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Abstract 

Highly portable MEMS gas detection system produced by micromachining 

technologies to determine contamination of air has been an ongoing area of 

research in many fields such as environmental monitoring, food inspection, 

biomedical diagnostics and industrial processing. Traditionally, the analyzes of 

contaminated air samples are performed by the conventional bench-top gas 

measurement system in the laboratory. Recent efforts have been made to 

develop field-portable detection systems to provide portability and near real time 

analysis capability. However, these systems are large and require large power 

supplies and they need long analysis time and require large sampling volumes. 

Therefore, there is considerable interest in a fast, lower power, highly portable 

systems that can provide real time monitoring for identification analysis of gases. 

A preconcentrator-focuser (PCF) in a high-performance monitoring 

system is required when the sensitivity of the ethylene sensor is limited by the 

low parts per milion (ppm) concentrations of analytes. The principle of PCF 

operation is that as the low-concentration complex compound mixture passes 

through the device, these compounds will be adsorbed over time for subsequent 

rapid thermal desorption. The thermally released compounds provide narrow 

desorption peaks at the output with relatively high concentration resulting a 

significant enhancement of the system efficiency. Conventional preconcentrators 

that have been used are large in size and consume high power during thermal 

desorption. They also suffer limited heating efficiency due to their large thermal 

mass. A microfabricated preconcentrator-focuser using micromachining 

technology can  overcome  these limitations by significantly reducing the  device  
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size, thermal mass, and power consumption and thus increase the performance 

of the device. A microfabricated preconcentrator has to be designed to enhance 

the detectection of ethylene gas. However, the devices will be designed to 

preconcentrate ethylene so it will be easily detected by the sensor system. The 

device design, including the adsorbent material, capacity of the microheater, the 

fabrication technology, the thermal measurements, and the desorption 

performances will be studied. To design and fabricate a Micropreconcentrator 

focuser for ethylene gas sensing applications, many designing factors have to be 

considered. However, these factors include checking and characterization of 

available adsorption materials that could be used, microheater design should 

provide both large volume between heating elements for large adsorbent 

capacity and large heating surface for uniform heating of the adsorbents and 

optimization and combination of fabrication process steps. 
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µm 
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Chapter 1 

 

Introduction 

 

Nowadays, the gas analysis microsystems or the so called miniaturized gas 
analysis systems are growing rapidly and very fast. The miniaturized gas 
analysis system was introduced to overcome the sensing problems especially 
in part per billion (ppb) gas concentration range where the commercially 
available gas sensors face many difficulties to detect low gas concentrations. 
Although, miniaturization effectively enables to reduce the system cost and 
size but, the main target for the miniaturization of gas analysis systems was 
therefore to enhance the analytical performance of the device. Moreover, 
reducing the device size will lead to many advantages such as small amount of 
analyte is enough, low operation power, integration of many analysis 
techniques within a single device. Hence, many gas and liquid analysis 
components such as preconcentrator focuser, gas chromatography column 
and reactor can be fabricated and integrated on one silicon chip. In addition 
to the gas analysis enhancement of the conventional systems, many 
applications related to both reaction and handling of biomolecular and cells 
started to emerge. As an example, microfabricated channels are used to 
perform DNA amplification. Since the invention of the microfabrication 
techniques which enable to produce ultra small devices compared to the 
conventional existing devices, the use of miniaturized analyses systems started 
and rapidly broadening and many devices were produced in very small size 
such as microreactor, micro preconcentrator focuser, Lab on a chip and 
micro gas chromatography. Recently, new approaches  in  microfabrication  
technologies  and  analysis techniques  for  gas, liquid  and  biological species 
were studied. Most of the microfabrication techniques used in micro total 
analysis system manufacturing were introduced and developed in the 1970s 
and 1980s using silicon micromachining technology. 

The design and realization of micro devices are mainly dictated by the 
available technologies. A brief summary of some available fabrication 
technologies will be presented in the second chapter with focus on the 
technology techniques that will be used to fabricate the target 
micromachining preconcentrator focuser.  
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1.1  Research Motivation    

The main goal of this work is to design, fabricate and test of a 
micromachining preconcentrator focuser (µPCF) for ethylene gas detection 
microsystem. A micromachining preconcentrator focuser is very important 
component in gas detection microsystems to analyze the contaminations of 
the air for many applications such as fruit transportation logistic system, 
environmental safety, industrial processing plants and medical technology. 
The project arises from the Institute for Micro sensors, -actuators and –
systems (University of Bremen) and related to the enhancement of ethylene 
gas detection microsystem for fruit transportation logistic system project. In 
fruit transportation logistic systems, it’s very important to attain good 
maturity and ripening level of the fruit which is controlled by its emission of 
ethylene. Therefore, its very necessary to measure the emitted ethylene gas in 
fruit transportation containers to maintain highly maturity and ripening level 
so the fruit can reach the customers in very good condition and low cost. 
Ethylene gas is a natural gas resulting from the fruits ripening process. Hence, 
it’s the only indicator of fruits ripening and damaging [1]. In today’s fruits 
transportation logistic systems, the ripening of fruits is controlled by its 
ethylene emission which is very low. Since the fruits may be stored for a long 
term especially during the transportation between some continents like south 
east Asia and north Europe, the low level of ethylene must be monitored as 
an indication of fruits quality [2].  

 
Table (1.1): Emission of ethylene from some types of fruits 

 

 

 

 

 

 
 

 

 

 Fruit Type Ethylene Production Rate 
[µl/(Kg.h)]  

Ethylene Concentration in 
the container [ppb/h] 

Orange 0.01 ~ 0.1 15 ~ 150 

Water melon 0.1 ~ 1.0 150 ~ 1500 

Banana 1.0 ~ 10.0 1500 ~ 15000 

Apricot 10.0 ~ 100.0 15000 ~ 150000 

Apples > 100.0 > 150000 
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In fruit transportation logistic systems, it is very important to attain good 
maturity and ripening level, however, this can be controlled by the freight’s 
emission of ethylene gas (Table. 1.1). In order to achieve this it is necessary to 
measure the levels of ethylene gas in fruit transportation containers to 
maintain high maturity and ripening so the fruit can reach the customers in 
very good condition and reasonable cost. Hence, the master controller of 
logistic supply chains will be updated with the fruits status, and based on this 
data, the decision will be made “which container has to be delivered to which 
customer along the supply chain”, with the result that a high quality of 
ripened fruit will be delivered to customers. Further more, monitoring  of  
ethylene  gas in fruit  container  will  enhance  the performance of fruit supply 
chain logistic system by reducing the cost, required delivery time and 
increasing the fruits quality [2]. A preconcentrator focuser can overcome the 
low sensitivity problems of the existing detection systems. A preconcentrator 
focuser is a device that amplifies the concentration of the gas molecules by 
converting the sample which contains a low molecules concentration into a 
smaller volume sample with high concentration that can be easily detected by 
the sensors. 

Conventional preconcentrators [3] that have been used are large in size 
and consume high power during thermal desorption. They also suffer from 
limited heating efficiency due to their large thermal mass [4]. A 
microfabricated preconcentrator-focuser using microfabrication technology 
can overcome these limitations by significantly reducing the device size, 
thermal mass, and power consumption and thus increase the performance of 
the device [3, 4].  A microfabricated preconcentrator has to be designed to 
enhance the detection of ethylene gas. The device design, including the 
selection of adsorbent material, capacity of the microheater, the fabrication 
technology, the thermal measurements and desorption performances will be 
studied. In the designing of a preconcentraor focuser as a component in gas 
analysis microsystem, many factors such as size, driving power and fabrication 
technology need to be studied and highlighted because it can magnify the 
small analyte concentration to a much higher level of concentration within  
the detection range of the gas sensors. 

Microelectromechanical system (MEMS) technology enables to develop and 
fabricate a micromachining preconcentrator focuser to enhance the sensitivity 
of the gas detection  systems to analyse  the  contamination of air especially in  
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low concentration range like ppb ranges since the commercially available gas 
micro sensors are not able to sense very well in this range. 

 

1.2  Historical development  

The detection and analysis of the gases in our environment is becoming more 
important for many applications such as controlling of fruits ripening, 
industrial plants, etc. However, in the available classical technology, the air 
samples containing the target gases are collected on site and then transported 
to the laboratory for analyzing. More over, the available equipment in the 
laboratory are very large, consume high energy, very slow and expensive. 
Hence, simple, fast and inexpensive system is required (figure 1.1) [5]. Micro 
fluidic devices are rapidly growing and promising field of modern technology 
at the cross roads of MEMS, material sciences, surface science, fluid physics 
and chemistry. Micro fluidic devices are miniaturized devices designed to 
perform some activities directly related to the characterizing and sensing of a 
working fluid.  

 

Figure (1.1):  Gas Analysis Microsystems [5] 
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More precisely, micro fluidics devices are directly  deal  with  moving  
gaseous or liquid fluids in micro cavities and micro channels such as in gas 
chromatography, microreactor, preconcentrator focuser and lab on chip 
applications [6]. The small size of micro fluidic devices enables them to 
perform and evaluate the fluid sample by using a small amount of fluid in the 
range of micro to pico liter [4]. More over, micro fluidic devices can be easily  
integrated to electrical and mechanical devices than  previously  attainable. 
Further more, their small size enables them to gain many advantages such as 
low driving power, portability, fast analysis and characterizing time. Micro 
fluidics devices are still under development with the aim to solve the 
challenging demands by miniaturized, low cost, high performance and high 
quality MEMS devices made of silicon or glass. Since the beginning of 90.s 
many [7,8,9] intensive  research work was  carried out mainly by Dr  Manz 
and  his  group [10,11,12]. However, about 15 years ago before that time, 
many ideas [11] were introduced to perform chemical sensing and analysis on 
microscale range [12]. In allowing this, the microfabrication technologies of 
silicon and glass were still in development and not very well established. 

 

1.3  Limitations and Problems of the Current Devices   

Nowadays, there are few preconcentrators focuser with the advantages of 
small size, good reliability and low cost are available in the markets. 
Practically, security applications, environmental monitoring and any chemical 
analysis benefit from the miniaturization of the preconcentrators.  

Researchers are working toward development of devices that can detect 
samples with a concentration within the part per billion (ppb) ranges. Thus, a 
great advance and development in analyses and monitoring of safety, 
environmental, fruits, medical, liquids and gases areas are expected. Further 
more, the applications of the miniaturization technology will not only enable 
to produce devices with low cost, reliable analysis and fast monitoring but will 
greatly impact other fields of science and technology areas such as the 
analytical systems development. The detection and monitoring of low 
concentration volatile and semivolatile chemical vapors within the gas sample 
are very important for some applications [13, 14]. As an example, detection of 
ethylene concentration in the range of ppb as an indicator of fruits ripening 
and damaging is very important to maintain high quality fruits.  
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Nowadays, many applications directly related to the health and security 
applications required an efficient low cost system to detect and monitor gases 
within low concentration range.  

Traditionally, analysis of the contaminated air is performed by a large bench 
gas measurement system in the laboratory [15]. However, these systems 
suffered from their large size, large power supplies, long analysis time and 
large sampling volumes. Many research work has been made to develop a 
high performance portable gas detection system [16, 17, 18]. Therefore, there 
is considerable interest in a fast, reliable, low cost and small system that can 
provide real time monitoring for gas analysis. A micromachining 
preconcentrator-focuser (PCF) is very necessary to enhance the sensitivity of 
the gas sensors [18] such as ethylene sensor which is limited by the low parts 
per million (ppm) concentrations. Conventional pre-concentrators devices 
that have been used are large in size and consume high power [15]. They also 
suffer from high complexity and limited heating efficiency [19] due to their 
large thermal mass (figure 1.2).  

 

 
 

Figure (1.2): Conventional Preconcentrator Focuser [15] 
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MEMS technology can overcome these limitations by significantly reducing 
the device size, thermal mass and required applied power. A micro fabricated 
preconcentrator has to be designed to enhance the detection of ethylene gas. 
The devices will be designed to  concentrate  ethylene  to make it more easily 
detectable by the sensor system. 

In the designing of a preconcentraor focuser as a component in gas analysis 
microsystem, many factors such as size, driving power and fabrication 
technology need to be studied and highlighted because it can magnify the 
small analyte concentration to a much higher level of concentration which can 
be detected easily by the sensors [20]. 

 

1.4  Outline of the thesis   

 The goal of this research is to design, fabricate and characterize a 
micromachining preconcentrator focuser for ethylene gas detection system. 
This thesis is organized into six chapters. In the first chapter, an introduction 
and problem definition are discussed. In chapter 2, a short survey about 
microfabrication techniques as well as requirements for microsystem design 
and their challenges are gathered and summarized. The historical 
development and the advantages of miniaturization will be discussed too. 
Moreover, many fabrication techniques that had been used in the fabrication 
process such as etching, PVD and anodic wafer bonding were discussed. In 
Chapter 3, the theory and operation of the preconcentrator focuser are 
presented and described. Further more, both thermal and flow analyses are 
presented. In Chapter 4, the design of a micromachining preconcentrator 
focuser is discussed and the main designing factors will be highlighted. The 
optimization of the fabrication technology and the complete fabrication 
process are presented. The dry etching processes as well as platinum thin film 
heater fabrication process were intensively characterized. In Chapter 5, the 
characterization of the fabricated device is performed and the operation 
parameters are highlighted. In Chapter 6, the conclusion is discussed and 
suggested future works will be presented as well. 
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Chapter 2 

 

Miniaturization and Microfabrication Technologies 

 

2.1 Miniaturization and Future of  Micro Devices     

The development of new fabrication microtechnologies has enabled to reduce 
the size, increase the efficiency and significantly minimize the cost of the 
devices (figure 2.1). Further more, the microsystem technology market is 
continuously growing since it replaces the available expensive and low 
performance classical technologies.  

 

 
 
Figure (2.1): Development and Growth of New Technologies [21] 

 
The microfabrication technologies enable to realize miniaturized devices 
which are continuously replacing the existing classical devices. Reducing the 
product size requires lower fabrication cost and therefore, using the available 
new technologies, an economical product can be obtained. Beyond that, 
miniaturization of the existing devices enables to increase their performances 
which eventually perhaps considered as a growth [21].  
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 2.2  Scaling Effects  

The functions and performance of a system can be changed by reducing its 
size. In ancient times, it was assumed that both functions and characteristics 
will not be affected by changing the system size. Leonardo da Vinci tried to 
copy the bird flight, but he was unsuccessful due to scaling effects since the 
ability to fly is determined by the ratio of the lift to the weight and he did not 
scale the wing surface very well because the wing surface would have to be 
supper proportionally increased relative to the human size. Later, Galileo 
Galilei, was the first scientist who proof the fact that the scaling of all system 
dimensions will affect its behavior [22]. The next following section is quoted 
from his works “Discourses and Mathematical Demonstrations Concerning the Two 
New Sciences” published in the year 1638. As shown in figure (2.2), his dialog is 
taken from the front page.  

