electrochemical wave and vice versa a piezoelectric 

transduction process in a piezoelectric crystal [25]. SAW sensors are sensitive to the 

changes of the boundary conditions of the propagating wave. These waves are 

introduced by the interaction of an active thin film with hydrogen molecules. Figure 

2.5 demonstrates the working principle of the surface acoustic wave sensor. 
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Figure 2.5. Surface acoustic wave hydrogen sensor [19] 

 

Surface acoustic wave sensors provide desirable characteristics for hydrogen 

detection due to their small size, low cost, ease of integration and high sensitivity. On 

the other hand, SAW sensors are highly dependent to temperature and humidity [26]. 

 

2.5.5. Metal oxide hydrogen sensors 

 

Hydrogen detection mechanism of metal oxide sensors includes a two-step process. 

In the first step,  ambient oxygen gas is adsorbed on the defect surfaces of the metal 

oxide layer. In the second step, hydrogen gas diffuses to the metal oxide surface to 

react with the adsorbed oxygen. An electron transfer is occured into the metal oxide 

due to the this oxidation reaction. This electron transfer process is detected as a 

change in conductivity. Besides conductivity change is caused from the decrease in 

energy barrier of the metal oxide. Metal oxide semiconductors (MOS) have a 

capability of broad hydrogen gas detection. However they are not selective to 

hydrogen exactly and they have high power consumption. In addition the 

surrounding gas environment has an effect on the concentration of hydrogen 

recorded by the detector [27]. The basic principle of metal oxide sensor is shown in 

Figure 2.6. 
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Figure 2.6. Metal oxide hydrogen sensor [23] 

 

2.5.6. Metallic resistive hydrogen sensors 

 

Detecting the best sensitive hydrogen gas sensor is one of the most frequently 

discussed topics regarding of all types of H2 gas sensors. In this respect, advantages 

or disadvantages of hydrogen sensors should be evaluated. In terms of the working 

characteristics of gas sensors, every type of sensor has some specific disadvantages. 

For instance, metal oxide-based hydrogen sensors are high sensitive to air humidity 

and have low selectivity. Because of the surface effects of metal oxides, these 

sensors can transform a dormant form after several days of inactivity. Thermal 

conductivity sensors are not able to measure low concentrations of hydrogen. 

Electrochemical hydrogen sensors have a short lifetime and high cost, so they are 

becoming unpopular. However, there is an another type of hydrogen sensor: metallic 

resistive sensors. In comparison with other sensors, resistive hydrogen sensors are 

small size, have excellent sensitivity, low cost, short response time, low power 

consumption for adequate battery life and very good suitability for portable usage 

[2]. Because of these advantages of metallic resistive hydrogen sensors, our study 

was devoted to investigate metallic resistive sensor properties of Pt and PtAg thin 

films.



 
 

 
 
 
CHAPTER 3. METALLIC RESISTIVE HYDROGEN SENSORS  
 

 

Metallic resistive sensors appear to have a promising future due to their unique 

properties in the detection of hydrogen gas quickly and accurately. Resistive 

hydrogen sensors have a simple structure in terms of compact size and operating 

mechanism. The working principle of resistive sensors is simply based on the change 

of electrical conductivity of the device in hydrogen ambient and absence of H2 [2]. 

The change is transformed into an electrical signal by using a proper transducer. The 

conductivity is measured as a current change and it is related with the concentration 

of hydrogen gas [2, 6]. 

 

3.1. Sensing Materials For Resistive Sensors 

 

A sensing material is a substance that changes its physical or chemical properties 

according to the variation of hydrogen concentration in the ambient. Sensing 

materials always have a significant effect on the sensing characteristics and it plays a 

key role in the successful implementation of resistive hydrogen sensors. In order to 

support an effective resistive gas sensors, some parameters are needed such as 

sensitivity, accuracy, fast response time, low power consumption etc. Almost all 

these parameters are connected with the exact sensing material used in resistive 

sensor. Therefore the selection of optimal sensing material is one of the most 

important criteria for hydrogen detection for resistive sensors. 

 

3.2. Literature Review 
 

Most of the studies covering the resistive hydrogen sensors are generally devoted to 

analysis of one spesific sensing material, Palladium (Pd). Palladium and its alloys 

have been extensively used as a sensitive material for the resistive hydrogen sensor. 

There have been lots of studies try to explain the mechanism of hydrogen gas 
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response based on Palladium metal [28 - 32]. However these studies have shown that 

there are some disadvantages of Pd when it is used as a sensing material. Palladium 

has been shown that high concentrations of hydrogen destruct it by blistering and big 

efforts have been made to stabilize it by modification [33]. Although Pd is a stable 

metal in air, it is oxidized at high temperatures. Therefore there are few Pd-based 

resistive sensors which operate at above room temperature because of the oxidation 

of Pd.  
 

 

Figure 3.1. Elements arranged closely to palladium in the periodic table [34]  

 
Regarding all the shortcomings of Pd metal as a sensing material, the efforts to 

improve the selectivity of resistive hydrogen sensors have been focused on searching 

for new sensing materials. In the periodic table, among the candidate metals as 

shown in Figure 3.1, platinum has higher catalytic activity than palladium. Pt is 

thought to be stable because of its low hydrogen diffusion as compared to palladium 

[36]. Platinum provides stable and fully reversible signals even at room temperature. 

Also, a wide detection range is available and very fast response times are observed at 

the room temperature by using Pt [33]. 

  

Despite all these promising features of platinum, there has been quite limited studies 

about the Pt based hydrogen sensors [35-39]. The study of Yang et al. [37] is a good 

example in that the comparison Pd and Pt as a sensing material for hydrogen gas 
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sensor. They synthesized Platinum (Pt) and Palladium (Pd) nanowires by 

electrodeposition method. They compared the Pt and Pd nanowires based on the 

sensing mechanism of hydrogen. The experiments showed that single Pt nanowire 

was more sensitive than Pd nanowire. A Pt nanowire was able to detect H2 at much 

lower concentrations (down to 10 ppm) than a Pd nanowire of the same size. 

However the problem of the study is that the response and recovery time of Pt was 

lower than Pd at all H2 concentrations. Patel et al. [39] worked on the structure and 

hydrogen-induced conductometric response of thin particulate Pt films. They 

2 surface by electron-beam evaporation. They 

investigated H2 sensitivity depend of the temperature and concentration. 5 % oxygen 

was used with nitrogen as a carrier gas. The results indicated that the electrical 

resistance of Pt film decreased in the presence of hydrogen. However, the H2 

sensitivity of Pt increased with increasing the temperature. Abburi et al. [38] studied 

on the fabrication of nanoporous Pt films and its application as hydrogen sensors. 

