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Sammanfattning 
Abstract 

Chemical gas sensors can be used in a variety of applications such as process control, security systems and medical 
diagnosis. In the research for new functions and new sensing materials a “breadboard” would be useful. A technique 
that has been investigated for such a purpose is the grid-gate device which is a metal-oxide-semiconductor (MOS) 
based gas sensor. It is a MOS capacitor consisting of a passive grid-gate with depositions of sensing materials 
overlapping the grid. The measuring is carried out with a light addressable method called scanning light pulse 
technique (SLPT) which enables the detection of spatially distributed gas response. 

A development of the grid-gate sensor would be to separate the sensing materials from the chip. In this thesis the aim 
was to see if this was possible by depositing the sensing material on a slide of micro pillars which was put on top of a 
biased grid-gate chip. 

The test was made with palladium depositions in an ambient of synthetic air and 2500 ppm hydrogen, and the 
measuring technique was SLPT as for the preceding device. 

The result of the test was that the new device showed a combined gas response of both charge content shift at flat-band 
voltage and at inversion voltages. The conclusion is therefore that the sensing material can be separated from the grid-
gate chip and that the response will be caused by several mechanisms. The two-dimensional image response utilized 
for the preceding grid-gate device will instead be a multi-dimensional response consisting of the curve for the charge 
content shift at every measuring position. 
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Chemical gas sensors can be used in a variety of applications such as process 
control, security systems and medical diagnosis. In the research for new 
functions and new sensing materials a “breadboard” would be useful. A 
technique that has been investigated for such a purpose is the grid-gate device 
which is a metal-oxide-semiconductor (MOS) based gas sensor. It is a MOS 
capacitor consisting of a passive grid-gate with depositions of sensing materials 
overlapping the grid. The measuring is carried out with a light addressable 
method called scanning light pulse technique (SLPT) which enables the detection 
of spatially distributed gas response. 

A development of the grid-gate sensor would be to separate the sensing 
materials from the chip. In this thesis the aim was to see if this was possible by 
depositing the sensing material on a slide of micro pillars which was put on top 
of a biased grid-gate chip. 

The test was made with palladium depositions in an ambient of synthetic air and 
2500 ppm hydrogen, and the measuring technique was SLPT as for the preceding 
device. 

The result of the test was that the new device showed a combined gas response 
of both charge content shift at flat-band voltage and at inversion voltages. The 
conclusion is therefore that the sensing material can be separated from the grid-
gate chip and that the response will be caused by several mechanisms. The two-
dimensional image response utilized for the preceding grid-gate device will 
instead be a multi-dimensional response consisting of the curve for the charge 
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1 Introduction 

1.1 Background 
Gas sensors can be used in a variety of applications. For example they can be 
used in chemical and metallurgical industries for process control and security 
systems, in medical care for diagnosis and treatment and food industry for 
freshness control [1]. For detecting a large variety of gases, such as the electronic 
nose, an array of discrete devices with different sensitivities are used [2]. 

There are different technologies for gas detection, e.g. photo acoustic, fibre-optic 
and piezoelectric based devices [3]. The technology for chemical sensing 
relevant for this thesis is the use of metal oxide semiconductor (MOS) devices 
with gas sensitive gates. One early example is the MOS device with a palladium 
(Pd) gate, both continuous and porous gate, described by I. Lundström [4]. 

With the help of light addressable measuring methods MOS based devices can be 
studied in more detail. These techniques enable local investigations of the 
sensing properties. In this thesis the scanning light pulse technique (SLPT) will 
be used for such measurements [5]. Since the technique can be used to produce 
images of large areas, it is not only useful for studying the sensing mechanisms 
but also the spatial distribution of sensing properties. 

Some gas sensing devices have been designed specifically for the scanning light 
pulse technique such as devices with wedged spaces between active metal gates 
[6] and the subsequent passive grid-gate structure presented by D. Filippini et al. 
[7]. This thesis will explore the latter device by combining it with a micro pillar 
environment that can generate well defined nano cavities suspended on top of 
the grid gate. The surfaces of these cavities can at time be coated with functional 
materials. 