Sagredo: Yes, that is what I mean; and I refer especially to his last assertion 
which I have always regarded as a false, though current, opinion; namely, that 
in speaking of these and other similar machines, one cannot argue from the 
small to the large, because many devices which succeed on a small scale do 
not work on a large scale. Now, since mechanics has its foundation in 
geometry, where mere size cuts no  figure, I do not  see that the  properties of 
circles, triangles, cylinders, cones and other solid figures will change with their 
size. If, therefore, a large machine be constructed in such a way that its parts 
bear to one another the same ratio as in a smaller one, and if the smaller is 
sufficiently strong for the purpose for which it was designed, I do not see 
why the larger also should not be able to withstand any severe and destructive 
tests to which it may be subjected.  

 

Salvati: The common opinion is here absolutely wrong. Indeed, it is so far 
wrong that precisely the opposite is true,  namely, that many   machines  can 
be constructed  even more perfectly in a large scale  than in  a small; thus, for  
instance, a clock which indicates and  strikes  the hour can be made more 
accurate on a large scale than on a small. There are some  intelligent  people 
who  maintain this same opinion, but on more reasonable basic, when they 
cut loose from geometry and argue that the better performance of the large 
machine is owing to the imperfections and variations of the material. Here I 
trust you will not charge me with arrogance if I say that imperfections in the 
material, even those which are great enough to invalidate the clearest mathe- 
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matical proof, are not sufficient to explain the deviations observed between 
machines in the concrete and in the abstract. Now, I shall say it and will  
affirm that, even  if  the  imperfections  did  not  exist  and   matter  were 
absolutely perfect, unalterable and free from all accidental variations, still the 
mere fact that it does matter making the larger machine from the same 
material and in the same proportion as the smaller, correspond with exactness 
to the smaller in every respect except that it will not be so 

 

 
Figure (2.2): Galileis “Dialogo” of 1632 (source: Unterredung und 
mathematische Demonstrationen über zwei neue Wissenszweige die 
Mechanik und die Fallgesetze betreffend von Galileo Galilei) [22] 

 

strong or so resistant against violent treatment; the larger the machine the 
greater its weakness. Since I assume matter to be unchangeable and always the 
same, it is clear that we are no less able to treat this constant and invariable 
property in a rigid manner than if it belonged to simple and pure 
mathematics. Therefore, Sagredo, you would do well to change the opinion 
which you, and perhaps also many other students of mechanics, have 
entertained concerning the ability of machines and structures to resist external 
disturbances, thinking  that  when  they  are  built  of  the  same  material  and  
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maintain the same ratio between parts, they are equally, or rather 
proportionally, to resist or yield to such external disturbances and blows. We 
can demonstrate by geometry that, the large machine is not proportionally 
stronger than the small one. Finally, we may say that, for every machine and 
structure, whether artificial or natural, there is a set limit beyond which 
neither art nor nature can pass; it is here understood, of course, that the 
material is the same and the proportion preserved. 

Galilei mainly presented and highlighted the size independent limits of both 
elasticity and material strength and investigated the consequences on the bone 
structure of different living beings (figure 2.3).  The Galilei work on 
mechanics can be applied in many other  fields of physics branches. The main  
and essential assumption of Galilei scaling principle is the super 
proportionality of the system dimensions and the system size independence 
of material properties.  

 

 
 Figure (2.3):  Bone of a giant compared to ordinary proportions- (source: 
Unterredung und mathematische Demonstrationen über zwei neue 
Wissenszweige die Mechanik und die Fallgesetze betreffend von Galileo 
Galilei, p. 369) [22] 

 

As an example, consider a rectangular beam with the dimensions of (175 cm x 
30 cm x 15 cm). The total volume of the beam is then: 

                                                                      (2.1) 

 

3)15()30()175( mV ≈⋅⋅=
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It’s easy to moderate the heat generated within the rectangular beam which is 
about . The total generated heat per volume is: 

                                                                            (2.2) 

However, heat is emitted from the beam surface and therefore, the heat 
transfer is affected by some conditions like ambient temperature. The beam 
surface area is: 

                                      (2.3) 

Assuming a heat transfer coefficient h of 

                                                                                      (2.4) 

The thermal resistance is then can be calculated as: 

                                                                            (2.5) 

From Ohm’s law of heat transfer, the temperature increase with respect to 
the ambient temperature can be calculated as: 

                                     (2.6) 

If we scale the beam by a factor of ten (original dimensions are multiplied by 
10) and considering the same assumptions for power density and the heat 
transfer coefficient we can obtain the following results: 

                                             (2.7) 

,                                                                (2.8) 

We can conclude that the temperature increases by a factor of ten due to the 
scaling factor. From equation (2.6), we can see that, the temperature increases 
with the volume to the surface ratio as: 

                                                                  (2.9) 
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Further more, the heat transfer coefficient would increase due to the non 
linear behavior of the heat transfer by radiation and the scaling effect is often 
known as a  model law. We can relate this to the phenomena “Learning from 
Nature” by the fact that  large animals  like  elephants  are actually  not 
overheated due to their large surface area. On the other hand, the situation of 
small animals is  different and therefore, small animals can protect themselves 
for example against under cooling  by increasing  power conversion (higher 
food intake) or by  decreasing the heat transfer coefficient. Small animals are 
however, unable to maintain a constant body temperature (cold-blooded 
animals). The same situation if the other physical quantities such as size, flow, 
force and material properties are scaled (increased or decreased). Considering 
a scaling length of λ, two related ratios could be obtained as: 

, ,                                                               (2.10) 

The same for the temperatures: 

                                                                                          (2.11) 

Thus, the ratio of heat transfer coefficients: 

     
                                                                                               (2.12) 

and for the specific energy dissipation: 

                                                                                                        (2.13) 

The relation between the temperature and length can be described by a 
scaling equation as: 

                                                                                         (2.14) 

Hence, the temperature is positively proportional to the scaling length and 
inversely proportional to the ratio of heat transfer coefficients. This 
phenomena will be used when scaling the preconcentrator focuser from the 
classical size to the micro size using MEMS technologies. 
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2.3  Introduction to MEMS Technology 

After the advances in the fabrication technologies in the integrated circuit 
(IC)  during the 1960s, researchers all over the world focus on realization of 
small objects that perform very good functions with low cost. Many research 
and development work was carried out to integrate as more as possible circui-
ts on a semiconductor wafer by scaling the circuit down to some factors and 
maintaining the same functions.  

From economic point of view, that is very positive since the greater the 
number of circuits on the same wafer, the lower the cost. More over, the 
success in mass production and scaling possibilities in electronic integrated 
circuits encourage the researchers to apply the same principles and concepts 
to fluidics, optics and mechanics with the hope of achieving miniaturizing 
devices with high performance and low cost. That resulted in the advent of 
the so called MEMS Technologies [23, 24]. 

The term "MEMS," is well known since quite long time and also referred to 
in   many  literatures  as  “Microsystems,”  has  been a  common  phrase  for  
microelectromechanical systems that are designed and realized on the 
micrometer range. On the other hand, similarly, "NEMS," or nano 
electromechanical systems, or nanosystems are designed and realized in the 
nano range. Moreover, during the last two decades, MEMS development has 
been a very good lucrative enterprise in both industry and academia and cover 
many applications such as micro sensors, accelerometers, micro mirrors, lab 
on chip, inject printer heads, …, etc. Microsystems typically require less 
operating power and occupy less and small spaces.  

However, many definitions for MEMS exist. Some scientists define it as the 
integration of miniaturized fluidics, sensors, actuators and signal processing 
units to form a complete system that monitor, sense, decide and react 
[25,26,27] according to our requirements.  Other MEMS engineers and 
researchers define a MEMS device as [29]: 

• A device that consists of a micro machine such as microsensors and 
microelectronics which control the operation of the micro machine. 

• A device that is realized by using both micromachining and batch 
fabrication technologies. 

Physically, MEMS is a completed integrated system realized on a single chip 
using microfabrication technologies with the advantage of miniaturization and  
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parallel processing resulting low cost devices production. Further more, the 
advancement in the MEMS technologies opens some  new  related  
technologies such as Microoptoelectromechanical systems (MOEMS) and 
micro total analysis   systems (µTAS) which have a promising market. Taking 
the advantages of MEMS fabrication technology, an efficient micro 
preconcentrator focuser could be designed  and  fabricated to over  come  the  

problems of the classical traps. An example of "smaller is better" is the 
concept of micromachining preconcentrator focuser (PCF) which enhance 
the efficiency of gas analysis systems especially in low concentration range. 
Miniaturizing the preconcentrator focuser has the potential to facilitate on-
site gas detection and analysis very fast.  

However, there are many challenges in front of MEMS technologies that have 
to be considered. Firstly, the MEMS computer aided design (CAD) software 
packages which often used to design MEMS devices are not powerful enough 
to include all the corresponding real factors related to the operation and 
performance of MEMS devices whereby, its is very important to understand 
and control all the complex interaction domains in MEMS devices. Secondly, 
from the fabrication side view, MEMS engineers must consider the high cost 
for a state-of-the-art silicon foundry since the MEMS development can be 
very limited by high cost of investment. Thirdly, packaging techniques have to 
be considered as an affect on the performance of MEMS devices and recently 
many researches were running in this field since each MEMS device type 
needs a particular packaging method. 

 

2.3.1  Development and Growth of MEMS Devices  

Since the MEMS devices are very small in comparison to conventional device 
(macro size), their design is completely different is characterized by many 
several propositions [29, 30]:  

1. Mainly batch technology processes such as film deposition, 
photolithography, electroplating and etching are used to fabricate MEMS 
devices. These processes are mass production processes and a large quantity 
of components is produced simultaneously with a few or no manual 
operations.  
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2. Most common used materials are silicon, metals (nickel, gold, 
copper, aluminum) and ceramics (Al2O3, AlN). Moreover, silicon has 
outstanding characteristics in the micro range. 

 

3. MEMS materials usually are not expensive, although certain purity of 
the materials is often required by the MEMS designers. 

 

4. The cost of the production facilities is relatively very high due to the 
requirements of high accuracy and purity. Beside that, the maintenances and 
inspections of the production facilities are very costly too. However, MEMS 
can be produced in very high volumes and since a large number of units can 
be produced in batch processes, hence, a single unit with very low price is 
achieved which of course overcomes the high cost of production facilities. 

 

5. The MEMS design and development includes the related high cost 
responsibility for the corresponding subsequent steps in the product life cycle 
as: 

-  Project planning 

-  Development  

-  Production 

-  Marketing 

Typically, design contributes extensively to the total cost by 70 to 80%. 

 

6. High efficient design simulation tools to predict the functionality of 
the system in the earlier stages are very necessary due to the complexity of 
device realization. 

 

7. In comparison with the conventional systems, MEMS exhibit limited 
reparability. Hence, it’s very important to design a fully functioning system in 
the first run due to cost responsibility and the lack of reparability. The design 
includes all the steps like variant analysis, functional optimization and the 
final production documentation. 
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Today's MEMS consist of individual integrated components such as sensors 
and actuator switch which are operated and controlled electronically either 
hybrid or monolithically as in the case of a VLSI compatible process sequence 
[31, 32, 33]. The future MEMS technology has a high potential regarding cost 
reduction (expenditure on materials, supplies and quantity of process steps) 
and performance improvement (accuracy, range of capacity, selectivity of 
sensors) with simultaneous improved reliability [27,31]. Moreover, cost 
reduction becomes clear and significant if high volume production is 
employed by large-scale automation in batch processes [32, 36]. With the 
increase of MEMS applications, it is expected that the MEMS design will 
attain a similar advance position as that of today’s VLSI design [35, 36].                                                                                                                             

 

2.4  Microfabrication Technologies   

Microfabrication technologies which enable minimization of the classical 
devices and the  available  used materials are the  main  important  factors  for 
developing a microsystem product since they are directly related to design, 
cost, efficiency and the competitiveness of microsystem products in the 
market. Moreover, microfabrication technologies [2, 7, 10] possess many 
advantages:  

• smaller device size  

• less material use  

• less waste  

• very good geometrical and size control  

In this section a very short survey of microfabrication technologies which are 
used for fabricating and realizing microsystems devices [2, 12, 15] namely are 
thin film deposition, pattern transfer, etching, wafer bonding, bulk 
micromachining and surface micromachining will be presented [10, 12, 15]. 

 

2.4.1  Photolithography Technique  

Lithography is the process by which the structures on a specified mask are 
transferred by means of exposure to a desired substrate [37, 38] and its one of 
the expensive fabrication step. The exposure is performed either by use of 
mask projection or by a focused electron beam scanning which is often used 
for mask preparation.  
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The structure mask consists of an absorber structure applied on a glass 
substrate and is transferred optically on the desired substrate coated by a 
photosensitive film (photo resist). The exposed area becomes soluble in the 
developer in positive resist case while the non exposed area becomes soluble 
in negative resist and according to design features and process plan, the photo 
resist is chosen and selected [37, 38, 39]. They are different techniques of 
optical lithography used to fabricate MEMS and semiconductor devices 
namely are contact printing, proximity printing and projection printing.  

In contact printing technique, the mask is positioned directly on the desired 
substrate which can cause damages on both, the mask and the substrate due 
to the mechanical load. However, in proximity printing technique, these 
damages are avoided since the mask and the substrate are separated by a gap 
(typically 5~100 µm). Moreover,  the  separation  gab  prevents  the  transfer  
of small particles from the wafer side to the mask which guaranties a long 
time useable mask. On the opposite side, the separation gap causes a 
diffraction which eventually perhaps limits the resolution to few micrometers. 
The present resolution in the proximity printing technique is very satisfactory 
for many MEMS applications [37, 39]. In projection printing technique, 
special imaging systems are used and the mask and the substrate are spatially 
separated. Here the wafer is only partially exposed and the whole is exposed 
in step repeat process. Further more, the mask features size is larger than 
structure size on the substrate by a factor of 4 to 10 which enable to detect 
any defects in the mask [40]. 

 

2.4.2  Thin Film Technology 

Thin film layers are widely used in MEMS devices as a passivation, stabilizing, 
dielectric, metallization and masking layer. There are many types of thin film 
that can be deposited with upto several hundred microns depending upon the 
application [37]. The functionality and quality of thin film layers are 
characterized by the layer adhesive strength, deposition rate, surface quality, 
matching with the underneath layer and the compatibility with other 
processes. Table (2.1) summarizes some common used thin film deposition 
techniques. The  selection  of  suitable  deposition  techniques  is  however, 
depend  on  the design of the device, the function of the deposited film and 
compatibility with  the other fabrication techniques. 
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Table (2.1): Comparison between some common thin films deposition 
techniques. 