They demonstrated that the resistivity of nanoporous Pt film increased when the film 

surface exposed to hydrogen gas. The increase in resistivity has explained with the 

forming of PtHx hydride phase. Also, they indicated that there is no need any oxygen 

to detect H2 gas via nanoporous Pt films. Among these studies, the sensing 

mechanism of Pt resistive hydrogen sensor is not fully understood. The working the 

principles of the sensors have been explained differently and controversially. One of 

the study [39] has supported an idea that the resistivity of Pt decreases with the 

increasing of hydrogen. On the contrary, the other work [38] has proposed that the 

resistivity of Pt increases in the presence of hydrogen. 

 

Moreover, in the most of the researches about Pt-based hydrogen sensors, it is 

observed that sensors have two main shortcomings such as low sensitivity and 

operation at high temperature. While some of the studies have focused on sensitivity, 

the others have studied about the operating temperature. High sensitive sensors 

generally work at high temperatures. This situation causes the increasing of the 

power consumption [40]. On the other hand, the sensors which operate at the low 

temperatures are not sensitive enough to the detection of hydrogen. 
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The aim of the thesis is to overcome these shortcomings in this regard and to reveal 

the sensing mechanism of hydrogen gas detection by utilization of Pt and Pt-Ag 

alloy. The thesis has demonstrated that the low concentration detection of hydrogen 

even at room temperature is fabricated by using Pt as a sensing material having high 

sensitivity. Fast, economic and easy preparation techniques have been used to obtain 

Pt nanosized thin film as a sensing material. It has been examined the role of the 

noble metal platinum as a catalyst to reveal that the Pt based hydrogen sensors is the 

best sensitivity in a wide range of temperature. Also one of the main object of this 

thesis is to explain the sensing mechanism of hydrogen detection and, thus to create 

low cost and low power hydrogen gas sensor working at room temperature. 

 

Until now there has been no study about PtAg alloys in the application of hydrogen 

sensor to our knowledge. So the thesis will be the first study about PtAg alloy thin 

films used in hydrogen sensors. It is expected that the dissertation will provide useful 

guideliness on H2 gas sensor. The succesful utilization of Pt and Ag nanoparticles for 

hydrogen detection makes several contributions in hydrogen gas sensor technology. 

 

 



 
 

 

 

CHAPTER 4. EXPERIMENTAL TECHNIQUES 

 
 
4.1. Deposition Techniques 

 

Thin film technology is one of the main application area of the solid-state 

electronics. Especially the usefulness of metal films in a wide range of the scientific 

and technological applications has promoted interest in studying of thin films [41]. 
 

As a general term, thin film is a layer which is condensed the species on the surface. 

The range of thin film thickness is between the nanometer and micrometer. The 

growth process of the thin films has great importance due to the fact that thin film 

processing influences the film thickness, physical structure of the substrate. 

According to the properties of bulk material, some deviations can occur due to 

physical structure, large surface to volume ratio and also small thickness of the films. 

All these criterias about the thin film growing may effect gas adsorption-desorption 

process and catalytic activities of the films [42]. 

 

There are several thin film coating techniques such as pulsed laser deposition [43], 

chemical vapor deposition [44], dip-coating technique [45] and magnetron sputtering 

deposition [46]. Among these techniques, magnetron sputtering deposition has 

become one of the most common methods to fabricate thin film due to its advantages 

of coating uniformly and higher sputter rate and continuity of the films. 

 

4.1.1. Sputtering technique  

 

Sputtering is a term used to describe the process of ejection of atoms from a solid 

target material by making bombardment of the target using particles having high 

energy [47]. 

 



17 
 

 

Sputtering deposition is a physical vapor deposition technique (PVD) and it has 

widely usage area for scientific and industrial areas. Sputtering is generally used in 

coating applications such as optical, biomedical or electronic device industry. Metals, 

alloys, ceramics or multilayer materials can be deposited successfully by the 

sputtering. The technique provides high quality functional film coating and it has 

several advantages. Materials having very high melting points are sputtered easily. 

Sputtered films have good adhesion and low roughness layer on the substrate. Low 

friction, corrosion resistant and wear resistant coatings are produced by the 

sputtering technique [48]. 

 

4.1.1.1. Mechanism of sputtering 

 

Sputtering system consists of a power supply,  a substrate (anode compartment) 

material to be coated and a target material (cathode compartment)  applied negative 

potential. Sputtering process needs vacuum conditions to fabricate higher quality 

films. In sputtering process,  a substrate material and target material are placed in a 

vacuum chamber including an inert gas. Plasma medium is created by ionizing inert 

gases, generally Argon gas is used. The coating process begins when the target 

material is bombarded by the ions of Argon gas. Firstly, neutral Argon atoms impact 

with free electrons released from the target in the plasma. Thus, inert gas atoms 

become positively charged ions and formed Ar+ ions. Argon ions dislodge the atoms 

of the target material on the surface. The surface of coating material is vaporized by 

the ion bombardment and atoms are sputtered from the target. The repelled atoms 

start to move from the target to the substrate in plasma medium. The ejected atoms 

are deposited and formed a film label on the substrate surface. The process continues 

until the surface of substrate material is completely coated [49, 50]. The principle of 

the sputtering process is shown in Figure 4.1. 
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Figure 4.1. The principle of sputtering technique [51, 52] 

 

4.1.2. Magnetron sputtering deposition 

 

Despite the sputtering process is a widely used technique in material deposition, it 

has some dificulties in practice such as low ionisation effect in the plasma medium, 

low rate of deposition, and increasing of substrate temperature because of the 

plasma. Moreover the ion bombartment can cause overheating and the structural 

damages in the substrate to be coated can be observed. Therefore a magnetic field 

was placed in a vacuum system to overcome all the problems of sputtering. Magnetic 

field is used to control ion velocity and behavior by using the property of ions that 

are charged particles in magnetron deposition. In the magnetron sputtering process, 

free electrons are trapped above the target surface aided by the magnets and confined 

above the target. Hence it is prevented to escape the free electrons from out of the 

magnetic field and to attact these electrons toward the substrate to be coated. Via the 

magnetic field it is produced to confine and to keep the plasma going near the target. 

In this way the damages are induced in thin film formation on the substrate surface 

[49, 50]. 

 

In magnetron deposition, a voltage source (DC, RF) is placed behind the target 

material and a negative electrical potential is applied to the target. The electrical 

potential cause free electrons to accelerate away from the magnetron. When Argon 

atom collides with these free electrons, positively charged Argon ions (Ar+ ions) and 
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secondary electrons are created caused from a strong potential difference. The 

secondary electrons are confined near to the target compartment. Argon ions are 

accelerated toward the magnetron and the atoms of the target surface are sputtered. 