Keeping the sensitive material separated from the oxide of a MOS device has 
already been studied by M. Josowicz and J. Janata with the suspended gate field 
effect transistor [8]. The device explored in this thesis is instead a novel device 
combining characteristics of SLPT grid gate devices and optically integrated 
suspended nano cavities with different functionalities. 

1.2 Method 
In this work micrometer-sized pillars were made on a glass slide which was put 
upside down on a grid-gate chip. The choice of pillars instead of one single slide 
was that it could give rise to different biasing since some of the pillars are in 
contact with the grid gate and some are hanging freely. This could give more 
dimensions to the response on the same material. 

The measurements were made using the scanning light pulse technique to 
measure charge content changes. These changes usually originate from work 
function or surface resistance variations due to gas exposure. 

The only test gas used was hydrogen just to see if the design worked. 
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1.3 Aim 
The aim of this master thesis can be summarized as to answer the following 
questions: 

1. Can a grid-gate device still give a gas response if the sensing material is 
separated from the chip surface? 

2. If possible, which properties can be measured? 
3. What will the response look like and what type of gas affected changes will 

be dominant? 
4. Do the nano cavities and/or the additional electric field created at some 

pillars affect the signal and response? 

1.4 Sources 
For the description of the MOS capacitor (chapter 2) four books have been used: 
“Physics, Chemistry and Technology of Solid State Gas Sensor Devices” [3], 
“Principles of Semiconductor Devices” [9], “Metal Oxide Semiconductor Physics 
and Technology” [10] and “Halvledarteknik” [11]. The first of these gives a seven 
page summary of the MOS capacitor with the important equations and easily 
comprehensible energy band diagrams, but is mainly a book about gas sensors 
and was therefore used also for chapter 3 – MOS sensors. The second book is an 
online book which gives a richer description of MOS capacitor with intuitive 
illustrations. The book that I have used the most is however the third book. This 
one gives the most detailed description of the MOS capacitor, but presupposes 
semiconductor knowledge. The last book of the four was used in the beginning to 
get a Swedish description but the text is partially based on [10]. 

For the description of preceding sensor devices and the measurement technique 
mainly published papers have been used but the book by A. Mandelis and C. 
Christofides [3] gives a good overview of most sensor types. 

Finally, the chapter about fabrication techniques is based on parts of the book by 
R. C. Jaeger [12]. 

1.5 Disposition 
A theoretical background will be given in chapters 2 through 5; chapters 2 and 3 
describe the fundamentals of MOS devices used for gas sensing, and in chapters 4 
and 5 the measurement and fabrication techniques used for this work are 
explained. In chapter 6 dimensions and specifications for the experiment is given 
while the results of the experiment can be found in chapter 7. Discussion of the 
results, conclusions and ideas on further development will end this report in 
chapters 8, 9 and 10. There is also an appendix with a list of all symbols and 
some figures in colour. 
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2 MOS Capacitors [10] 

2.1 Ideal MOS Capacitors 
The sensor that was studied in this work is based on a metal-oxide-
semiconductor capacitor. The metal electrode, called the gate, is in this work 
aluminium (Al), the oxide is silicon dioxide (SiO2) and the semiconductor is p-
type silicon (Si). These types of capacitors are relatively simple to fabricate and 
provide a robust platform for the study of response mechanisms [4]; SiO2 is 
easily formed by thermal oxidation of a single-crystalline n-type or p-type Si 
wafer [12]. The complete structure also includes a backside metal contact, thus 
the structure is that of a parallel plate capacitor. A cross-sectional view of the 
structure of a MOS capacitor can be seen in Figure 1. 

 

Figure 1 MOS capacitor structure 

In an ideal MOS capacitor there are no charges in the oxide. This in addition to 
the energy barriers prevent current to flow through the SiO2. Instead charges are 
piled up on each side of the oxide. An applied voltage on the gate will therefore 
affect the charges at the surface of the silicon (below the oxide). Such a voltage is 
called gate bias, VG, and is equal to the difference between the Fermi level of the 
metal, EFM, and the Fermi level of the semiconductor, EFS, divided by the unit 
charge, q. 
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There are three distinctive cases of charge distribution for nonzero voltages: 
accumulation, depletion and inversion (Figure 2). 