Technique                   Materials       Deposition      Temperature     Adhesive      
Film        Set-up 

                                                             rate                                        strength      
quality     costs                                                        

Thermal Oxidation             SiO2 on Si            10-100 nm/h         850-1200 °C             ++                ++              0 

CVD                                  various chem.        1-50 nm/s             300-1000 °C              0                    +               0                         

  compounds               

LPCVD                             various chem.         1-50 nm/s             300-1000 °C              +                 ++                - 

                             compounds     

Sputtering                           various chem.        1-20 nm/s             <400 °C                   ++                 +                -- 

                                           compounds    

Evaporation                        Metals                    1-100 nm/s           150-300 °C                 -                   +                 - 

Plating                                Metals                    3-15 nm/s             20-50 °C                      0                   +                + 

Electroless Plating             Ni, Cu, Au,           0.1-5 nm/s              50-90 °C                       0                    0             ++ 

               Sn, Ag 

 

2.4.2.1  Thermal Oxidation Technique 

Its one of the main important techniques that used in MEMS technology and 
particularly used to generate insulating layers, dielectric layers, etching masks 
and passivation layers [41, 42]. Silicon dioxide (SiO2) is very well known 
functional layer in MEMS technology and frequently used due to its 
outstanding electrical (insulation), mechanical (hardness) and optical 
(transparency) characteristics. Oxide layer grown process is a high 
temperature process typically 850-1200 °C and several wafers can be treated 
together in an oven simultaneously. However, the oxide formation process 
need to be controlled very well due to its influences on impurity diffusion 
which of course affects the doping concentration inside the semiconductor 
material [41]. Two main oxidation techniques can be used depend upon 
application either dry oxidation or wet oxidation. In dry oxidation   technique, 
no water vapor is applied and the resulting thin film layers posses very good 
dielectric properties and high purity but the growth rate is very low. As an 
example, the deposition of a 100 nm thick layer will take approximately 10 
hours at an operating temperature of 900 °C.  
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In wet oxidation technique, water vapor is applied and the quality of the 
resulting layers is not as high as in dry oxidation  due  to  the stress between 
silicon and  silicon  oxide which  of course limits some fabrication process 
especially when freeing the layer by etching but the growth rate is very high 
(approximately 100 nm per hour). 

 

2.4.2.2  Chemical Vapor Deposition (CVD) Technology 

In CVD process, gas is exited in a furnace and broken down to its species, 
some of which nucleate on the target substrate forming a film.  First, the 
furnace is heated in the present of an inert gas (like N2) and as soon as the 
furnace reaches the deposition temperature, the inert gas switched off and the 
reactive gas is introduced [39, 41]. Many different types of thin films can be 
deposited using this technique such as polycrystalline silicon, silicon nitride, 
silicon dioxide. More over, most of thin films deposited by this technique are 
amorphous or polycrystalline. The quality of deposited thin films by this 
technique is not as high as with thermal oxidation technique and the only 
advantages of this technique are the lower operation temperature and the 
flexibility. However, generally, the thin films deposited by CVD posses good 
surface quality and sufficient purity combined with adequate growth rate. 
CVD technology is widely used in both MEMS and CMOS technologies and  
recently it was successfully employed to produce ultra thin films like silicon 
germanium.  

 

2.4.2.3  Physical Vapor Deposition (PVD) Technology 

High vacuum evaporation and sputtering techniques are the most important 
PVD processes [41, 42, 43] used in MEMS and semiconductor technologies. 
In high vacuum evaporation PVD technique, only thin layers can be obtained 
(less than 1µm) and the metallic substance to be deposited is located and 
heated up by resistance heating in a crucible to an elevated temperature at 
which it evaporates. The resulting vapor will  accumulate  and  condense  on a  
lower  temperature  substrate. The deposition rate is usually between 1 to 100 
nm/s. This technique is relatively simple and works great for metal films with 
low melting point but its hard to deposit films with high melting point with 
this technique. 
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In sputtering PVD technique, the vacuum chamber is evacuated and the solid 
target material to be deposited on the substrate is directly bombarded by gas 
ions usually argon ions. The gas ions (Ar+) are created by plasma discharge 
which is formed using dc or rf power supply. Then, the gas ions are 
accelerated in an electrical field directly towards the cathode, where the target 
is located. Since, the accelerated gas  ions posses  high  kinetic  energy, they  
eject  atoms or molecules from the target surface, which land on the anode, 
where the substrate is located coating a thin film. However, for good 
uniformity, the substrate to be  coated can be moved either circularly or 
linearly during sputtering process. Although, sputtering technique is more 
complicated than evaporation, it has better step coverage than evaporation 
and can use more than one target and multiple substrates.  

Generally, PVD processes are high vacuum and low pressure (1 Pa for 
sputtering and 10-2 - 10-5 Pa for the high vacuum evaporation) processes. The 
process pressure need to be controlled for high quality and purity thin films 
deposition since some of atoms and molecules of residual gas can be  
deposited in addition to the target material. Further more, the molecules and 
atoms of the residual gas can react with an active gas resulting unwanted 
components deposited on the substrate as the case of reactive sputtering. The 
sputtering deposition rate is relatively low (< 5 nm/s) due to the binding 
energy of the material. However, most of the high-melting materials like 
tungsten and tantalum can be deposited by sputtering technique. Beside that, 
sputtering requires a relatively high pressure of approximately 1 Pa due to the 
proportionality between ion stream and pressure and thus the co-deposition 
of the contaminated gas molecules exists. Moreover, the substrate surface can 
be cleaned by applying negative voltage (- 100 V) to the substrate. On other 
side, the contaminated gas molecules can be removed from the substrate 
surface by reversing the applied voltage. Sputtering machines are usually 
supplied with several deposition targets which of course enable to deposit 
different material in the same reactor and thus minimizing the surface 
contamination effect [42,43].  
 

2.4.3  Microstructuring Technology 

2.4.3.1  Wet Chemical Etching 

It is one of the pattern techniques that used to fabricate MEMS structures. In 
wet  chemical  etching, the  exposed  wafer with a patterned etching mask that  
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defines the desired structures is immersed in chemical etchant solutions like 
acid [39, 44, 45, 46]. The main advantage of wet chemical etching technique is 
its high selectivity which is defined as the etch rates of different materials 
thereby different etchant can be used for different materials (Table 2.2). Most 
wet chemical etchants exhibit an isotropic behavior (equal etch rate in all 
directions), thereby resulting an under etching of the structures under the 
resist. 

 

Table (2.2): Characteristics of some used etching solutions [38, 46, 47]. 

Substance       Etchant                     Temperature           Etch rate               
Selectivity, etch rate  

                                                  [°C]                 [nm/min]                        
[A°/min]                                                                                          

SiO2                    49% HF                                  20-25                         2000                                Si:3, Si3N4: 100 

SiO2                    33% NH4F, 8.3% HF              20-25                           100                               Si:5, Si3N4: 4 

Si3N4                  85% H3PO4                          160-180                           10         Si:7, SiO2: 0.8 

Si                         70%HNO3, 1% HF                20-25                          100-300         SiO2: 80, Si3N4: 3  

 

Al                        80% H3PO4, 5%HNO3          40-50                            600  Si.: 10 

Ti                         5%H2O2, 5%HF                    25                                 900         Si.: 10, SiO2: 100 
Photoresist           Acetone          0-90 °C            20-25                           4400 

 

 

Hence, the wet chemical etching process has very much limited applications. 
Further more, it has very low aspect ratio due to the under etching and the 
rounding edges and therefore, this technique is rarely used in MEMS that 
require high aspect ratios structures. 

 

2.4.3.2  Dry Etching 
In dry etching process, plasma is used instead of chemical solutions that are 
usually used in wet chemical etching and very often dry etching known as 
plasma etching [25, 39, 45]. The plasma is defined as an ionized gas consists 
of ions, electrons and neutrons. It is created by applying a high-frequency 
electric field to gaseous phase which causes a collision of  electrons that cause  
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a transfer of kinetic energy. Thereby, by using ions bombardment, particles 
from the desired surface can be ejected and therefore is termed as sputter 
etching or back sputtering since sputtering is used for target erosion.  

 
Table (2.3): Comparison between some physical and chemical dry etching  
techniques [39, 45, 47]. 

Etching      Etching       Etching    Pressure     Ion energy     Selectivity     Etch 
profile            method       mechanism        particles         [Pa]               [ev]   

                                                        
Barrel             chemical             reactive radicals     10 -100                  0                         ++                        isotropic 

etching 

 

Plasma           physical/         reactive radicals/      10 -100             10 -100                     +         isotropic/ anisotropic                          

etching        chemical          weakly ion assisted                                                

 

RIE              physical/        reactive radicals/          1-100              100-1000                   +         isotropic/ anisotropic                          

      chemical         strongly ion assisted 

 

Sputter         physical           inert ions                     1-10                300-1500                    -                          anisotropic 

 etching                                   

 

IBE             physical           inert ions                       <0.01             300 -1500                   -                         anisotropic 

 

    

 

 

In dry etching process, both chemical and physical actions are present. A 
chemical reaction takes place on the surface of the material to be etched due 
to the reaction between the surface and the process gases. For silicon etching, 
fluoride gases or chloride gases are used and the resulting etching products 
are gaseous that can be pumped out. 

 Table (2.3) shows a set of processes that describe dry etching techniques. 
The etching rate is influenced by ion bombardment.  
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Dry etching process has many advantages among the other alternative 
etching techniques which are: 

-Complete independent of the crystal orientation and different shapes can be 
realized with good profile. 

- Low process temperature which enable to produce low stress material. 

-Compatibility with the electronic circuit manufacturing (CMOS process) due 
to low temperature. 

- Controlling of selectivity by using reasonable masking layers. 

 

2.4.4  Micromachining Technologies 

The main goal of the micromachining technologies is to fabricate inexpensive 
MEMS devices in large quantities. Using the available microfabrication 
techniques, integrated microsystems and devices can be realized in large arrays 
with lower cost to perform many functions that can not be realized with 
classical traditional technologies. 

Micromachining technologies are defined as an applied design and fabrication 
tools to form and fabricate devices and systems in micrometer range. 
Moreover, micromachining  is known as  the  underlying  foundation of 
MEMS fabrication.Generally, micromachining is used to realize various 
MEMS devices like electrothermal and electromechanical devices by selective 
etching of some silicon parts or adding some new functional layers on the 
silicon wafer [36, 48, 49]. The long well-established integrated circuit (IC) 
technology was used to establish a suitable environment for the growth of 
micromachining technologies. Many design rules, tools and fabrication 
techniques that used in the design and realization of MEMS devices are 
directly borrowed from the established IC technology. Two major  types of 
micromachining technologies  are  exist  namely  are, Bulk and  surface micro-
machining. On the other side, wafer bonding technique can be applied as a 
post process of bulk micromachining. LIGA lithography, galvanoformung, 
abformung) has been used to form complex high-aspect ratio structures. 
 

2.4.4.1  Bulk Micromachining 

Its one of the most micromachining techniques that used to realize three 
dimensional MEME devices directly out of a single silicon substrate by select- 
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ive etching of the substrate. Many MEMS devices can be fabricated using 
bulk micromachining such as electrostatic and thermal microactuators, 
microfluidic devices and some microsensors (Figure 2.4). However, the wafer 
crystal orientation need to be considered during the design of the MEMS 
devices since the etching rate for different etchants like potassium hydroxide 
(KOH) and hydrazine water is crystal orientations dependent [50, 51]. 
Although, this technique can be used to form a high aspect ratio structures 
directly out of the silicon wafer, it  suffers  from  some limitation like  the  
wafer’s  crystallographic orientation which control both the etching depth and 
the etching rate. Generally, bulk micromachining starts with a single substrate. 
After that a protecting thin film is deposited on the substrate as a masking 
layer. For silicon micromachining, silicon oxide or nitride are mostly used. 
Then the deposited film is structured according to the target structures and 
the undesired portions of the film are removed leaving the target bulk layer 
for further processing. The bulk layer is then etched either by a wet or a dry 
etching.  

In wet etching, the diagonal directions will be etched resulting the so called 
anisotropic etching. The alkaline solutions have been used as etching 
solutions for silicon since 1960s. Since the wet etching is anisotropic etching 
process, the etching rate is different from plane to plane. For example, the 
etching rate in <100> and <110> directions is faster than the etching rate in 
<111> direction and this will result that the bulk material is etched at an 
angle of 54.74° which is the angle between the (100) surface and the four 
{111} planes. At this point we can define the so called selectivity which is 
ratio between the etching depth in the target direction to the etching depth in 
the undesirable directions. Thus, a better selectivity is very necessary for 
better and straight finishing structures.   

There are many important factors need to be considered when using the wet 
etching of silicon material. The target designed structures must be bounded 
by the {111} planes so the realized resulting structures are rectangular. The 
use of <110>  silicon wafer yields vertical structures but planar features is 
limited by long parallel strips. Moreover, wet etching results sharp corners 
which reduce the strength of the structures. Hence, in recent years, an 
intensive research work was concentrated on the dry etching technologies to 
over come the limitation of the wet etching technique. The dry etching 
technology  enables to  produce isotropic structures using reactive ion etching  
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(RIE) and high aspect ratio structures have been produced with vertical side 
walls features. The process parameters for dry etching process need to 
optimized for good etching profile. Since the target in this thesis is to use 
silicon material with thick structures, dry etching process will be optimized.  

 

 
 

Figure (2.4): Bulk Micromachining Technology [48] 

 
2.4.4.2  Surface Micromachining 

It differs from bulk micromachining technology, the device structures are 
constructed from thin films which are deposited on the surface of the silicon 
wafer. A thin film is deposited to be used as a functional layer or as a 
sacrificial layer in the fabrication process. The desired functional thin film is 
released by removing the sacrificial layer (figure  2.5). Unlike the bulk 
micromachining, the compatibility between structural materials, sacrificial lay-
er materials and etchants has to be considered in this technology [48]. Mostly 
in surface micromachining technology, silicon dioxide and  polysilicon thin 
films  are used as sacrificial  and structural layers respectively. Many thin films 
surface layers can be stacked to realize complex MEMS structures. The 
realized micromachining structures by this technology are usually smaller than 
bulk micromachining structures.  



   

                                                                                                                         
27 

Design and Fabrication of a Micromachining Preconcentrator Focuser for Ethylene Gas Detection System  

 

 
Figure (2.5): Surface Micromachining Technology [48] 

 
The main advantage of this technology is that the devices can be easily 
integrated to IC technology since the integrated circuits are fabricated on the 
silicon wafer. One of the main attractive advantages of this technology is that 
it does not suffer from the 54.7° features enlargement.   
 
 

2.4.4.3  LIGA Technique 

LIGA is an acronym for lithography, electroforming and micromolding (in 
German, lithographe, galvanoformung, abformung). Its one  of  the  available 
technologies that  can be used to fabricate three dimensional complex and 
thick MEMS microstructures. As shown in figure (2.6), very thick (several 
hundred micrometers) structures can be fabricated using a thick (several 
hundred microns) resist layer which is exposed to synchrotron X-ray 
radiation.  
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Figure (2.6): LIGA Micromachining Technology [48] 

 
After development of the exposed layer, a mold is formed  and can be filled 
with a desired layer like metal. By stripping the remaining resist, a functional 
microstructure is freely realized and anchored to the substrate. Although, the 
LIGA  technology is  very costly, it has been applied for many applications 
including fluidic devices and gears [48, 52, 53].  