Target atoms move to the substrate forming a thin film or coating. The sputtered 

atoms are neutrally charged. They are not affected by the magnetic trap. The 

sputtering process continues until the thin film formation occurs onto the substrate 

surface. Figure 4.2 shows the schematic illustration of the magnetron sputtering 

system. 

 

 
Figure 4.2. Schematic representation of magnetron sputtering system [53] 

 

4.1.2.1. Co-sputtering deposition 

 

Co-sputtering is a type of magnetron sputtering. In co-sputtering system, two 

different target material are used and sputtered simultaneously in the reactive gas 

ambient. Target materials are controlled independently by using two different 

supplies. Co sputtering process is generally accomplished with the use of DC or RF 

power supplies, as shown in Figure 4.3. The chemical composition ratios of target 

metals are controlled with the power of each the magnetrons in the sputtering system 

[54]. 
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Figure 4.3. Figure of co-sputtering deposition system [55] 

 

4.2. Characterization Techniques 

 

Structural and electrical characterization measurements are carried out for examining 

the characteristic behaviour of the nanostructured films and the sensor responses 

such as sensitivity and selectivity. The structural characterization of the films were 

investigated by scanning electron spectroscopy (SEM), X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction (XRD) methods. The electrical 

characterizations of the device was indicated via four point method. The sensor 

measurement system was adjust to detect the gas sensing principle of the device. 

 

4.2.1. X-ray photoelectron spectroscopy (XPS) 
 

X-ray Photoelectron Spectroscopy (XPS) is also called the name of Electron 

Spectroscopy for Chemical Analysis (ESCA). However, today it has generally been 

used by the more spectroscopically term of X-ray photoelectron spectroscopy [56]. 

 

XPS is one of the most widely used surface analysis technique in order to obtain a 

complete decription of surface. XPS gives informations about qualitative elemental 
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analysis and quantitative composition of material from the surface to a few 

nanometers. X-ray photoelectron spectroscopy irradiates the sample surface with a 

soft or hard X-ray source. The technique is non-destructive for the surface [57]. 

 

The technique requires ultrahigh vacuum conditions (P < 10-9 mbar ) to protect the 

surface of sample without any contamination during the experimental process. The 

chemical compounds on a sample surface are investigated using monochromatic X-

ray incident beams. Thus it is aimed to be prevented any stray X-rays other than 

applied eV.  Al Ka (1486.6 eV) or Mg Ka (1253.6 eV) are often used the photon 

energies in XPS. X-ray radiation is applied to induce electrons from their core levels. 

XPS gives the depth information near the sample surface. The analysis is circa 

sensitive in the first 10 nm [58]. 

 

XPS is based on photoelectric effect and the interactions between X-ray and 

electrons. As incident X-ray collides with a core electron, if X-ray energy is high 

enough, electrons can be emitted from the sample. X-ray photon with a sufficient 

energy excites the electron of the atom and causes emission of electon from its 

electronic shell. The electron is emitted as a photoelectron if the binding energy is 

lower than X-ray energy. Then it is created a core-hole through the absorption of 

incoming light with energy matched to the binding energy of a core electron. The 

core electron excites to a bound state or to a state where it becomes free. The electron 

is released with a certain kinetic energy that is directly related to the binding energy 

of the electron to the atom when it exposed to X-ray photon (Figure 4.4.) [59]. 
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Figure 4.4. Photoemission process of an electron [60]  

 

The energy balance of the photoemission process is formulized as in the Equation 

4.1.  

 

h KE BE (4.1) 

The equation shows: h is the energy of the X-ray photons being used, KE is the 

kinetic energy of the emitted electron, BE is the binding energy of the electron and  

is the work function of the spectrometer. 
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If the binding energy of the electron is smaller than photon energy, the excess energy 

is converted to the kinetic energy of the emitted photoelectron [59].  

 

The ejection of the core electron creates a highly energetic unstable hole in the 

electronic shell. This inner-shell vacancy is filled by a second electron from an outer 

shell. During this relaxation process an energy is released and the gained energy is 

transmitted to another outer shell electron, Auger electron, which lead to Auger 

emission. This released energy is used to emit the third electron with a lower binding 

energy compared to the second electron (Figure 4.5). 

 

 
Figure 4.5. The process of Auger emission [61] 

 

The kinetic energy of Auger electron is independent from X-ray photon energy 

which spent for the creation of the core hole [62]. The kinetic energy depends only 

on the energy separations of the levels involved. Therefore the kinetic energy of 

Auger electrons is much lower than the one of photoelectron energy. Auger peaks 

accompany to XPS peaks and they are recorded during XPS experiment. X-ray 

excited electron peaks and Auger electron peaks contain important informations 

about the chemical state of the atoms involved. 
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The electron orbitals of an atom have different binding energies. XPS is used to 

identify the element composition of the sample. Because the binding energies of the 

electrons are characteristic for every element as their fingerprint.  The binding energy 

of the electron orbital is calculated by measuring the kinetic energy of the emitted 

electrons. The kinetic energies of the electrons are collected by using a detector and 

the binding energies are determined by this way. Thus the atomic composition of the 

sample is determined. Figure 4.6 shows the instrumentation of X-ray photoelectron 

spectroscopy. 

 

 
Figure 4.6. The instrumentation of X-ray photoelectron spectroscopy (XPS) [60] 

 

After the photoemission process of the electron,  XPS spectrum data is obtained as 

shown in Figure 4.7. An XPS spectrum consists of peaks corresponding to the 

binding energy of the photoelectrons. The electron binding energy peaks are 

investigated to determine the composition of the sample. The integrated intensity of 

an XPS spectrum is proportional to the density of atoms in the sample. The 

photoelectron lines in alloy material are much complicated than homogeneous 

samples [62].  

 

 

 

 



25 
 

 

 

 
(a) 

 
(b)                                                         (c) 

Figure 4.7. (a) Survey scan spectrum, (b) Pt 4f narrow scan XPS spectrum, (c) Ag 3d narrow scan XPS spectrum 

of  PtAg film 

 

The measurement of the peak area aids to detect the composition of the material 

surface. The composition of the sample surface is determined by taking the ratio of 

the area under the binding energy curve for each element in the measured sample. 

The area under the binding energy curve in the spectrum is proportional to the 

number of atoms that emit the electrons at that binding energy. 
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4.2.2. X-ray diffraction technique (XRD) 
 

X-ray diffraction (XRD) is a technique which is used to identify the crystal structure 

of materials such as films, bulk and powders. Orientation of the crystal, unit cell 

dimension, grain size, phase composition and defect structures of the materials are 

determined by using XRD technique. 

 

XRD technique is based on the scattering of X-ray on a crystalline material. X- ray 

beam is pass through the crystalline material. The incident beam is scattered and 

diffracted into many specific directions. The beams produce many diffraction 

patterns which consist of the dark spot points having different intensities on a 

photographic film plate as shown in Figure 4.8. The scattered rays contribute to 

obtain information about the structures of crystalline substances [63]. 