 
2.4.4.4  Bonding Techniques for MEMS Applications   
Wafer bonding technology has been widely used particularly for materials 
integration in both microelectronics and MEMS devices [54].One of the 
significant important applications for wafer bonding in MEMS technology is 
in micro fluidic devices. Moreover, wafer bonding allows transferring a thin 
single layer  from a first  substrate to a  second  different  substrate and is  not 
restricted to the use of silicon material whereby by proper polishing and good 
surface chemistry, combinations of multiple different materials in MEMS 
technology can be achieved [55, 56] and very complicated MEMS devices 
have been realized using wafer bonding of multiple substrates [56]. There are 
several kinds of wafer bonding techniques; however, we will restrict ourselves  
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to anodic bonding technique which will be employed in the fabrication 
process for the preconcentrator focuser later in this thesis. For good wafer 
bonding, contaminants free and flat surfaces are required.  

 

2.4.4.4.1 Anodic Bonding Technique 

Anodic bonding is bonding of silicon wafers to glass wafers under elevated 
corresponding temperatures. It was pioneered by Wallis and Pommerantz in 
1969 [57]. Since its invention, anodic bonding technique has been widely used 
in MEMS devices [58] due to its high mechanical and chemical stability [59]. 
The wafers to be bonded are cleaned, contacted and an electric field is applied  
under an elevated  temperature  in the  range  of room temperature up to  500 
°C will complete the bonding process [60]. The bonding operating 
temperatures should be below the glass melting point.  

 

 
 

Figure (2.7): Anodic Bonding Process [60] 

 
 

Figure (2.7) is a sketch of a common anodic bonding set-up [14]. In order to 
perfectly  bond a glass  wafer to a silicon  wafer, the glass wafer should posses  
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enough mobile ions such as sodium and a thermal expansion coefficient 
relatively close to the silicon wafer. Many explanations of anodic bonding 
process exist; however, the entire process mechanism is not yet completely 
understood. It has been proposed that when the process temperature reaches 
certain elevated temperatures, the glass surface which is in contact with the 
silicon wafer becomes a conductive solid electrolyte and the mobile ions 
migrate toward the cathode resulting a bonding of the wafers. A depletion 
region is developed as a result of ions movement at the glass -silicon interface 
which of course causes a drop in the applied voltage. An electrostatic force 
which is developed due to the electrical field between the glass and silicon 
pulls the glass and silicon into intimate contact. In the present of a high 
temperature, a chemical reaction at the wafer interface surface will take place 
and strong bonds between atoms of the silicon and glass are formed. 
Compared to silicon direct bonding anodic bonding is a lower temperature 
process with lower residual stress and less stringent requirements on wafer 
surface. The contacting surfaces need to be dust free and flat with a surface 
roughness of less than 1 µm to form a good bond. The native or thermal 
oxide layer on the silicon must be thinner than 600 nm [59, 60]. 
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Chapter 3 

 

Theory and Analysis of the Preconcentrator Focuser 

 

3.1  Overview 

As the name implies, the preconcentrator focuser is used to maximize the 
concentration of the explosive gas molecules for better detection efficiency.  
Generally, a preconcentrator captures and adsorbs explosive gas molecules 
from an inlet air sample, then the adsorbing medium of the preconcentrator 
focuser is heated quickly to desorb the explosive gas molecules which will be 
flashed out and directed to a detector or sensor so it can be detected easily 
(figure. 3.1). Hence, the explosive gas molecules sample which present in a 
large air volume at the input of the preconcentrator focuser will be 
concentrated into a much smaller air volume at the out put port of the PCF 
so it can be directed and sensed very easily [61].  

Preconcentration process is one of the common chemical techniques in gas 
analysis and detection systems such as enhancement of gas sensors efficiency. 
However, the so called conventional Preconcentrators have been used for a 
quite long time especially in laboratory environments [62, 63].  The 
conventional preconcentrator is essentially a stainless  steel or  glass tube 
filled with an adsorption  material to  capture and adsorb the gas molecules. 
By passing an electrical current through the stainless-steel tube or through a 
metal wire coiled around the glass tube, the adsorption material will be heated 
and thus the gas molecules desorp from it but in high concentration [64, 65, 
66, 67]. The dimension of the conventional preconcentrator is usually several  
centimeters  in length and few  millimeters  to 1 centimeter inner diameter 
[68]. Beside that, the adsorption material is selected based on its chemical and 
physical reaction with gas molecules of interest and there are many materials 
available such as carboxen 1000, carbopack x and carbosieve siii [63, 65, 66, 
68]. A miniaturized high performance gas detection system for air analysis has 
been targeted by many researchers in the recent years due to its applications 
in many fields such as fruit transportation logistic systems,  environmental 
monitoring and chemical industrial plants [69]. MEMS technology has enable 
to scale and miniaturize the components of the classical gas detection system 
using silicon micromachining  technologies and  the  first   effort work in this  
field was  done by Terry et al. in 1979. 
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Since then many researchers have followed with varied success effort [70, 
71]. Using MEMS technology, a micromachining preconcentrator focuser can 
be designed, fabricated and can be used as an injector for gas chromatography 
column or as a direct injector to a sensors array [72, 73, 74]. The main 
advantages of the micromachining preconcentrator focuser are, the 
enhancement of the gas system sensibility, reduced humidity influence and 
the minimum analysis time.  

 

 Preconcentrator
        Focuser

 Preconcentrator
        Focuser

to detector

explolosive gas molecules

 

 

 Figure (3.1): Operation Principle of the Preconcentrator Focuser [61] 

 

Many analysis difficulties are existing in the conventional preconcentrator 
focuser such as delay time which mainly due the big size of the device since 
its difficult to heat and cool the device very fast and thus, the micromachining 
preconcentrator focuser can overcome such problems by containing 
sufficient adsorbent material mass to ensure enough quantitative trapping of 
gas molecules from the gas inlet sample. Beside that, the adsorbent material 
mass has to be small enough for fast heating.  
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Hence, fast desorption can be achieved which of course reduce desorption 
signal width. Further more, minimizing the required applied power and dead 
volume are necessary too. 

 

3.2  Adsorption Process in the Preconcentrator Focuser 

The main goal is to adsorb the maximum amount of analyte gas molecules 
from the gas sample within a specific time interval and then release and flash 
the concentrated gas molecules by heating the adsorption material [75, 76, 
77].  However, its very necessary to consider some related factors namely are: 

 

• A sufficient amount of the adsorption material is very necessary to 
allow maximum adsorption of gas molecules; 

• The driving electrical power for desorption has to be minimized for 
robust device; 

• A uniform and fast heating time for minimum pulse width during 
desorption process is desired; 

To describe the adsorption process in the preconcentrator focuser, some 
assumptions need to be applied to simplify the problem as [75, 78]: 

 

• The adsorbed gas molecules concentration is uniform over the whole 
adsorption material 

• The adsorption is linear; 
• The flow in the channel is laminar and considered just in 2D; 

 
The adsorption capacity of the preconcentrator focuser is a critical issue in 
the design and operation of the preconcentrator focuser and it governs the 
minimum size of the PCF. The adsorption material which will be used to 
adsorp the target gas molecules is selected based on its type, and on the 
concentration and type of target gas molecules. Moreover, the minimum 
required mass of adsorption material is also depends on nature, properties 
and concentrations of gases to be analyzed.  
The selection of the adsorption materials is mainly based on experimental 
characterization of the adsorbents and their behavior with the target gases 
molecules.  
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Many adsorbents are provided and listed with their specifications and 
applications. The adsorption capacity of the preconcentrator focuser is 
specified characterized by the so called breakthrough volume ( bV ) which is 
defined as the required gas volume to observe some preset fraction of the 
drawn gas molecules concentration at the output port of the preconcentrator 
focuser. The design, operation and performance of the preconcentrator 
focuser had been related to the bV  by modified Wheeler model as: 

 
                                                                     

(3.1) 

 
where bV  is in liters, eW  is the kinetic adsorption capacity (adsorbate 
mass/adsorbent mass), bW  is the packed-bed mass (g), ( )QWb b/ ρτ =  is the bed 
residence time (min), bρ  is the adsorbent bed density, Q  is the volumetric 
flow rate (sccm) , vk  is the kinetic rate constant (1/min), OC  is the inlet 
concentration (ppm) , and xC  is the outlet concentration (ppm). Both 
variables ( eW ) and ( vk ) are determined empirically and proofed experimentally 
and they are completely independent of bed mass ( bW ) and flow rate (Q ) but 
in other hand they vary with the target gas type and concentration. Hence, 
any decrease in τ  will minimize the breakthrough volume ( bV ).  
The critical bed residence time ( cτ ) determined at bV  =0, represents the 
theoretical miniturization limit of the PCF. More precisely, for a given flow 
rate, this defines the minimum critical length of the PCF at cττ = .  
However, two zones will be developed during the adsorption process:  
saturation zone and adsorption zone as shown in figure (3.2). The saturation 
zone is the region in which the adsorbent material has adsorbed a maximum 
amount of gas molecules of interest, and the adsorption zone is the zone in 
which uptake is still occurring [75, 79].  
The gas molecules inlet concentration during the injection cycle of the 
preconcentrator focuser, i.e. before developing the saturation zone can be 
described by solving the mass transfer equation as 

lecc ⋅−⋅= α
0min                                                             (3.2) 

where, 
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In order to establish the saturation zone, the adsorption material requires 
enough time to capture and adsorb a maximum amount of the gas molecules 
and this time however can be given as:  
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Figure (3.2) : Adsorption Process in the Preconcentrator Focuser [75] 

 

Hence, allowing enough time for adsorption process is very necessary to 
establish and maximize the saturation region which continues to propagate 
until the front end of the preconcentrator focuser. The exiting gas molecules 
concentration over the loading time, t , can be given as:  
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3.3 Desorption Process in the Preconcentrator Focuser 

Thermal desorption is defined as the trapping of the adsorbed gas molecules 
with high concentration. Moreover, the  desorbed gas  sample  with high con- 
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ncentration will be then either directly to a microsensors or gas 
chromatography column. The desorption process is the trapping of gas 
molecules in the inlet sample and subsequently the adsorption material will be 
heated to an elevated desired temperature resulting that the gas molecules will 
be released in high concentration level. Hence, it is the most popular 
technique for gas analysis in air, especially for low concentration gas 
components. [75, 80,  81].  

 

 

 

 

 

 

 

 

 

Figure (3.3): Desorption Process in the Preconcentrator Focuser [75]  

 

Figure (3.3) shows how the analyte’s concentration changes after heating the 
adsorption material leading to a high concentration released sample. 

At the beginning the material assumed to be in saturation state (A), then after 
heating the adsorption material to an elevated desired temperature, the 
desorption process begins to take place, the concentrated analyte in the air 
mixture nearby to the adsorbent material surface will be released and flashed 
out (from (A) to (B)). The concentrated analyte will be continuously released 
and flashed to the gas stream until the concentration of analyte return back to  
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the initial level [75, 82]. The required time (tb) for the target gas molecules to 
be detected at the outlet port of the PCF can be expressed as: 
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The desorption process is commonly described by the concentration factor 
(PF) which is the ratio between the inlet gas concentration ( OC ) and the outlet 
gas concentration ( xC ) as: 

Concentration Factor (CF) =  
o

x

C

C
                                                             (3.7) 

 

This equation will be used later in the characterization chapter to determine 
the concentration factor of the fabricated device. 

 

3.4 Adsorption Materials 

There are different types of adsorption materials available to be used for 
preconcentration applications [72]. However, the  chemical and physical 
reaction of each material with certain gas is different from one material to 
another. The selection of the adsorption materials for the preconcentrator 
focuser is based on  their reaction with the analyte gas molecules. Hence, the 
adsorption materials must fill full some requirements such as:  

• stable and strong reaction with the analyte gas molecules 

• high adsorption and fast desorption capacity  

• long time thermal stability 

Moreover, the optimal adsorption material can be selected based on the 
analyte gas molecules breakthrough volume which defined as the required 
carrier gas volume which causes the analyte gas molecules to migrate from 
the front of the adsorbent bed to the end of the adsorbent bed along the 
preconcentrator focuser. Table (3.1) shows some adsorption materials 
which can be used to fill the preconcentrator focuser’s channels. 
Properties  of  different  types of adsorption materials and their 
applications are highlighted in many literatures [83, 84, 85].   
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Table (3.1): Adsorbent Materials and selected Physical Properties 

Adsorbent Mesh 
Specific surface 

area [ ]12 −⋅ gm  

Density  

[ ]3cmg  

Carboxen 1000    45/60 1200 0.44 

Carbopack X    40/60 250 0.41 

Carbopack B    60/80 100 0.36 

Carbopack Y    40/60 25 0.42 

Carbotrap C    20/40 10 0.38 

 

Since the target of this thesis is to design and fabricate a micromachining 
preconcentrator for ethylene gas detection  microsystem, Carboxen 1000 has 
been chosen due to its good reaction with ethylene gas molecules. 

 

3.5 Micro Fluidics Devices 

Micro fluidic devices are a rapidly growing and promising field of modern 
technology at the cross roads of MEMS, material sciences, surface science, 
fluid physics and chemistry. Moreover, a micro fluidic device is a miniaturized 
device designed to perform some activities directly related to the 
characterizing and sensing of a working fluid. More precisely, micro fluidics 
devices are directly deal with moving gaseous or liquid fluids in micro cavities 
and micro channels such as in gas chromatography, microreactors, 
preconcentrator focuser and  Lab  on chip applications [86]. The small size of 
micro fluidic devices enable them to perform and evaluate the fluid sample by 
using a small amount of fluid in the range of micro to pico litre. Further 
more, micro fluidic devices can be easily integrated to electrical and 
mechanical devices than previously attainable. In addition, their small size 
enable them to gain many advantages such as low driving power, portability 
and fast analysis and characterizing time. However, micro fluidics devices are 
still under development with the aim to solve the challenging demands by 
miniaturized, low cost, high performance and high quality MEMS devices 
made of silicon or glass. Since the beginning of 90.s many intensive research 
work was  carried  out mainly by Dr. Manz and his group [7, 12] and about 15  
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years ago before that time, many ideas were introduced to perform chemical 
sensing and analysis on micro scale range. In allowing this, the 
microfabrication technologies of silicon and glass were still in development 
and not very well established. 

 

3.5.1 Flow Mechanism in Micro Devices  

During  the last decade, a great  advancement has  been occurring  in  
fabricating and utilizing MEMS devices. However, it’s very important to 
analyse and understand the operation mechanism such as flow movement in 
MEMS devices. Moreover, a good understanding of operation mechanism in 
MEMS devices will lead to improved MEMS devices [87, 88]. The 
conventional flow models such as the Navier-Stokes equations operation can 
not applied on fluidic micro devices like micro preconcentrator focuser in 
which this thesis is focus on, microreactor and lab on chip due to the size.  
Hence, the conventional analysis methods have to be optimized so they can 
be applied on microdevices [87, 89]. In the early stages of MEMS 
development, the target was to realize, fabricate and operate MEMS devices. 
After a quit long time of unprecedented progress and innovation in MEMS 
technology, it’s the time now to develop rational design capabilities for useful 
future MEMS devices. Many questions arise when analysing fluidic micro 
devices such as which model to use, which problem boundary condition to 
apply and how to proceed to get solutions that can predict the behavior of the 
device [87, 90]. Moreover, we can notice the big difference by comparing the 
surface-to-volume ratio for a macroscopic machine with a characteristic 
length of 1 m which is 1 m-1 and that for a MEMS device with a characteristic 
length of 1 µm which is 106 m-1. The big difference (106) in surface area 
relative to the mass of the device substantially affects both the mass and 
energy transportation through the whole surface of the device. However, fluid 
can be treated either as a collection of molecules or as a continuum flow 
where the matter is assumed continuous. The classical analysis is subdivided 
into two methods, the deterministic and probabilistic method in which the 
velocity, density, pressure, etc., are defined at every point, and conservation of 
mass and energy lead to a set of nonlinear partial differential equations. The 
continuum analysis ignores the molecular nature of gases and liquids and 
treats the fluid as a continuous flow medium described by spatial and 
temporal   variations  of   velocity,   pressure,  temperature   and   other   flow  
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quantities and is applicable to numerous flow situations [87, 90, 91, 92]. In 
this thesis, we will restrict ourselves to gases where the concept of mean free 
path is well defined. 

For gases, the average distance travelled by molecules between collisions 
named as the mean free path L and is related to temperature T and pressure p 
as follows 

         π σ π σ
= =

2 2

1
L

2 2

kT

n p                                                                         (3.8) 

where n is the number density (number of molecules per unit volume), σ is 
the gas molecular diameter, and k is the Boltzmann constant (1.38 x 10-23 J.K-1 

.molecule-1). As the mean free path L is no more smaller than a characteristic 
flow dimension L, the fluid flow is no more linear and the classical equations 
are no longer valid. Further more, the linear relation between heat flux and 
temperature gradient are no longer accurate when L is not much smaller  than  

L too. Hence, in the micrometer range, the length-scale L can be defined as 
the overall flow dimension. Now we can define the so called Knudsen 
number which is defined as the ratio between the mean free path and the 
characteristic length and can be expressed as:  

                                                                                                     (3.9) 

There are another two more important dimensionless parameters in fluid 
mechanics namely are the Reynolds number and the Mach number. The 
Reynolds number defined as the ratio of inertial forces to viscous ones and 
expressed as: 

          Re o Lυ
ν

=                                                                                           (3.10) 

where oυ  is the characteristic velocity, and ν  is the fluid kinematic viscosity. 
The Mach number is defined as the ratio between the flow velocity and the 
sound speed, 

 
o

o

Ma
a

υ=                                                                                         (3.11) 

 

Kn
L

= L
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where oa  is the sound speed. According to kinetic theory of gases, the 
relationship between the mean free path and the viscosity can be described as:  

          µν υ
ρ

= = 1
2 mL                                                                                   (3.12) 

where µ, is the dynamic viscosity, and υm is the mean molecular velocity which 
can be expressed as: 

           
8

m ov a
πγ

=                                                                                  (3.13) 

where γ  is the specific heat ratio. The Knudsen number can be related to 
both Reynolds and Mach numbers as follows, 

           
2 Re

Ma
Kn

πγ= ⋅                                                                              (3.14) 

The capability and validity of the continuum analysis and modeling is 
determined by the value of Knudsen number in a particular flow regime. The 
different Knudsen number regimes are modified and determined empirically 
and are considered only as an approximate for particular  flow geometries [87, 
91, 92]. The different Knudsen number regimes are depicted and summarized 
in figure (3.4). 

 

 
 

Figure (3.4): Knudsen Number Regions [87] 
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As an example, let us consider a cube one micron to the side contains 2.54 X 
107   molecules separated by an average distance of 0.0034 micron and air at 
standard temperature (T = 288 K) and pressure (p = 1.01 X 105 N.m-2). The 
gas is considered dilute when the ratio of this distance to the molecular 
diameter exceeds 7, however, in this example this ratio is 9. From equation 
(3.8), the mean free is L = 0.065 µm. The Knudsen number for a micro device 
with characteristic length of 1 µm is Kn = 0.065, which is in the slip-flow 
regime. Hence, in a MEMS device with microchannels structures, as air flows 
through a microchannel, the pressure and density decrease while the velocity 
and Knudsen number increase [87]. In the following subsection, we will 
concentrate on analyzing the flow in the preconcentrator focuser  filled  with 
a  porous media which is in our case Carboxen 1000 and many related 
parameters will be presented. 

 

3.6 Conservation of  Mass 

The conversation law of mass stated that the mass of a material remains 
constant [93] and the mass can not be destroyed or created but just 
rearranged. Generally, the mass m can be described as the  integral of material  

 

density ρ over the whole material’s volume V and mathematically can be 
expressed by:  

                                                  (3.15) 

The variation of the mass over the time t or more precisely the temporal mass 
dm/dt can be described by considering the time t in equation (3.15) as: 

V

dm d
dV

dt dt
ρ= ∫∫∫                                       (3.16) 

Since the volume does not depend on time t, equation (3.16) can be 
rearranged and written as: 

V

dm
dV

dt t

ρ∂=
∂∫∫∫                 (3.17) 

 

V

m dVρ= ∫∫∫
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Considering the velocity of flow 
r
u  by which the temporal mass moves, 

equation (3.17) can be rearranged by inserting the term ρ ⋅
r ur
u A  which is the 

mass flow throughout a closed surface area A
ur

as [93]: 

→→

∫∫= Adu
dt

dm

A

.ρ                                                                            (3.18) 

which depicts the rate of mass out of the defined volume V. Since the mass is 
decreasing because it leaves the defined volume through the enclosed area, 
the equation (3.18) can be precisely rewritten as: 

→→

∫∫=− Adu
dt

dm

A

ρ.                                                                         (3.19) 

From equation (3.17), equation (3.18) becomes, 

..∫∫∫ ∫∫
→→

−=
∂
∂

v A

AdudV
t

ρρ                                                                     (3.20)                            

Using “Gauss’s theorem” [93], equation (3.20) can be rewritten as: 

dVuAdudV
t Vv A

∫∫∫∫∫∫ ∫∫
→→→

∇−=−=
∂
∂

).(. ρρρ
                                              (3.21)

  

        
0)].([ =∇+

∂
∂

∫∫∫
→

dVu
tv

ρρ
                                                        (3.22) 

which then can be mathematically written as: 

( ) 0
ρ ρ∂ + ∇ ⋅ =

∂

r
u

t
                (3.23) 

Generally, equation (3.23) interprets the conversation of mass. It confirms 
that the mass flow through an enclosed surface and out of the entire mass 
volume must be equal to the reduction of this mass. Therefore, no mass can 
be generated or reduced but only rearranged.  

 

3.7 Flow Distribution in Packed Channels 

In this section we will discuss the flow distribution in packed channels with a 
porous  media.  Generally, three  types  of flow  distribution are  exist  namely  
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are microscopic, mesoscopic and macroscopic distribution [93]. As shown in 
figure (3.5), the microscopic distribution occurs in the space between the 
particles of the porous medium and exhibits a parabolic behavior. However, it 
is very difficult to predict the microscopic flow distribution because its very 
difficult to measure the space room between two particles and its very 
complicated and difficult to use the necessary measurement instruments since 
they can disturb the flow it self [93]. On other hand, the mesoscopic flow 
distribution depicts the motion between grouped particles.  

 

                
      Microscopic             Mesoscopic                          Macroscopic 

Figure (3.5): Flow Distribution in a Packed Channel [93] 

 

Thus the fluid is flowing through the formed space between the grouped 
particles. Finally, the macroscopic flow distribution is considered as an 
important flow distribution for fluid mechanics and analysis. It exhibits a 
non-uniform velocity profile. 

3.7.1 Brinkman Equation for Packed Channels 

Recently, the gas flow in microchannels filled with a porous media was 
targeted by many researchers and MEMS  engineers. This kind of  research 
problems can  be observed in many applications such as microfluidic systems, 
electronics cooling system, and microelectronic heat transfer units. In this 
section, Brinkman equation will be used to describe the flow mechanism 
through the microchannels filled with a porous media. It is derived from the 
pressure drop in packed channels [93, 94, 95].  

    Particle 

Wall 
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As shown in figure (3.6), assuming x-direction flow between the boundaries y 
= 0 and y = a. The channel is heated via a fixed lower heated wall with 
constant heat flux and the other physical properties of the fluid such as 
viscosity and density are taken as constants [92, 96, 97].  

 

a

y

x

porous medium 

flow direction

heated wall  
 

Figure (3.6): Cross Section of a Filled Channel with Porous Media [92, 93,94] 

 

The microchannels of the µPCF are filled with a Carboxen 1000 with a 
regular distribution and uniformly void spaces. Brinkman equation for the 
rectangular filled channels with a uniform porous media can be written as: 

        2

2

dy

ud
u

K
G eµµ −=                                                                         (3.24)                                                                                    

where G  is the pressure gradient, K  is the permeability, µ  is the fluid velocity 
and eµ  is an effective viscosity [92, 98, 99]. For simplicity, we can define 
dimensionless variables as:  

           µ µ
µ

= = = ⋅ =
2 2

, , ,e K u y
M Da u y

a a G a
                                                         (3.25)                                                               

where M is the viscosity ratio, Da  is the Darcy number and a is the channel 
height.  
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Hence, the dimensionless form of the equation (3.24) can be written as:  
2

2
1 0

u u
M

y Da

∂ − + =
∂

                                                                           (3.26) 

 

 
      Figure (3.7): Nondimensional Fluid velocity profile for different s values 

 

which has a solution of 

       ( ) ( )2

1 sinh( )
( ) 1 cosh( ) cosh( ) 1

sinh( )

y s
U y y s s

s s

 
= − + − ⋅ 

 
                                    (3.27a) 

where      

 0.5(1/ )s M Da= ⋅                                                                               (3.27b) 

Applying Taylor series, equation (3.27a) can be expanded as follows, 

 
2 4 3

2( ) ( )
2 24 12 24

y y y y y
u y s

−= + − + − ⋅                                                    (3.28)  

Moreover, for implementation, we take M=1 in our analysis. The solution 
was implemented using matlab package (appendix 1).   
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As shown in figure (3.7), the parabolic velocity distribution across the filled 
channel reaches its maximum value along the channel middle line and the 
fluid velocity decreases as porous media permeability decreases. 

 

3.8  Heat Transfer in Packed Channels 

Heat transfer is defined as the energy transfer from higher temperature 
regions toward lower temperature regions due to the temperature difference 
which is the driving potential for heat transfer. However, three kinds of heat 
transfer exist which are conduction, convection and radiation. Since the 
thermal energy is the main driving energy in the µPCF, we will briefly discuss 
the three kinds of the heat transfer in addition to thermal distribution in the 
µPCF.  

 

3.8.1 Heat Conduction  

The heat conduction is the most occurring type of heat transfer [100, 101].  It 
is a heat transfer from warmer regions (higher temperature regions) to colder 
regions (lower temperature regions) between two mediums or between two 
different points within the same medium. Moreover, linear heat transfer 
within the medium results a steady state heat transfer.  

 

3.8.2 Heat Convection 

This type of heat transfer occurs when a solid medium is subject to a moving 
fluid  with  a temperature  different from the  medium  temperature  resulting  

that, the energy is convected from or to the medium by the fluid flow. 
However, two kinds of heat convection exist namely are: free convection and 
forced convection. In free convection, heat transfer is occurred due to the 
density difference while in the forced convection, the  heat  transfer is  caused  

by an external source such as a fan or a pump. The heat transfer due to free 
convection is described by Newton’s Law of Cooling: 

( )∞−⋅⋅= TTAhq                            (3.29) 

where A  is the object's exposed area, T is the object medium temperature, ∞T  
is the fluid temperature and h  is the convective heat transfer coefficient. This  
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equation relates the heat transfer per unit time and unit area to the total 
overall temperature difference by means of the convective heat transfer 
coefficient [100]. 

  

3.8.3  Heat Radiation  

Thermal radiation is defined as  the  exchange of thermal energy in  the  form 
of electromagnetic radiation between two or more neighboring mediums due 
to the temperature difference in between. Moreover, thermal radiation from 
the body surface is a function of several factors such as surface reflectivity, 
emissivity, surface area, temperature, and geometric orientation of the 
radiated body [100, 101, 102].   

 

3.8.4  Heat Generation through Resistive Conduction Materials  

When an electric current passes through a conductor releases heat and this 
process also known as resistive or joule heating. The generated heat can be 
controlled by varying the electrical current and the length of the conductor 
which directly related to its electrical resistance (ohms law) and that’s why is 
commonly referred to as resistive heating [100, 102].  

Resistive heating occurs as a result of the interaction between the flow current 
particles and the conductor atomic ions. The charged particles are then 
accelerated by an electric field and loss some of their energy as they collide 
with an ion. The increment in the vibration energy of the ions results in a 
form of heat which rise the conductor entire temperature. As shown in figure 
(3.8), considering a resistive conducting material beam like silicon or platinum 
with length L (m), width w (m), thickness t (m), resistivity ρ  ( )m⋅Ω   and cross 
sectional area A  (m2), the electrical resistance of the material at the ambient 
temperature is given by: 

tw

L

A

L
R

⋅
⋅=⋅= ρρ

                       (3.30) 

When an electric current passes through the material, the beam will be heated 
and its resistance is not more constant and it will vary with temperature as: 

( )TRR ⋅+⋅= α10                              (3.31) 
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Figure (3.8):  Applied Electrical Power through a Resistive Heating Beam 

 

where α  ( 1−K ) is the thermal expansion coefficient of the beam material. 
From the Ohm’s Law, the flow current ( I ) passing through the beam is 
directly proportional to the voltage (V ) across the beam end points and 
inversely proportional to the material resistance as: 

R

V
I =                                                        (3.32a) 

Substituting R  in the equation (3.27), we get: 

( ) ( )TL

twV

T
tw

L
V

I
⋅+⋅⋅

⋅⋅=
⋅+⋅

⋅
⋅

=
αραρ 11

                                        (3.32b) 

Now, the applied electrical power which is converted to a heat energy can 
expreesed as a resistive heating induced power as:   

R

V
RIQ

2
2 =⋅=

•
                                          (3.33) 

By substituting equations (3.31) and (3.32) into equations (3.33), the resulting 
resistive heating induced power can be written as: 

        ( )TL

twV
Q

⋅+⋅⋅
⋅⋅=

•

αρ 1

2

                                                         (3.34) 

Hence, the generated resistive heat power per unit volume can be expressed 
as: 
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volumeV

Q
q

•
•

=                    (3.35) 

Again substituting equation (3.34) into equation (3.35), the generated heat 
power per unit volume can be expressed in terms of material properties, 
material dimensions and applied voltage as: 

( ) ( )twLTL

twV
q

⋅⋅⋅⋅+⋅⋅
⋅⋅=

•

αρ 1

2

                  (3.36) 

which can be rearranged as: 

( )TL

V
q

⋅+⋅⋅
=

•

αρ 12

2

                        (3.37) 

This equation correlated the heater dimensions, applied power and material 
specifications to the generated temperature. 