 

 
Figure 4.8. X-ray diffraction and diffraction pattern captured on a photographic film [63] 

 

cleavage faces of the crystals appear to reflect X-ray beams at specific wavelengths 

and the incident angles [64]. 

 

between two parallel planes of atoms in a crystalline material. The interplanar 

distance contributes to determine the dimensions of the unit cells. 
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illustrates that the atoms are arranged as parallel planes in the crystal and each plane 

of the atoms in a crystal acts as a reflecting surface. When X-ray beams interact with 

the components of a crystalline lattice with an angle of , they are scattered by the 

electrons of atom at the same angle. The reflection of X-rays from two parallel 

planes of atoms causes an occurence of the constructive interference of X-rays. If 

two X-ray beams strike a lattice of atoms, the waves are scattered from the two 

planes sepatared by the interplanar distance, d. This means that the wavelength of the 

beam and thus the peaks in the X-ray diffraction pattern are directly related to the 

interatomic distances in the crystal. 

 

The relationship between X-ray wavelength and the interatomic distance is described 

as Bragg equation, as shown in Equation 4.2. 

           

                                                                                                         (4.2) 
 

In the equation, d is the spacing between the layers of atoms,  is the angle between 

X-ray and the planes in the crystal,  is the wavelength of the X-ray beam and n is 

any integer representing the order of the diffraction peak.  

 

The lower X-ray beam hits the atom in the lattice tra  

when it is compared to the upper beam shown in Figure 4.9. The extra distance 

should be an integral multiple n of the wavelength so that the beams arrive at the 

detector in a diffractometer. 

 

 

Figure 4.9. The working principle of X-ray diffraction [65, 66]  
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The interplanar distance between the atoms is a characteristic property. Each solid 

material has different interatomic distance. This means that X-ray beams are 

diffracted at a different angle . By measuring the angles and intensities of the 

diffracted beams, materials can be analyzed by using XRD technique. 

 

4.2.3. Four probe method 
 

Four-point probe method is one of the most commonly used electrical 

characterization technique for measurement resistivity of materials which is thin film 

or bulk sample. Four point technique is an effective, simple and reliable method for 

resistivity measurements. Resistivity is one of the important electrical parameter and 

it is directly related to the impurity of a sample. The method is used to characterize 

material by measuring its resistivity.  

 

The experimental set-up consists of four probes are arranged linearly on the material 

surface. The probes are aligned in a straight line at equal distance from each other. In 

the system, a constant current (I) is applied in the two outer probes and the voltage 

(V) drop is measured in the inner probes. The values of the sourced current and the 

measured voltage are used to determine the sample resistivity of the shallow layers. 

Figure 4.10 shows the arrangement of four probes on the surface. 

 

 
Figure 4.10. Schematic four-point probe configuration on a sample [67] 
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Four probe method is used for detecting the sensor characterization instead of two 

point set-up. In the two point set-up, current and voltage are measured in the same 

wire. The measured resistivity is the sum of the resistivity in the material and the 

resistivity in the contact point between the sample and electrode. Therefore it is 

difficult to separate the sample resistance from the contact resistance. For high 

resistivity measurement, two probe method can be used because the contact 

resistance between the sample and the electrode is small and negligible. However for 

low resistivity, two point probing is not proper due to the contact effect is large and 

close to the sample resistance. Thus the contact resistances influence the results 

highly. In order to overcome the problem of the contact resistances for low 

resistivity, four probe configuration is used. Four electrode system is used to 

eliminate the measurement errors due to the contact resistance. It is the best method 

for materials having low resistivity [68]. The set up difference between two point 

probing and four point probing is illustrated in Figure 4.11. 

 

 
Figure 4.11. The set-up comparison of the two probe and four probe system [69] 

 

In the two point system, the probe contact resistances are R1 and R2 as shown in the 

Figure 4.11. The contact resistances which are caused from the contact points, R1 and 

R2 affect the measurement results. However in the four point system, the potential 

can be measured across the probes which do not carry any current. Because of high 

input impedance voltmeter, the inner probes in the circuit draw no current. The 

measurement is independent of the voltage probe resistances, R1 and R2. Thus 

voltage drop at the inner probe points is eliminated from the potential measurements. 
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There are some assumptions for detecting the resistivity of a sample. For a bulk 

sample where the thickness (t) of the material is much larger than the distance (s) 

between the probes, the electrical resistivity ( ) of the sample is calculated with the 

help of the Equation 4.3. 

 

                                                                                                        (4.3) 

 

In the equation; V is the voltage between the internal contact electrodes, I is the 

current between the outer probes and s is the spacing between two point electrode. In 

case of thin film, thickness (t) is much smaller than the distance (s) between the 

electrodes, the resistivity of the thin film is obtained by the Equation 4.4. 

                

                                                                                                       (4.4) 

 

In the expression; V is the drop potential measured among the inner electrodes, I is 

the source current and t is the film thickness. 

 

4.2.4. Gas sensor measurement system 

 

There are several parameters such as sensitivity, selectivity, reversibility and the 

electronic parameters to evaluate the performance of gas sensing material. All these 

parameters are important for understanding the gas sensing mechanism of the sensor. 

The gas detection system supplies several basic informations about the gas sensing 

behaviour of the sensor. 

 

Gas sensor measurement system is used to characterize the performance of the 

fabricated sensor. The test system is adjusted for all the conditions that are essential 

for the behaviour of the sensor. Thus it is possible to get information about the sensor 

properties and sensor behaviour. The gas sensing tests are carried out under the 

influence of certain target gases. The test is necessary for the understanding, 

development and optimization of the sensor. 
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When a sensing material is exposed to a target gas, it interacts with the gas 

molecules. The interaction between the sensing material film and the gas which is 

called adsorption-desorption process causes the chemical reactions that occur on the 

surface or bulk of the material. This interaction changes some properties of the 

sensing material, such as the electrical conductivity or the mass. The conductivity 

change is detected by the voltage drop over a series resistor. The change in mass is 

detected by the shift in frequency of a resonator [40]. A schematic representation of 

the gas sensing test system is shown in Figure 4.12. 

 

 
Figure 4.12. Schematic representation of the sensor test system [70] 

 

The measurement system simply consists of sensor chamber, mass flow controller, 

temperature controller and electrometer. Gas sensor characteristics and electronic 

parameters of the sensor are measured using the designed sensor setup. The gas 

sensitivity of the sensor for different gases is investigated with the help of the 

detection setup. When the test gas comes into the chamber, the resistance change of 

the sensor is measured using the computer controlled electrometer. The resistance 

response of the sensor is also evaluated by changing the concentration of the gas. The 

concentration of the gas is adjusted by the mass flow meter array linked to the 
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multichannel gas flow controller unit. Besides, the sensing capability of the sensor is 

characterized at different operating temperatures with a precisely controlled heater 

inside the system, thus the optimum working temperature of the sensor is find out. 