 

3.8.5  Thermal Distribution through the µPCF   

Since the thermal energy is only driving energy that used to heat the 
adsorption material inside the preconcentrator focuser, we will investigate the 
thermal distribution through the preconcentrator focuser (figure 3.9).  

Three possible types of heat transfer may occur [92, 93, 95, 103] and the heat 
transfer can be expressed as: 

qj Tκ= − ∇
r

                                                                                    (3.38) 

where j
r

q  is the heat flux, κ is the thermal conductivity of the material and T∇  
is the temperature gradient. For a steady-state laminar flow case, the three 
dimensional heat transfer equation can be described as [93, 94, 103,]: 

 
2 2 2

2 2 2x y zp

T T T T T T
c u u u

x y z x y z
ρ κ   ∂ ∂ ∂ ∂ ∂ ∂⋅ ⋅ + + = + +  ∂ ∂ ∂ ∂ ∂ ∂   

v v v
                               (3.39) 

where pc   is the special heat capacity, ρ is the material’s density and T  is the 

temperature. Assuming x is the flow direction ( 0y zu u= = ), the heat transfer 
equation (2.28) can be modified as  

 
2

2xp

T T
c u

x y
ρ κ∂ ∂⋅ ⋅ =

∂ ∂
v

                                                                          (3.40) 
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I) Conduction: wall → particle (2); particle → particle (4) 

II) Convection: particle → fluid (7); wall → flow (1); wall → particle (3) 

III) Radiation: particle → particle (5,7); wall → particle (1,3); flow → particle 
(6) 

Figure (3.9):  Heat Transfer through a Filled Channel with a Porous Media   
[93] 

 

which is a second order inhomogeneous partial differential equation [92, 93]. 
Generally, dimensionless heat transfer can be mathematically expressed as 

2

2xu
x y

ϑ ϑκ∂ ∂=
∂ ∂

                                                                           (3.41) 

with the following boundary conditions: 

        (0,1) 0, ( ,0) 1, ( ,1) 0x x
y y

ϑ ϑϑ ∂ ∂= = − =
∂ ∂

                                                   (3.42) 

In addition to  the  dimensionless  variables in  equation  (3.25), we define the  

other dimensionless parameters as: 
2 2

4
.

p

K
x x

c Ga

µ
ρ

=                                                                                    (3.43) 
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Figure (3.10): Nondimensional Thermal Distribution for different x values 
and fixed s=0.3 

 
and temperature dimensionless parameter as  

0( ) /T T qaϑ κ= −                                                                                (3.44) 

By applying separation of variables method to equation (3.41), we obtain,  
3 4 6 5 3

2
2 2

120 120 1
( , ) ( ( ))

10 10 12 24 720 240 144 2

y y y y y
x y x s y

s s
ϑ − −= ⋅ + ⋅ − + ⋅ − + − − +

− + − +
             

        (3.45)  

Hence, the temperature (dimensionless) distribution through the channel can 
be simulated using matlab program (appendix 1). As shown in figure. (3.10), 
the temperature decreases as the channels height increase since we are 
moving away from the heat source (heated wall) and the maximum heat 
regions are existing close to the heated wall.  

On the other hand, the temperature increases along the channel length (x-
direction) since heat transfer is influenced by fluid flows which shifts the heat 
forward as it flows.   
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Moreover, the fluid temperature decreases in the y-direction and increases 
with a decrease in porous media permeability (figure 3.11). 

 

 
Figure (3.11) Nondimensional Thermal Distribution for different s values 
and fixed x=0.5  
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Chapter 4 

 

Design and Fabrication of the Micromachining 
Preconcentrator Focuser 

 

4.1  Device Design and Specifications 

To design and develop a micromachining preconcentrator focuser, many 
important factors have been considered during the device design such as 
equally distance inlet and outlet fluidic guiding system, fast and stable heater 
and simple low cost fabrication process [105, 106]. Further more, only 
synthetic air was used as a carrier gas which practically can be realized using a 
charcoal filter [2]. The minimum required volume of the preconcentrator 
focuser is mainly depends on the vapors to be analyzed. The µPCF adsorbs 
gases of interests as they pass through it by the chemical adsorption material 
inside it. For perfect removal and analysis of vapor concentration, a certain 
minimum mass of adsorbent is required to be used in the preconcentrator 
focuser with very good reaction with the target vapors [107, 108].  
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Figure (4.1): Designed Micromachinning Preconcentrator Focuser 
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By heating the adsorption material, the gases will be desorbed but in high 
concentration level so they can be detected very easily by gas sensors. For fast 
desorption of the target analytes which of course lead to a narrow signal 
response, a fast heater with good thermal uniformity is required [109, 110, 
111]. Moreover, a reliable, fast and stable heater is very necessary for efficient 
desorption. Therefore, an intensive thermal characterization of the 
preconcentrator focuser is very important since the heating mechanism is the 
main driving mechanism of the preconcentrator focuser [112, 113]. As shown 
in figure (4.1), the µPCF has been designed to have 16 silicon microchannels 
(270 µm width, 3 mm long  and 540  µm thick for each channel), a 
symmetrical manifold fluidic system at both inlet and outlet  ports, a micro 
filter at the outlet port to keep the adsorption material inside the channels and 
platinum heater. The platinum heater has a meander shape with elements of 4 
mm length and 30 µm width for each element (figure 4.2). An optimized 
DRIE process was established to etch 540µm thick silicon micro channels 
with less under etching at the bottom of the structures [5] to avoid any 
pressure drop or movement of the adsorption material in the channels. The 
guiding micro fluidic system at both inlet and outlet ports of the device was 
design in such way that equally and  uniformly  distributes the inlet gas sample 
to all microchannels at the inlet port and equally and uniformly collects the 
gas sample from them after concentration process. Further more, for smooth 
and flexible movement, the guiding micro fluidic system was designed to have 
a curvature shape so the gas molecules can move smoothly.  

 

 

Figure (4.2): Meander Microheater design for a Preconcentrator Focuser 
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4.2  Development and Optimization of the Fabrication Process 

In this section, a complete fabrication process to produce a micromachining 
preconcentrator focuser will be developed and optimized. Moreover, the 
process parameters for the used fabrication technique such as dry and wet 
etching, PVD and wafer bonding will be presented. Further more, realization 
of inlet and outlet ports and filling of the adsorption material will be 
discussed as well. 

 

4.2.1  Optimization of the Dry Etching Process 

Silicon material was selected to form the microchannels in which the 
adsorption material will be filed and as input/output guiding fluidic systems. 
Moreover, deep etching silicon microstructures are very necessary for high 
adsorbent capacity. Hence, thick silicon microstructures with good profile 
need to be realized [114, 115]. Minimizing the under cut at the bottom of the 
deep etched silicon results a minimum pressure drop in the device. 
Furthermore, good etching profile will lead to a smooth movement of the gas 
molecules [116, 117]. Therefore, it’s very necessary to develop an optimized 
dry etching process for deep silicon etching.   The structures were exposed 
and developed using 6.5 µm photo resist in addition to a silicon dioxide which 
was used as a masking layer (1.5 µm LPCVD, wet at 1050°C for 360 minutes).  

 

Table (4.1): Dry etching process parameters for micro fluidic silicon etching   

Process step                                Etching cycle                           Deposition cycle 

SF6 Flow rate (sccm)                       140                                     - 

SF6 time intervals (sec)                          8                                     - 

C4F8 Flow rate (sccm)                          -                                    90 

C4F8 time intervals (sec)                           -                                     6 

Pressure (mTorr)                         18                                  10.5 

Substrate temperature                        20                                    20 

Coil Power (W)                        600                                  600 

Plates power (W)                         20                                     0 
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In order to quantify the characteristics of silicon etching in the ICP RIE 
source, various etch process parameters and their influence on etch profile, 
etch rate and selectivity were optimized to achieve thick silicon trenches [116, 
118,119]. However, two main criteria were considered which are etching rate 
and anisotropy. Table (4.1) shows the ICP process parameters which have 
been developed. The process pressure was controlled and maintained by 
adjusting the position of the throttle valve (or APC valve) which varies with 
the gas flow changes during both etching and deposition cycles.  The effect of 
SF6 flow rate and process pressure and their influence on etching rate as well 
as the relation between the etching rate and structures geometry were studied 
and investigated by scanning electron microscopy (SEM) [118, 120].  

 

 
Figure (4.3): Silicon Etching Rate versus SF6 flow rate for different pressure 
values 

 

Since the target is to obtain 540µm and more thick silicon trenching, silicon 
dioxide was used as a masking layer in addition to the photo resist.  
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Most of the tests showed that the SF6 flow rate and process pressure have a 
strong effect on the etching rate which is defined as the total depth divided by 
the etching time (figure 4.3). The etching rate increases as the flow rate of SF6 
increases due to high concentration of etchant (F) [115, 118, 119, 121]. 
However, SF6 flow rate which represent the ion to radical ratio, need to be 
adjusted to balance both concentration of etchants (f) and SiF4 which deposit 
during the deposition cycle. Beside that as the process pressure increase, the 
etching rate increase as well since the ion and flux energy will increase.   

 

 
Figure (4.4): Influence of the Structures Geometry on Silicon Etching Rate 

 
Regarding to aspect ratio dependent etching, the etch rate decreases as the 
trenches opening areas decreases and as the trenches depth increases as 
shown in figure (4.4) due to the difficulty to transport the etch species and 
etch product into and out of the trenches. However, SF6 flow rate has a 
strong effect on etching rate among the other process parameters.  

50 100 150 200 250 300 350 400 450 500 550
2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

3

3.1

Channel Width (µm)

E
tc

hi
ng

 R
at

e 
(µ

m
/m

in
)

 

 

Channel height 340µm
Channel height 480µm



   

                                                                                                                         
59 

Design and Fabrication of a Micromachining Preconcentrator Focuser for Ethylene Gas Detection System  

 

Since both the etching and deposition cycles reactions occur nearly at the 
same time, therefore, as the anisotropy increases, the etching rate decreases. 
The undercut was observed at the bottom of the trenches and it increases as 
the ratio of trench depth to trench width increase. However, as the trenches 
depth increases, many of directional ions reach the bottom of the trenches 
and deflect the next incoming ions toward the sidewalls causing the undercut 
since the electrons with nearly isotropic distribution will be trapped in the 
upper half of the sidewalls.  

 

 
 

Figure (4.5): Micrograph of the Etched Device 

 
Hence SF6 flow rate has to be optimized because large SF6 flow rate will 
increase both the etching rate and the undercut at the bottom [115, 118, 121].  
Therefore, both ion bombardment and passivation of the sidewalls need to be 
optimized to achieve good anisotropy and selectivity. The time duration of 
the etching and deposition cycles was optimized to 8 sec and 6 sec 
respectively, thereby a good selectivity could be obtained.  
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4.2.2  Design and Development of a Platinum Heater for the µPCF

Metallic thin films are required in many microelectromechanical systems 
which designed to operate at very high temperature and in harsh environment 
[122]. Platinum thin films were selected as a heater due to ease of deposition, 
high melting temperature and resistance ag
main purpose of this work is to extend the stable operating temperature range 
of platinum heater, the reliability and linearity of the resistance over voltage 
changing. 

 

4.2.2.1  Approaches and Concept

The structured platinum films were tested by both hold test and morphology 
scanning [122,124]. In hold test, the electrical power will be applied to the 
heater and the maximum temperature of the films was monitored by infra red 
camera. Beside that, the film resistance variation
morphology scanning test, the structured platinum films will be treated up to 
970°C for a maximum time of 10 hours and then the structured films were 
investigated by scanning electron microscopy (SEM). As will be  discussed  
later in  this section, the 
optimized since it can increase the stability of the heater. 

 

Figure (4.6): Micrograph of the Structured Platinum Microheater
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4.2.2  Design and Development of a Platinum Heater for the µPCF

films are required in many microelectromechanical systems 
which designed to operate at very high temperature and in harsh environment 
[122]. Platinum thin films were selected as a heater due to ease of deposition, 
high melting temperature and resistance against oxidation [122, 123]. The 
main purpose of this work is to extend the stable operating temperature range 
of platinum heater, the reliability and linearity of the resistance over voltage 

Approaches and Concept 

m films were tested by both hold test and morphology 
scanning [122,124]. In hold test, the electrical power will be applied to the 
heater and the maximum temperature of the films was monitored by infra red 
camera. Beside that, the film resistance variation was measured. In 
morphology scanning test, the structured platinum films will be treated up to 
970°C for a maximum time of 10 hours and then the structured films were 
investigated by scanning electron microscopy (SEM). As will be  discussed  

s section, the thickness of the adhesion layer (titanium) need to be 
optimized since it can increase the stability of the heater.  

    

Micrograph of the Structured Platinum Microheater
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4.2.2  Design and Development of a Platinum Heater for the µPCF 

films are required in many microelectromechanical systems 
which designed to operate at very high temperature and in harsh environment 
[122]. Platinum thin films were selected as a heater due to ease of deposition, 

ainst oxidation [122, 123]. The 
main purpose of this work is to extend the stable operating temperature range 
of platinum heater, the reliability and linearity of the resistance over voltage 

m films were tested by both hold test and morphology 
scanning [122,124]. In hold test, the electrical power will be applied to the 
heater and the maximum temperature of the films was monitored by infra red 

was measured. In 
morphology scanning test, the structured platinum films will be treated up to 
970°C for a maximum time of 10 hours and then the structured films were 
investigated by scanning electron microscopy (SEM). As will be  discussed  

kness of the adhesion layer (titanium) need to be 

 

Micrograph of the Structured Platinum Microheater 
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The degradation mechanism is occurring as a result of the decomposition of 
a metallic thin film into a collection of beads. At the beginning, the platinum 
grain boundaries form grooves which are then separate through the platinum 
thin film and form the so called pin holes. The pin holes are then continuous 
to grow and enlarge surface diffusion which is mainly occur due to the 
interaction between adhesion and platinum layers resulting to an unconnected 
form of the thin. Moreover; the present of oxygen even with little quantity 
can enhance the degradation process for example by diffusing through the 
platinum boundaries and oxidizing the titanium and hence, reducing the 
adhesion between the layers. Since the heating energy is the main driving 
energy for the µPCF, it’s very important to study this phenomenon to 
increase the stability and operation range of the platinum heater. The 
platinum heater with a titanium adhesion layer  was sputtered and structured 
(figure 4.6) on a 1.5 µm LPCVD silicon dioxide (wet) which was grown at 
1050°C for 360 minutes in a low-pressure chemical vapour deposition 
(LPCVD).  

 

 

Figure (4.7): Holding Test of the Platinum Microheater 

 

0 20 40 60 80 100 120 140 160 180
1

1.02

1.04

1.06

1.08

1.1

1.12

1.14

1.16

1.18

1.2

Holding Time (min)

N
or

m
al

iz
ed

 R
es

is
ta

nc
e

 

 

10nm Ti-100nm Pl
15nm Ti-100nm Pl



   

                                                                                                                         
62 

Design and Fabrication of a Micromachining Preconcentrator Focuser for Ethylene Gas Detection System  

 

The platinum heater was then mounted on a prepared chip under an infrared 
camera to monitor and measure the generated maximum temperature 
corresponding to the applied electrical power. First, the heater temperature 
was brought to 480°C by applying an electrical power corresponding to 
temperature value through the monitoring of the temperature by the infrared 
camera.As shown in figure (4.7), the heater temperature was hold for certain 
time and the resistance was  monitored. The  resistance has a quite good 
linearity with the temperature. As the temperature increases up to 480°C, the 
platinum heater with 15 nm titanium adhesion layer exhibits a good behavior 
and stability (figure 4.7). It was pointed out that thicker adhesion layer acts as 
a good barrier against degradation and holes formation.  

 

surface morphology of 10nmTi-100nmPt      surface morphology of 15nmTi-100nmPt 
thin films at 970°C                                         thinfilms at 970°C 

Figure (4.8): Morphology Investigation of the Platinum Microheater 

 

The degradation and holes formation phenomena in platinum thin films with 
titanium adhesion layer were studied to increase the operation range and 
thermal stability [122, 125]. In the morphology scanning test, the platinum 
was brought up to 970°C in nitrogen medium and held up to 10 hours.  
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As shown in figure (4.8), the degradation and diffusion increases and the 
grain size are more defined. The grain growth and degradation effect in the 
film microstructures will have a notable influence and effects on the behavior 
and stability of platinum films as indicated in the hold test. However, the 
surface diffusion and oxidation are the main driving mechanisms of 
degradation and it can by reduced by optimizing the thickness of the adhesion 
layer [122, 126, 127]. Beside that, pinholes usually exist but they can be 
reduced by a high vacuum process and less contamination especially during 
the wafer changing  between physical vapor depositon chambers during the 
deposition process. As the annealing temperature increased to 970C, the 
number of hillocks will increase. However, at high temperatures above 500°C 
[122, 127], inter diffusion and reactions between different metal layers starts 
so the thickness of the layers has to be optimized and increased to maintain 
good thermal stability, less degradation and pinholes (figure 4.8). 

 

4.2.3   Fabrication Process of the µPCF 

Based on the optimized processes which have been discussed in the previous 
sections, the final fabrication process of the micromachining preconcentrator 
focuser will be established. The following table describe every single process 
in the fabrication plan. 

 

Step                         Process type                                     Process 

 

1        Start up                   Double side P--type wafer 

2       Chemical cleaning     Special cleaning of the wafer 

 

Starting with  a 4 inch 750 µm thick  double  side polished wafer. The 
orientation  of  the wafer was <100> with p-type doping and specific 
resistivity 1-12 ohm.cm. The etch process began with wafer cleaning which 
includes removal of lint particles followed by a dip in hydrofluoric acid.  

 

3  Photolithography                   PR 1.8µm lithography process 

4                              DRIE                                  Etching of the alignment marks  
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5                              Chemical wet etching                     Stripping of PR, Solvent 

6                              Chemical processing                Cleaning, Caro'sche Sauer 

7                              Oven Techniques                   Thermal oxide (wet) 1500 nm  

 

The alignment marks was realized using 1.8µm thicker photo resist (AZ 1518) 
on the front side of the wafer (IMSAS- standard alignment mask). After 
development, the alignment marks were etched by DRIE (250-350 nm). The 
PR is then stripped and the wafer was cleaned.   
 
 

 

deposition of a wet thermal oxide 

 
A 1.5 µm wet thermal oxide film was grown at 1050°C  for 360 minutes in a 
low-pressure chemical vapor deposition (LPCVD) furnace to be used as a 
masking layer on the front side and as an isolation layer on the back side on 
which later the platinum heater will be structured in the proceeding steps. 
 

8              Photolithography                 PR 10.0µm lithography process 

9                              DRIE                             Etching of the oxide 2000nm, STS  

10                            DRIE                                      Mono Si etching, 525µm STS  

 
To construct the structures on the silicon wafer, the wafer was first 
dehydrated in an oven and coated with a special primer 
(hexamethyldisilazane, HMDS) to improve the adhesion between the silicon 
dioxide and photo resist. A 10 µm photo resist was spun over the wafer then 
a soft bake of the wafer was performed by inserting the wafer in the oven of 
110°C for 2 minutes.  
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Using Carl Suss Mask Aligner, the mask was aligned over the front-side of 
the coated silicon wafer and contact photolithography was performed. The 
pattern will be transferred to the wafer by exposing to an ultra violet light. 
Again the wafer was baked at 110°C for 2 minutes to strengthen the 
unexposed resist. The exposed photo resist will be removed in a developing 
solution which complete lithography step. The front side thermal oxide 
etching and silicon was etched Deep Reactive Ion Etcher by placing the wafer 
in the STS Multiplex ICP (Inductively Coupled Plasma from Surface 
Technology Systems, Redwood City, California) to form the µPCF channels 
and guiding fluidic system. Moreover, the deep RIE process parameters were 
optimized to etch 540µm thick and 260µm wide silicon micro channels with 
less under etching at the bottom of the structures to avoid any pressure drop. 
  
11                            Chemical wet etching                      Stripping of PR, Solvent 

12              Photolithography                                           Negative resist  

13                            Chemical wet etching                    Oxide etching (front side) 

14                            Chemical wet etching                      Stripping of PR, Solvent 

 

Since, an anodic wafer bonding need to be performed, both PR and silicon 
oxide on the front side of the wafer must be stripped which is done by 
chemical wet etching.   

 

 

etching of silicon structures 

 

Hence, silicon oxide on the back side of the wafer on which later the 
platinum heater will be structured was protected by negative resist. 
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15             Start up                               Pyrex wafer 

16             Chemical cleaning                      Special cleaning of the wafer 

17             Wafer bonding          Pyrex/Si anodic wafer bonding 

18a            PVD                                              Titan, 15nm, Balzers 

18b            PVD                                      Platinum, 700nm, Balzers 

19            Photolithography                                                    PR 1.8µm  

20            RIE                                            Platinum, pre-etching 

 

 

 

anodic bonding of glass and  silicon wafers  

 

21                          Chemical wet etching                                    Platinum etching 

23                         Chemical wet etching                         Stripping of PR, Solvent 

voltage forces sodium ions in the Pyrex glass A pre-drilled Pyrex glass wafer 
was cleaned and Pyrex-silicon anodic bonding was then performed by placing 
a 500 µm thick Pyrex 7740 glass wafer on the processed silicon wafer and 
applying a voltage of 400-600 V at 450°C and 0.001 mbar across the 
assembly. The applied to migrate away from the glass/silicon interface surface 
leaving behind net negative charges on the glass surface. Since the silicon 
wafer is positioned on the anode side, the silicon surface will be attracted to 
the glass. Hence, both surfaces are chemically fused together irreversibly. 
After that, 700nm platinum layer with titanium as an adhesion layer were 
deposited on the silicon oxide on the backside of the wafer using PVD 
process. 
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structuring of the platinum heater 

 
 

The sputtered layers were chemically etched to structure the heater. The 
heater was designed to have an electrical resistance of 47 ohm.   

 

 

Figure (4.9): Fabricated Micromachining Preconcentrator 
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24                           Chemical processing                       Cleaning, Königwasser 

25                            Chemical processing                                 Cleaning, AlSiTi 

 

The fabrication process was completed by cleaning the microchannels and 
fluidic systems. 

 

4.2 Inlet-Outlet Micro fluidic Interconnections 

Since the operating temperature of the device is 220°C to 300°C which means 
that the temperature on the device surface (Pyrex glass) will in the same 
range, the inlet-outlet ports of the device should be thermally stable at this 
temperature range thereby, a special glass contact material need to be used.  

  

 

Figure (4.10): Fabricated Preconcentrator Focuser with Inlet/Outlet Ports 

 

Glass type 8472 (Electronic Packaging, SCHOTT North America, Inc, 122 
Charlton Street, Southbridge, MA 01550, USA) has been used to attach and 
connect the interconnection glass tubes to the Pyrex glass surface.  
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After placing the glass tube on the inlet-outlet ports, glass type 8472 was 
applied and an annealing process was running for 30 minutes at 420°C in 
nitrogen atmosphere. The resulting interconnection tubes were tested under 
400°C for 10 minutes and were very stable. 

 

4.2 Loading of Carboxen 1000 to the µPCF 

The loading of the Carboxen 1000 adsorption material to µPCF was 
performed using a vacuum pump. The outlet port of µPCF was connected to 
the vacuum pump which provides very low pressure during the loading 
process and the inlet port was connected to a special pipe which feed the 
adsorption material to the µPCF. The loading process can be easily monitored 
through out the glass wafer and an amount of 5.8 mg Carboxen 1000 has 
been loaded to the preconcentrator focuser. In the inlet port, a glass wool 
superfine material (Glasswarenfabrik, Karl Hecht GmbH & Co KG 
“Assistent”, 97647 Sondheim/Rhön- Germany) will be used to keep the ads-
orption material inside the µPCF by filling it in the inlet glass tube since at the 
outlet port, there is a constructed micro filter which didn’t let the adsorption 
material to escape from the device. 
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Chapter 5 

 

Characterization of the Micromachining Preconcentrator 
Focuser 

 

In this chapter, the characterization of the µPCF will be highlighted and 
presented. The characterization will be divided in two parts, thermal and 
chemical characterization. In thermal characterization, the thermal 
measurements of microheaters with 47 ohm will be conducted since they are 
very important as the thermal energy is the driving energy for the µPCF.  

In chemical characterization, the performance of the µPCF will be 
investigated to ensure high concentration factor and maximum concentration 
after desorption. 

 

5.1  Thermal Characterization of the Microheater 

In this characterization, both the steady state and transient thermal response 
of the platinum microheaters will be investigated since fast and uniform 
thermal distribution are very necessary for simultaneous good desorption of 
the adsorbed gas molecules from the adsorption material contained in the 
channels. A temperature range of 220~300°C would be sufficient for 
complete desorption [3, 72, 73]. The maximum temperature corresponding to 
the applied power will be investigated to determine the necessary required 
electrical power for desorption temperature. Moreover, the time constant for 
the heating up process will be investigated too. 
 
 
5.1.1 Steady State Thermal Response of the Microheater 
The temperature distribution of the device was directly monitored by an 
infrared camera (VarioTHERM, InfraTec, Dresden-Germany) and the 
electrical power was applied to the microheater via a digital Generator 
(Homeg) which is also measures the current drawn by the microheater and 
the voltage drop. The applied power was gradually increased by 500 mW and 
the resulting generated maximum temperature was directly recorded by the 
infrared camera.  
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The µPCF exhibits a very good uniformity of the temperature distribution 
and hence, the entire adsorbent materials will be heated with the same 
temperature. Figure (5.1) shows the temperature distribution of the device 
when applying 17 volts and as shown, the  

 

 
 

Figure (5.1): Device Temperature monitoring by an IR camera  

 

microchannels where the  adsorbent is  contained is  uniformly  heated (white 
area in fig. 5.1). Since the target is to reach a maximum temperature of 300°C 
which is the maximum operation temperature for almost all the adsorption 
materials that can be used for preconcentration applications, the resulting 
generated temperature of the preconcentrator focuser as function of the 
applied electrical power was recorded (figure. 5.2). The generated temperature 
increases with extremely good linearity as the applied power increase and only 
3.8 watt was enough to reach a maximum temperature of 300°C.  
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Figure (5.2): Maximum Temperature versus Applied Power 

 

5.1.2 Transient Thermal Response of the Microheater 

The transient time response of the µPCF was measured to monitor the 
heating and cooling process of the device and to obtain the rising time 
constant which is the required time to reach 63.33% of the maximum 
temperature.  In addition to the infrared camera and the digital power supply, 

 

 
Figure (5.3): Transient Thermal Response of the  µPCF 
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The thermal response of the device was monitored and recorded during both 
heating and cooling process. Figure (5.3) shows the transient thermal 
response and the temperature reaches the steady state after 54 seconds. A 
raising time constant of approximately 18 seconds was obtained which is fast 
enough for preconcentrator applications.  

 

5.2 Device Performance 

5.2.1   Experimental Setup  

Figure (5.4) shows the setup configuration for the performance test of the 
µPCF. The inlet port of the µPCF was connected to digital mass flow 
controllers (MFCs) which supply and control different ethylene 
concentrations. Both concentration (by volumes) and flow rate (sccm) of the 
injected ethylene gas were precisely controlled via MFCs. Moreover, synthetic 
air which can be realized practically using a charcoal filter will be used as a 
carrier gas and desorption gas.  

 

 

Figure (5.4): Measurement Setup for Preconcentration Performance 
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To test the device performance against humidity effect, a humidity unit in 
addition to the synthetic air was used so the device performance can be tested 
with and without humidity effect.  The outlet port of the µPCF is directly 
connected to a photon ionization detector (PID) [128].  

Further more, various ethylene gas concentrations (5ppm, 50ppm and 
500ppm) were used for PID test (Appendix.2).  The ethylene gas feed line of 
a concentration of 5 ppm has been used in this characterization. A gas sample 
of 61.7 ppb was prepared by mixing 160 sccm synthetic air and 2 sccm 
ethylene gas of 5 ppm concentration. The device performance 
characterization will be divided into three steps: purification, accumulation 
and desorption step. In purification step, the PCF will be cleaned and the 
adsorbents will be purified from any foreign gas molecules. 

 

MFC

PID

Humidity
    Unit

G as Feed L ines

Gas Digital Control Unit
µPCF

PID Control UnitPower Supply
 

Figure (5.5): Photograph of  the Chemical Characterization Setup 

 

In the accumulation step, the target gas sample will be injected to the µPCF 
for different time intervals. The injected ethylene gas molecules will be 
absorbed  by  the  adsorption  material  (Carbone 1000)  and  as  soon  as  the  
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accumulation interval elapse, the gas flow will be stopped. In the desorption 
step, the microheater will be powered up by applying 3.8 watt electrical power 

and a flow of synthetic air will be used to direct the concentrated gas sample 
to the PID detector. 

 

5.2.2 Purification Step 

From chemistry point of view [72, 73], Carbone 1000 adsorbs different types 
of the existing gas molecules that present in air which is the case during the 
preparation and loading of this material to the microchannels of the 
fabricated preconcentrator focuser. Moreover, Carboxen 1000 can adsorbs a 
lots of foreigner gas molecules before it connects to the measurement set up 
or in practical case to the entire gas analysis system, thereby, a purification 
process has to be performed to desorb all foreigner gas molecules from the 
adsorbents.  

 

 

Figure (5.6): Purification Step of the Preconcentrator  Focuser 

 

As shown in figure (5.6), the microheater of the PCF was powered up by 
applying  3.8  watt  electrical   power   which   corresponds  to  300°C  for  30  
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minutes. After 50 seconds from powering up the microheater, a flow of 
synthetic air was passed to clean the adsorbents from any foreign gas 
molecules. For more accuracy and safety, this  step  has  been  repeated 2 to 3 
times. At the end of this step, the device is ready to perform the accumulation 
step. 