 

 

 

 

 



 
 

 

 

CHAPTER 5. PREPARATION OF SAMPLES AND        
EXPERIMENTAL SETUP 

 

In this work, Pt and Pt-Ag alloy thin films were fabricated by sputter deposition 

technique. Structural and electrical characterization of the films were analyzed. The 

gas sensing properties of Pt and Pt-Ag alloy films were investigated. 

 

5.1. Film Deposition Materials 

 

5.1.1. Platinum 

 

Platinum is an alternative sputtering metal for hydrogen gas sensor because of its 

promising properties. It is stable metal and melting point is 1772 oC. Pt is one of the 

chemical catalyst and having good working performance for hydrogen detection [34]. 

Platinum is very unreacted metal and shows high resistance to corrosion even at ele-

vated temperatures. Besides the resistance to oxidation of Platinum is quite better 

than Palladium metal. 

 

5.1.2. Silver 

 

Silver is another coating material for hydrogen gas sensor. Silver metal has the 

highest contact resistance, electrical conductivity and thermal conductivity in all 

elements in nature. Silver metallic thin film has face-centered cubic (FCC) structure 

and have highest packing density thus they show (111) planes. In addition to these 

properties, silver has low cost, ductility and no damage on human skin [42]. 
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Table 5.1. Some properties of silver metal [42] 
oC Mean Free Path of 

Electron (nm) 
Thermal 
Conductivity 
(W/m.K) 

Melting Point ( oC) 

 
1.59 

 
52 

 
425 

 
961 

 

5.2. Pt-Ag Alloy Films 

 

PtAg alloy films have been used to increase the sensitivity of hydrogen gas sensor. 

Silver has strong surface plasmon resonance (SPR) property and Ag is one of the 

widely used metal for  sensor applications. In this study, the different chemical 

combinations of Pt and Ag in PtAg alloy thin films were created to understand the 

exact sensing mechanism of the metallic based- hydrogen sensor [71]. 

 

5.3. Preparation Of Pt Films 
 

Prior to film deposition by sputtering system, the substrates were initially cleaned 

with acetone, isopropyl alcohol and high purity water in an ultrasonic cleaner. 

 

The Pt thin films with different thickness were prepared using Radio Frequency (RF) 

sputtering method on microscope glass slide. The thin films were coated with a 

constant RF power at 5 mTorr argon (Ar) pressure during deposition by using a 

NANOVAK 400 PVD system as shown in Figure 5.1. The glass substrates were 

rotated with 10 rpm during Pt deposition and the film thickness were varied from 2 

nm to 50 nm that was monitored in situ during the deposition via a QCM from 

Inficon. 
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Figure 5.1. Magnetron sputter system  

 

5.4. Deposition Of PtAg Thin Films 

 

The PtxAg1-x thin films were grown on a miscoscope glass slide by using co-

sputtering technique. Co-sputtering has the advantage of easy tuning and also it 

allows to control the percentages of Pt and Ag in the film. In the sputter system, high 

purity Pt (99.999 %) and high purity Ag (99.999 %) were served as a target source 

materials. PtAg films were co-sputtered on the glass surface under 10-6 mbar high 

vacuum ambient. Two power supplies were used to deposit the thin films in the 

sputter chamber at the same time. RF power supply was used for Pt sputtering, the 

Ag sputtering was carried out with DC power supply. Sputtering process was carried 

on at 5 mTorr of pure Argon ambient to form a PtxAg1-x thin film. 3 nm PtAg films 

with different composition ratios were fabricated. The chemical compositions were 

adjusted as Pt0.95Ag0.05, Pt0.90Ag0.10, Pt0.80Ag0.20 and Pt0.50Ag0.50 .  
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5.5. Structural Characterization Of Pt And PtAg Thin Films 

 

The morphologies of Pt thin films were studied by Scanning Electron Microscopy 

(SEM, ZEISS EVO LS15). The crystal structures of one of Pt films were examined 

by X-ray diffraction (Rigaku Smartlab = 0.15418 nm 

radiation in the angle range of 30°  90°. XPS measurements of Pt thin film were 

performed by using a Thermo 10 Scientific K-Alpha X-ray photoelectron 

spectrometer with monochromatic Al 3 eV) as a X-ray source.  

 

5.6. Gas Sensor Measurements Of Pt And PtAg Thin Films 

 

All the fabricated Pt and PtAg thin films were tested by hydrogen gas mixture. 

Figure 5.2 illustrates the experimental setup for fabrication of Pt film deposition. 

Four Au pad electrodes were contacted on the top of Pt and PtAg thin films for H2 

gas sensing measurements as shown in Figure 5.3. The changes of resistance for each 

film were recorded via a four point-probe connected to a multimeter 

(Agilent34410A). 

 

 

Figure 5.2. Experimental process of hydrogen sensor fabrication in three steps 

Glass slide 
substrate

Pt  thin film  layer deposited 
by sputtering 

Four point conductance 
electrodes onto the Pt surface 
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Figure 5.3. Four Au pad electrons on the top of Pt and PtAg films 

 

The H2 gas sensor measurement systems were composed of a flow-type aluminum 

measurement chamber including a heatable sample holder, a mass flow control unit 

(MKS), a temperature controller (Lakeshore 340), a multimeter and gas measurement 

chamber. A gas chamber and mass flow meters are shown in Figure 5.4 and Figure 

5.5. 

 

 
Figure 5.4. Image of gas measurement chamber 

 



38 
 

 

The concentrations of H2 in high purity dry air were varied from 1000 ppm (0.1 %) 

to 50000 ppm (5 %). The volume of the measurement chamber was 1 liter and a 

constant total gas flow rate of 200 sccm was applied. Resistance-time (R-t) 

characteristics for investigating gas sensing properties of Pt and Pt-Ag thin film 

sensors were measured by changing atmospheric conditions in the measurement cell 

in situ at various temperatures (from 30 oC to 200 °C). All measurements data were 

recorded using an IEEE 488 data acquisition system incorporated to a personal 

computer. The percentage sensitivity % is generally defined as shown in the 

Equation 5.1. 

 

                                                                                                  (5.1) 

 

Rg is the resistance after the sensor is exposed to the H2, and R0 is the reference value 

(baseline resistance) of the sensor exposed to high-purity dry air. 