 

5.2.3 Accumulation Step 

In the accumulation step, a 61.7ppb ethylene gas sample was prepared and 
injected to the µPCF by mixing 160 sccm synthetic air flow with 2 sccm 
ethylene gas flow of 5 ppm concentration (figure 5.7). Three accumulation 
time intervals were used, 1.5 minutes, 5 minutes and 10 minutes. The injected 
ethylene gas molecules will be absorbed by the adsorption material (Carboxen 
1000) and as soon as the  accumulation  interval  elapse, the gas flow   will  be  

 

 

Figure (5.7): Accumulation  Step of the Preconcentrator  Focuser 

 

stopped and an extra synthetic air flow will continue for 1 minute to flash the 
remaining unabsorbed ethylene gas molecules (if existing).  

After that the flow will be completely stopped and this is the end of the 
accumulation step. 
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5.2.4 Desorption Step 

In the desorption step,  the microheater was powered up by applying 3.8 watt 
electrical power for 54 seconds to assure complete desorption. As soon as the  

54 seconds timed out, a flow of synthetic air had been used to flash and direct 
the resulting concentrated gas sample to the PID detector. Desorption flow 
rates of 10 sccm, 20 sccm and 40 sccm were used to flash the concentrated 
gas sample.  

 

 

Figure (5.8): Desorption Step of the Preconcentrator  Focuser 

 
Both the accumulation time and desorption flow rate have a great influence 
on the entire preconcentration process of the PCF. As shown in figure (5.9), 
when using 10 sccm desorption flow rate, the output concentration increases 
from 22 ppm for 90 seconds accumulation time to 26 ppm for 10 minutes 
accumulation time interval.  To test the device performance against humidity 
effect, a humidity unit in addition to the synthetic air was used so the device 
performance can be tested with and without humidity effect.  The outlet port 
of the µPCF is directly connected to a photon ionization detector (PID) [128, 
Appendix.b]. 
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Further more, humidity effect was tested by varying the humidity level and 
no effect on the performance of the preconcentrator focuser was recorded. 
Both measurement data with and without humidity were the same. Hence, 
increasing the injection time will increase the gas concentration out of the 
PCF since the amount of accumulated ethylene molecules will increase.  
 

 

Figure (5.9):  Concentration Enhancement of 61.7ppb Ethylene Gas with 
10sccm Desorption Flow Rate 

 

If the desorption flow rate increased to 20 sccm for the same accumulation 
intervals, the out put  concentration will increase as well (figure. 5.10). The 
effect of the accumulation time and desorption flow rate is described in the 
following sections. 

 

5.2.5  Device Performance for different Accumulation Intervals 

All the operations parameters which are directly related to the performance of 
the preconcentrator focuser such as accumulation time and desorption flow 
rate  have  been  tested. Moreover, it’s very necessary to test those parameters   
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since they are very important for the coupling of the preconcentrator focuser 
with the other gas analysis components such as gas chromatography column 
and gas sensors. Considering figure (5.10), the injected ethylene sample 
(61.7ppb) can be concentrated up to 58 ppm (part per million). As the 
accumulation time increase, the ethylene concentration out of the µPCF 
increases as well. For example, with 20 ppm desorption flow rate, the 
ethylene concentration at the  output of  the PCF rises from 20  ppm  with 90  

seconds accumulation time to 58 ppm with 10 minutes accumulation time 
(figure. 5.10). 

 

 

Figure (5.10): Concentration Enhancement of 61.7ppb Ethylene Gas with 
20sccm Desorption Flow Rate 

 

Increasing the accumulation time will increase the amount of the adsorbed 
ethylene molecules and will allow enough and ample time for the adsorbent 
(Carboxen 1000) to adsorb as much as possible gas molecules during the 
accumulation step. Moreover, 90 seconds were enough to get reasonable and 
quit good gas concentration (>20 ppm) for gas analysis applications. Table 
(5.1) correlates the relation between the variation of the operation parameters 
and the resulting gas concentration. 
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Table (5.1): Maximum Gas Concentration (ppm) vs. Operation Parameters 

            Accumulation time  

 

Desorption flow rate  

 

1.5 min 

 

5 min 

 

10 
min 

10 sccm 21 23.8 26.2 

20 sccm 22.1 26.5 58 

40 sccm 27.2 37.85 75.3 

 
 

5.2.6  Device Performance for different Desorption Flow Rates 

Since the PCF will be an important part of the complete gas analysis 
microsystem  which  usually  consists of a  gas  chromatography  column, 
valves, injection pumps and gas sensors, different desorption flow rates  that 
match the  compatibility between the components of the gas analysis 
microsystem need to be tested.  

Figure (5.11): Concentration Enhancement of 61.7ppb Ethylene Gas with  
40sccm Desorption Flow Rate 
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As the desorption flow rate of the carrier gas increases, the resulting ethylene 
concentration increase since the concentrated gas sample will be flashed very 
fast and with less time.  Further more, by comparing the device response for 
different desorption flow rate (10 sccm, 20 sccm and 40 sccm), it can be 
pointed out that increasing the desorption flow rate of the synthetic air 
reduces the signal width and maximizes the signal peak (figure 5.11).  

                       

5.2.7  Device Concentration Factor 

It’s one of the characterization factors for the PCF which measures the 
concentration enhancement and it defines as the ratio between the input gas 
concentration to the output gas concentration (equation 3.7). It was pointed 
out that the accumulation time and desorption flow rate remain the main 
parameters to rise the concentration factor. Practically, increasing the desorpt- 

 

 
Figure (5.12): Concentration Factor versus Accumulation Time and 
Desorption Flow Rate of  61.7 ppb Ethylene Gas 

 

ion flow rate is limited by the entire gas analysis requirements  since  the  
desorption flow rate is selected based on the operations conditions of the 
other  gas  analysis  components.  Figure  (5.12)  and  table (5.2)  present   the  
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Table (5.2): Maximum Concentration Factors vs. Operation Parameters      

            Accumulation time  

 

Desorption flow rate  

 

1.5 min 

 

5 min 

 

10 min 

10 sccm 340.35 358.73 424.635 

20 sccm 385.18 429.49 940.03 

40 sccm 440.84 613.45 1220.421 

 

obtained concentration factors during the characterization. Increasing the 
accumulation time maximizes the concentration factor and a concentration 
factor of 1220.421 was obtained with 40 sccm desorption flow rate and 10 
minutes accumulation time. 
 

5.2.8  Calculation of the Concentrated Volume:  

It’s very important to calculate the output volume of the concentrated gas to 
compare it with the injected gas volume during the accumulation step. 
Considering the PID volume which is 150µl and the case of 10 minutes 
accumulation and 10 sccm desorption flow rate, the ethylene concentrated 
volume can be determined using figure (5.13) as: 

 

Inlet volume:

 

Figure (5.13):  Determination of the Concentrated Volume 
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V(in) = (accumulation flow rate).(accumulation time).(inlet gas 
concentration) 

= (162 sccm).(10 minutes). (61.7 x 10-9)= 0.1 µl  

where 61.7 (ppb) = 61.7 (nl/l)  

  

Output volume: 

The maximum output concentration, Cmax = 26.2 ppm=26.2 µl/l  

 

The total ouput volume, V(out) = (Cmax ) (VPID) 

= (26.2 ppm) . (150 µl) = 0.00393 µl 

where VPID   is the PID volume. 

The ethylene at the out put of the µPCF, V(ethy) =  (Cmax ).(VPID)(t2)/t1     
V(ethy) =0.00805µl 

which less than the input volume. 
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Chapter 6 

 

Conclusion and Future Prospects 

 

6.1  Conclusion 

In this thesis work various key factors related to the design, fabrication, and 
operation of a micromachined  PCF for gas analysis microsystem were 
highlighted and investigated. Silicon material was used to realize both 
microchannels and guiding fluidic system. In comparison to the classical 
preconcentrator, the thick microchannels with the advantage of a small 
volume with a large adsorbent capacity provided less required amount of gas 
sample, fast analysis, less analysis time and large concentration factors. 
Optimized etching process was developed and the influence of the process 
parameters were discussed and highlighted. Moreover, a platinum microheater 
was designed and characterized to provide uniform and stable heating for the 
adsorbent material.  

Since the heating energy is the driven energy for the PCF, an intensive 
thermal characterization was performed to reduce both the degradation and 
hillocks problems in platinum thin films heaters as well as increasing the 
thermal stability of the heater. The preconcentration process requires high 
operation temperatures (up to 300°C), therefore, a contacting process for 
inlet and outlet ports was developed using a special glass contact material 
(Glass type 8472, SCHOTT North America, Inc) which can maintain until 
430°C. No special carrier and desorption gas was required and only synthetic 
air was used which is practically can be realized using a charcoal filter. In 
general, the total optimized fabrication process is relatively more efficient and 
cheap especially in comparison with some existing devices that use silicon 
heater. Since the preconcentrator focuser will be integrated in a miniuturized 
gas analysis microsystem as a component in addition to other components 
such as gas chromatography, purification filter and gas sensor, many 
operation parameters such as accumulation time and desorption flow rate had 
been highlighted. As already discussed in characterization chapter, 61.7 ppb 
ethylene gas concentration can be amplified to up to 75.3 ppm (1220.421 was 
achieved with 10 minutes accumulation time and 40 sccm desorption flow 
rate) which is in the detection range of commercial available gas sensors. This 
thesis research work combines preconcentration idea, characterization of the 
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fabrication technologies and discussion of the obtained results that increase 
and enhance the sensitivity of the gas sensors.  

 

6.2  Future Prospects 

As this thesis indicates, a lot of research work has been performed to design, 
fabricate and characterize a micromachining preconcentrator focuser for gas 
analysis microsystem which eventually perhaps will lead to an improvement in 
the sensitivity of the gas sensors. Moreover, bright promising applications for 
preconcentrator focuser such as monitoring of the ethylene gas in fruits 
ripening, explosives detection, biomedical diagnostics, environmental 
monitoring and industrial processing are ongoing research, future work need 
to be carried out in the following areas: 

1. Integrating the purification microfilter, the micromachining gas 
chromatography column, the  micromachining preconcentrator  focuser  and 
the guiding operation fluidic channels and system of the entire gas analysis 
microsystem on the same wafer since all of them can be realized on one 
silicon substrate and hence minimizing the fabrication cost, housing cost and 
gas sample flow drop. 

2. Reducing the complexity of the integration of both miniaturized 
valves and pumps which are used in the entire gas analysis microsystem by 
connecting those components directly using the glass contact material (Glass 
type 8472, SCHOTT North America, Inc). 

3. Further improvement of the preconcentrator design or filling process 
to integrate multiple adsorption materials to increase the capabilities and 
applications of the preconcentrator focuser. 

 4. Further research work to develop, fabricate and integrate a resistive 
gas sensor on the same gas analysis microsystem chip. 
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Appendix (1):  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Program to show velocity profiles with varying s  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%different s values  
s1=0;  
s2=0.4;  
s3=0.6;  
s4=0.8;  
%y vector  
y=0:0.01:1;  
%velocity in channels,  
u1=(y-y.^2)/2+(-y.^4/24+y.^3/12-y./24-y.^3*s1^2/144 +y.^5*s1^2/240)*s1^2  
u2=(y-y.^2)/2+(-y.^4/24+y.^3/12-y./24-y.^3*s2^2/144 +y.^5*s2^2/240)*s2^2  
 
 
u3=(y-y.^2)/2+(-y.^4/24+y.^3/12-y./24-y.^3*s3^2/144 +y.^5*s3^2/240)*s3^2  
u4=(y-y.^2)/2+(-y.^4/24+y.^3/12-y./24-y.^3*s4^2/144 +y.^5*s4^2/240)*s4^2  
%Picture of velocity  
plot(y,u1)  
hold on 
plot(y,u2, '-.r' )  
plot(y,u3, '--g' )  
plot(y,u4, '-r' )  
hold off  
xlabel( 'y' )  
ylabel( 'velocity' )  
legend( 's=0' , 's=0.2' , 's=0.6' , 's=0.8' )  

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Program to show temperature profiles with varying s and fixed x  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%fixed x  
x=0.5;  
%different s values  
s1=0;  
s2=0.3;  
s3=0.5;  
s4=0.7;  
%y vector  
y=0:0.01:1;  
%Temperature distribution in channels,  
theta1=(-120/(-10+s1^2))*x+(-120/(-10+s1^2))*(1/12* y.^3-1/24*y.^4+s1^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2;  
theta2=(-120/(-10+s2^2))*x+(-120/(-10+s2^2))*(1/12* y.^3-1/24*y.^4+s2^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2;  
theta3=(-120/(-10+s3^2))*x+(-120/(-10+s3^2))*(1/12* y.^3-1/24*y.^4+s3^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2;  
theta4=(-120/(-10+s4^2))*x+(-120/(-10+s4^2))*(1/12* y.^3-1/24*y.^4+s4^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2;  
%Picture of temperature distribution  
y=0:0.01:1;  
plot(y,theta1)  
hold on 
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plot(y,theta2, 'm:' )  

plot(y,theta3, 'r-'  )  
plot(y,theta4, 'b--'  )  
hold off  
 
 
xlabel( 'y' )  
ylabel( 'Temperature' )  
legend( 's=0' , 's=0.3' , 's=0.5' , 's=0.7' )  

 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%Program to show temperature profiles with varying x and fixed s  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%different x values  
x1=0.2;  
x2=0.4;  
x3=0.6;  
x4=0.8;  
 
 
x5=1;  
%fixed s value  
s=0.5;  
%y vector  
y=0:0.01:1;  
%Temperature distribution in channels,  
theta1=(-120/(-10+s^2))*x1+(-120/(-10+s^2))*(1/12*y .^3-1/24*y.^4+s^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2  
theta2=(-120/(-10+s^2))*x2+(-120/(-10+s^2))*(1/12*y .^3-1/24*y.^4+s^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2  
theta3=(-120/(-10+s^2))*x3+(-120/(-10+s^2))*(1/12*y .^3-1/24*y.^4+s^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2  
theta4=(-120/(-10+s^2))*x4+(-120/(-10+s^2))*(1/12*y .^3-1/24*y.^4+s^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2  
theta5=(-120/(-10+s^2))*x5+(-120/(-10+s^2))*(1/12*y .^3-1/24*y.^4+s^2*(-
1/720*y.^6+1/240*y.^5-1/144*y.^3))-y+1/2  
%Picture of temperature distribution  
y=0:0.01:1;  
plot(y,theta1, 'r*'  )  
hold on 
plot(y,theta2, 'm.' )  
plot(y,theta3, 'b:' )  
plot(y,theta4, 'y' )  
plot(y,theta5, 'r--' )  
hold off  
xlabel( 'y' )  
ylabel( 'Temperature' )  
axis([0 1 0 18])  
legend( 'x=0.2' , 'x=0.4' , 'x=0.6' , 'x=0.8' , 'x=1' , 'Best' )  
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Appendix (2):  

      

 
 

Calibration and Data Curve for PID  
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