 
 

 

Figure 5.5. Mass flow meters used for regulating gas flow into the measurement cell 

 

 



 
 

 

 

CHAPTER 6. RESULTS AND DISCUSSIONS 

 

6.1. Structural Characterization Of Pt Thin Films 

 

SEM images of Pt thin films with different thickness (2 nm: Figure 6.1a, 5 nm: 

Figure 6.1b and 15 nm: Figure 6.1c) are given in figure 6.1. All Pt thin films are 

homogeneously covered on the glass surface. The surfaces of the samples seem to be 

quite smooth as seen in Figure 6.1. Increasing the thickness of Pt thin film, a film 

formation on the surface was clearly observed.  

 

 
Figure 6.1. SEM images of Pt thin films with the thickness of (a) 2 nm, (b) 5 nm, (c) 15 nm  

 

The XRD and EDX patterns for the Pt thin films are displayed in Figure 6.2. In 

figure 6.2 (a), the patterns show strong (111) and (200), and weak (200) and (131) 

reflections at 30.95°, 46.25°, 67.55° and 81.35° respectively and all of which 

correspond to a face-centered cubic (fcc) crystalline structure. The obtained thin film 

contain no impurity peaks, which is due to the high purity crystals and these results 

are well aggreement with previously published paper [72 - 75]. The EDX spectra for 

5nm Pt thin film is shown in Figure 6.2 (b) and it is clearly seen Pt peak from the 
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spectra. The other peaks belong to oxygen (O), silicon (Si), sodium (Na), magnesium 

(Mg) and aluminum (Al) were observed representing the glass substrate. The atomic 

percentage of Pt on the glass substrate increased by increments of the thickness of Pt 

thin films. As well as other analysis techniques, X-ray photoelectron spectroscopy 

(XPS) was used to check the film purity. Figure 6.2 (c) shows the high resolution 

window XPS spectra for the major photoemission Pt 4f core level region. The peaks 

positions of Pt 4f7/2 and 4f5/2 were about 71.1 eV and 74.5 eV correspond to pure Pt 

metallic state [76 - 78]. We did not observe oxygen and other different elements from 

wide scan XPS spectrum. 

 

 
Figure 6.2. (a) XRD patterns for 50 nm Pt thin film, (b) EDX graphs for 5 nm Pt thin film and (c) XPS spectra 
                    of Pt 4f for 5 nm Pt thin film 

 
6.2. Gas Sensing Measurements Of Pt Films 

 

The resistances of Pt thin films were investigated under a dry air flow at the 

temperature range from 30 °C to 200 °C. The resistances of the Pt thin films 
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depending on temperature are given in Figure 6.3. Temperature dependent changes 

of the resistances for 2 nm Pt and 5 nm Pt thin films were linearly increased 

throughout the entire measured temperature interval from 30 °C to 200 °C due to the 

its metalic structure. Besides, it was clearly observed that the resistances of the Pt 

thin films were inversely proportional to the thickness of thin films, which is 

compatible with the equation of  given for resistance of a conductor. 

 

In the equation; R is resistance,  is resistivity, l is length and A is area. 

 

 
Figure 6.3. Temperature dependent resistance values for 2 nm and 5 nm Pt thin films 

 

The H2 sensing properties of Pt thin film devices were investigated at different 

temperatures as seen in Figure 6.4. The resistance versus time graph of the 2 nm and 

5nm Pt thin film sensors under 1000 ppm H2 at 30 oC the indicated temperatures are 

given in Figure 6.4a and 6.4b. After exposure to 1000 ppm H2, the resistance of both 

2 nm and 5 nm Pt thin film sensors decreased and then, the rate of decline reached 

saturation for all measured temperatures. After the measurement chamber was 

cleaned with dry air, the resistance of the sensors increased rapidly and then come to 

saturation. The base line of both 2 nm and 5 nm Pt thin film sensors are shifted at 30 

°C and at 100 °C. But, the both sensors are fully reversible above the temperature of 

100 °C as seen in Figure 6.4a and Figure 6.4b. It is clearly seen for both Pt thin film 
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sensors that the base line resistances of the sensors increased with enhancing the 

temperature such as mentioned in Figure 6.4. Also, if it is looked at the time scale bar 

carefully, the time scale is not same at different temperatures for the both sensors. 

Previously, Patel et al. deposited thin nanoparticulate Pt films with a nominal 

thickness of 35 Å on SiO2 by using electron beam evaporation, and investigated the 

structure and H2 response of the film depending on temperature and H2 concentration 

(10-1000 ppm) [39]. They reported that exposure to ppm level of H2 in the presence 

of 5 % oxygen with nitrogen as the carrier gas caused decreases in electrical 

resistance and the sensitivity of the film became more pronounced with increasing 

temperature, indicating that the response mechanism for H2 sensing was an activated 

process. Yang et al. prepared Pd and Pt nanowires using lithographically patterned 

nanowire electrodeposition and reported the performance of a single Pt nanowire for 

detecting H2 in air comparison with Pd nanowire [37]. Yoo et. al fabricated Pt 

nanowire arrays using advanced lithographic techniques with a small cross sectional 

dimension (10  40 nm), investigated H2 gas sensing properties of the nanowires and 

explained the sensing mechanism with reduced electron scattering in the cross 

section of the hydrogen adsorbed Pt nanowires [79]. 

 

In our case, the sensing mechanism of Pt thin films could be explained as follow; Pt 

does not form a bulk hydride phase upon exposure to H2 such as Pd [37, 39, 79]. A 

schematic diagram for hydrogen sensing mechanism is given in Figure 6.4c. The 

surface of Pt thin film covered with the absorbed oxygen atoms under dry air (Figure 

6.4 c-1). While the hydrogen exposed to Pt thin film, hydrogen atoms start to 

displace oxygen on the Pt surface (Figure 6.4 c-2 and Figure 6.4 c-3). After whole 

surface of Pt thin film covered with hydrogen, the number of charge carrier 

scattering at the Pt surface decreases. So, the decrease in the resistance of Pt thin film 

when exposed hydrogen could be related to decreasing the number of the surface 

charge carrier scattering. The ad/absorbsoption and desorption of hydrogen and 

oxygen in dry air from Pt thin film surface could be explained with following 

reactions, 6.1, 6.2 and 6.3 [80 - 82]. 

 

                                                                                               (6.1) 
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                                                                               (6.2) 

                                                                          (6.3) 

 

When the molecular oxygen reacts with Pt surface in dry air condition, chemisorbed 

oxygen atoms form as seen in Reaction 6.1. If Pt surface atmosphere condition 

changes from dry air to molecular hydrogen, hydrogen atoms displace oxygen atoms 

on the Pt surface with catalytic formation of water and its desorption from the Pt 

surface as presented in Reaction 6.2. While the chemisorbed hydrogen atoms on Pt 

surface is react with dry air condition, oxygen atoms replace hydrogen atoms on the 

Pt surface with water formation as seen in Reaction 6.3. The replacement of the 

surface atoms (hydrogen or oxygen) is a reversible process. 

 

 
Figure 6.4. The resistance versus time graph for 2 nm (a) and 5 nm (b) Pt thin films exposed to 1000 ppm H2 at          

indicated temperatures. (c) A schematic diagram for H2 ad/absorbtion on Pt surface 
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Temperature dependent sensitivities for 2 nm and 5 nm Pt thin film sensors against 

1000 ppm H2 were given in Figure 6.5a. The sensitivites of 2 nm and 5 nm Pt thin 

film sensors decreased from 2.7 and 0.7 to 1.1 and 0.3 with increasing temperature 

respectively. The sensitivities of 2 nm Pt thin film sensor are higher than the 

sensitivities of 5 nm Pt thin film sensor for the measured temperature interval as seen 

in figure 6.5a. So, the sensitivities of Pt thin films for H2 is strongly affected by the 

thickness of Pt film. Similarly, this behavior have been observed for Pt nanowire 

with different dimentions [37, 79]. The response time (t90) is defined as the times 

required for the change in the resistance variation level of 90% upon initiating the 

desired H2 concentration. Figure 6.5b shows the response time as a function of 

temperature for both 2 nm and 5 nm Pt thin film sensors. The response time of 2 nm 

Pt thin film sensors is lower than that of 5 nm Pt thin film sensor at room temperature 

and this behavior could be explained with a short diffusion path. However, above the 

temperature of 100 oC the response time of the both sensors is approximately the 

same as shown in Figure 6.5b. The response time is also decreased with increasing 

temperature for the both sensors and this behavior can be explained with a faster 

diffusion of hydrogen at higher temperatures.  

 

 
Figure 6.5. Temperature dependent sensitivities (a) and response time versus temperature (b) for both 2 nm and 5 

nm Pt thin film sensors exposed to 1000 ppm H2 
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In order to investigate concentration dependent H2 sensing properties, a measurement 

were performed at 150 °C for 2 nm Pt film sensor due to fully reversible and 

recovery properties that observed for 1000 ppm H2 exposure. The resistance versus 

time for 2 nm Pt film sensor at 150 °C exposed to H2 concentration interval of 0.1 %-

1 % is shown in Figure 6.6a. After exposure to every desired H2 concentration, the 

resistance of 2 nm Pt thin film sensors decreased, the rate of decline reached 

saturation and then after cleaning with dry air, the resistance of the sensor increased 

rapidly to its base line. The change in the resistance is enhanced with increasing H2 

concentration as seen in Figure 6.6a. The sensitivity versus the concentration for 2 

nm Pt thin film sensor at 150 °C is shown in Figure 6.6b. The dependence of the 

sensitivity on the H2 concentration was nearly linear at low concentrations, and the 

sensitivity started to a decrease tendency for high concentrations above 1 % H2. The 

sensitivity % increased from 0.8 to 10.2 between 0.1 % H2 and 5 % H2. 

  

Figure 6.6. The resistance versus time graph (a) and H2 concentration dependent the sensitivity graph (b) for 2 nm 

Pt thin film sensor at 150 °C 
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6.3. Structural Characterization Of PtAg Films 

 

PtAg films were investigated by using energy dispersive spectroscopy (EDX). Figure 

6.7 shows EDX results for PtAg thin films with different chemical compositions. Pt 

and Ag peaks are clearly seen from the EDX graph for each PtAg alloy film. Oxygen 

(O), silicon (Si), calcium (Ca), sodium (Na), magnesium (Mg) peaks are caused from 

the chemical composition of the glass substrate. 

 

 
(a) 

 
(b) 
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(c) 

Figure 6.7. EDX graphs of (a) Pt0.90Ag0.10, (b) Pt0.80Ag0.20 and  (c) Pt0.50Ag0.50 thin films 

 

X-ray photoelectron spectroscopy (XPS) was used to check the purity of PtAg films. 

The XPS results are well agreement with EDX results in point of the chemical 

compositions of PtAg films. Figure 6.8 shows the XPS survey scan spectrum of 

Pt0.90Ag0.10 thin film. Figure 6.9 depicts the XPS spectra for the major photoemission 

Pt 4f and Ag 3d core level region. Also carbon and oxygen peaks are seen in the XPS 

spectrum. The other unnamed peaks are belong to Auger peaks of Pt and Ag. 

 

 

Figure 6.8. XPS survey scan spectrum of Pt0.90Ag0.10 thin film 
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Figure 6.9. (a) Pt 4f narrow scan XPS spectrum, (b) Ag 3d narrow scan XPS spectrum of Pt0.90Ag0.10 film 

 

The XRD spectrum of PtAg thin films are given in Figure 6.10. PtAg thin films were 

analyzed between 0o and 90o with the step of 0.05o. XRD peaks shifted toward the 

left side of the spectrum caused from the compositon of Ag in PtAg alloy increased 

from 10 % to 50 %. 

 

Figure 6.10. XRD patterns for  PtxAg1-x (x = 0.90, 0.80 and 0.50) thin films 
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6.4. Gas Sensor Measurements Of PtAg Films 
 

The resistances of PtAg thin films were analyzed under dry air flow at the 

temperature range between 30 °C and 200 °C against 1000 ppm H2. The resistances 

of the PtAg thin films depending on temperature are shown in Figure 6.11. The 

resistances of the sensors increased when the measured temperature increased. 

Temperature dependent changes of the resistances for 3 nm Pt0.95Ag0.05, Pt0.90Ag0.10 

and Pt0.80Ag0.20 thin films were increased with enhancing the temperature from 30 °C 

to 200 °C.   

 

   

 

Figure 6.11. Temperature dependent resistance values for 3 nm (a)  Pt0.95Ag0.05  thin film(b) Pt0.90Ag0.10 thin film 
(c) Pt0.80Ag0.20 thin film      
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Temperature dependent sensitivites % for 3 nm Pt0.95Ag0.05, Pt0.90Ag0.10 and 

Pt0.80Ag0.20 thin film sensors under 1000 ppm H2 are given in Figure 6.12. The 

sensitivities % of Pt0.95Ag0.05, Pt0.90Ag0.10 and Pt0.80Ag0.20 increased from 0.05, 0.04 

and 0.03 to 0.11, 0.19 and 0.11 with increasing temperature, respectively. The 

sensitivity % of Pt0.80Ag0.20 thin film sensor is higher than the sensitivities of 

Pt0.90Ag0.10 and Pt0.95Ag0.05 sensors for the measured temperature from 30 oC to 200 
oC as seen in Figure 6.12. This shows that the sensitivities of PtAg thin film sensors 

are affected from the chemical composition of the films for H2 gas detection. 

 

 

Figure 6.12. Temperature dependent sensitivities for 3 nm  Pt0.95Ag0.05, Pt0.90Ag0.10 and Pt0.80Ag0.20 thin film 
sensors exposed to 1000 ppm H2      

 

Figure 6.13 shows the change in sensitivity with concentration of H2. The sensitivity 

% changes of Pt0.90Ag0.10, Pt0.95Ag0.05 and Pt0.80Ag0.20 thin film sensors are given in 

Figure 6.13a and Figure 6.13b respectively. The sensitivity results of Pt0.90Ag0.10 thin 

film sensor are well agreement with the results for Pt0.95Ag0.05 sensor. The sensitivites 

% of Pt0.90Ag0.10 and Pt0.95Ag0.05 sensors increased linearly from 0.123 and 0.124 to 

0.203 and 0.269 respectively until H2 concentration reachs to 200 ppm. After 200 

ppm H2, the sensitivities % of both PtAg sensors started to decrease to 0.156 and 
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0.164. However the sensitivities of Pt0.80Ag0.20 sensor increased linearly with 

increasing hydrogen concentration. The sensitivity of Pt0.80Ag0.20 sensor increased 

from 0.02 to 0.362 with increasing H2 concentration from 25 ppm to 1000 ppm as 

seen in Figure 6.13b. 

 

 

 

Figure 6.13. H2 concentration dependent the sensitivity graph for  (a) Pt0.95Ag0.05 and Pt0.90Ag0.10 sensors  (b)  

                         Pt0,80Ag0,20 thin film sensors at 150 oC 

 

 

 



52 
 

 

Pt0.80Ag0.20 sensor has the best response time among the other PtAg thin film sensors. 

Figure 6.14 shows the response time (t90) versus temperature for Pt0.80Ag0.20 sensor 

The response time decreased as the temperature increased for Pt0.80Ag0.20  sensor. The 

response time of Pt0.80Ag0.20 sensor is better at high temperatures. 

 

 

Figure 6.14. Response time versus temperature graph for 3 nm  Pt 0.80Ag0.20   thin film sensor exposed to 1000 ppm 
H2 at 150 °C 

 
Concentration dependent hydrogen sensing properties of PtAg sensors were also 

investigated at different temperature intervals. PtAg sensors exposed to different 

hydrogen concentrations from 25 ppm to 1000 ppm. After the PtAg films expose to 

every desired hydrogen gas concentration, the resistance of Pt0.80Ag0.20 thin film 

sensor decreased and came to saturation for all measurements. Then the 

measurement chamber was cleaned with dry air, the resistances of the PtAg sensor 

increased rapidly and the rate of increase reached saturation again. The best 

sensitivity measurement were performed at 150 oC for both Pt0.80Ag0.20 sensor 

because of reversibility performance and recovery time properties when exposed to 

hydrogen gas. Figure 6.15 shows the resistance versus time for 3 nm Pt0.80Ag0.20 

sensor. It is clearly seen that the resistance of the PtAg sensor decreased with 

enhancing hydrogen concentration. 
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Figure 6.15. The resistance versus time graph for 3 nm Pt0.80Ag0.20 thin film sensor at 150 oC 

 

 

 

 



 
 

 

 

CHAPTER 7. CONCLUSIONS AND SUGGESTIONS FOR     
FUTURE WORKS 

 
 

7.1. Conclusions 

 

In this thesis, hydrogen gas sensing properties of Pt and PtAg thin film resistive 

sensors were investigated. The gas sensing mechanism of Pt based H2 sensor was 

explained by the proposed mechanism. 

 

Magnetron sputtering deposition technique was used to fabricate Pt and PtAg alloy 

thin films. The purpose of choosing sputtering technique is to make high quality Pt 

and PtAg thin film coating homogenously and rapidly. Pt thin films with different 

thicknesses such as 2 nm, 5 nm, 15 nm and 50 nm were prepared on a glass slide. On 

the other hand, 3 nm Pt0.95Ag0.05, Pt0.90Ag0.10 and Pt0.80Ag0.20 alloy thin films were 

fabricated and measured in the concentration range of 25 ppm and 1000 ppm H2. 

 

Fabricated Pt and PtAg thin films were characterized scanning electron microscopy 

(SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 

energy dispersive X-ray spectroscopy (EDX) techniques. SEM images shows that Pt 

films were coated homogeneously onto the glass slides by sputtering. There is no 

impurity on the Pt coated surfaces and it can be clearly seen in the XRD, EDX and 

XPS patterns. The results are well agreement with previous studies about platinum 

thin film grown via sputtering in literature. 

 

Hydrogen sensing properties of the fabricated Pt and PtAg thin film sensors were 

investigated depending on thickness of thin film, hydrogen concentration and 

temperature. Pt and PtAg sensors, which have different film thicknesses and 

chemical composition ratios, were operated under different hydrogen concentrations 

and dry air flow. The H2 gas sensing performances of Pt and PtAg sensors were 
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tested at a temperature range from 30 °C to 200 °C. The best working hydrogen 

sensor was detected in this way.  

 

The temperature dependent resistance changes of the Pt and PtAg thin film sensors 

were also studied. The resistivities of Pt and PtAg sensors increased with increasing 

temperature. The resistances of the Pt sensors were inversely proportional to the 

thickness of Pt thin films. The results showed that 2 nm Pt thin film sensor exhibits 

the best hydrogen sensitivity at 30 °C. However the best response time was obtained 

after 100 oC for 2 nm Pt sensor. Among the PtAg thin film sensors, 3 nm Pt0.80Ag0.20 

thin film sensor showed the best sensitivity and response time at 150 oC. 

 

As a result, H2 sensitivity of Pt thin film sensor has higher than that of PtAg sensor. 

Pt sensor works at room temperature while PtAg sensor needs for high temperature 

to work well. Improvements in working performance of PtAg sensor would depend 

on developing the fabrication process of PtAg thin films and some researches are 

necessary to enhance H2 sensing sensitivities of PtAg sensor. On the other hand, the 

working performance of Pt sensor demonstrated that it can be used in desired 

application areas for hydrogen gas sensor technologies. The promising results 

presented in this study for hydrogen detection by using Pt as a sensing material. 

 

7.2. Suggestions For Future Works 

 

In this study, among the PtAg thin film sensors, the best sensing property was 

observed for Pt0.80Ag0.20 sensor. The results have shown that the chemical 

composition ratios of the the PtAg thin films affect the sensitivities of the films for 

hydrogen detection. PtAg thin films may have higher hydrogen sensitivity. In order 

to be sure about their H2 sensing properties, different chemical ratios have to 

investigated by researcher. Beside, the thickness dependent studies of PtAg thin films 

will have to be done to detect better hydrogen sensitivity. 
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