 

 

Figure 2 MOS capacitor structure in a) accumulation, b) depletion and 
c) inversion [9]. 

These cases can be described with the help of energy band diagrams such as that 
shown in Figure 3. For such diagrams the potential φ(x) as a function of the 
distance x from the surface is defined as 

 𝑞𝑞𝑞𝑞(𝑥𝑥) ≡ 𝐸𝐸𝐹𝐹𝐹𝐹 − 𝐸𝐸𝑖𝑖(𝑥𝑥)       (1) 

where EFS is the extrinsic Fermi level and Ei(x) is the intrinsic energy level. Ei(x) is 
parallel to both the conduction band edge, EC, and the valence band edge, EV, 
everywhere in the silicon and in the bulk it coincides with the intrinsic Fermi 
level. In the bulk, 𝑥𝑥 → ∞, φ(x) is called bulk potential, φB, and at the surface, 
𝑥𝑥 = 0, it is called surface potential, φS. The band bending ψ(x) is then defined by 

 𝜓𝜓(𝑥𝑥) ≡ 𝑞𝑞(𝑥𝑥) − 𝑞𝑞𝐵𝐵       (2) 

The total band bending at the surface is called barrier height, denoted by ψS, and 
is equal to 𝑞𝑞𝐹𝐹 − 𝑞𝑞𝐵𝐵 . 

Since the sensor in this thesis was based on a p-type substrate, only the p-type 
MOS capacitor will be described here; n-type MOS capacitors have analogous 
properties but with opposite sign for the charges and therefore band bending in 
the opposite direction. The Fermi level will also lie above the intrinsic energy 
level. 

In the following band diagrams the upward direction is equivalent to increasing 
electron energy. Arrows pointing upwards therefore correspond to negative 
potential and downward arrows to positive potential. 
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2.1.1 Accumulation 
When a negative voltage is applied, holes (majority carriers) are attracted to the 
silicon surface (Figure 2a) forming an accumulation layer. The holes will cause 
the energy bands in the silicon to bend upward so that both the surface potential 
and the barrier height are negative, see Figure 3. The concentrations of holes, 
p(x), and electrons, n(x), are given by 

 𝑝𝑝(𝑥𝑥) = 𝑛𝑛𝑖𝑖𝑒𝑒
−𝑞𝑞𝑞𝑞 (𝑥𝑥)
𝑘𝑘𝑘𝑘 = 𝑛𝑛𝑖𝑖𝑒𝑒

−𝑞𝑞�𝑞𝑞𝐵𝐵+𝜓𝜓 (𝑥𝑥)�
𝑘𝑘𝑘𝑘      (3) 

 𝑛𝑛(𝑥𝑥) = 𝑛𝑛𝑖𝑖𝑒𝑒
𝑞𝑞𝑞𝑞 (𝑥𝑥)
𝑘𝑘𝑘𝑘 = 𝑛𝑛𝑖𝑖𝑒𝑒

𝑞𝑞�𝑞𝑞𝐵𝐵+𝜓𝜓 (𝑥𝑥)�
𝑘𝑘𝑘𝑘      (4) 

where 𝑛𝑛𝑖𝑖  is the intrinsic charge carrier concentration. From the band diagram it 
is seen that  

 𝑞𝑞(𝑥𝑥) < 0 ⟹ 𝑝𝑝(𝑥𝑥) > 𝑛𝑛(𝑥𝑥)   

and 

 𝑞𝑞𝐹𝐹 < 𝑞𝑞𝐵𝐵 ⟹ 𝑝𝑝(0) > 𝑝𝑝(∞)   

which shows that the surface is positively charged and has a higher 
concentration of holes than in the bulk. 

 

Figure 3 Energy band diagram – accumulation [3], [10] 

2.1.2 Depletion 
For positive voltages the holes will be repelled from the oxide-silicon interface. 
Since the pn product, 𝑝𝑝 ∙ 𝑛𝑛 = 𝑛𝑛𝑖𝑖2, has to be constant the electron density must be 
build up at the silicon surface. For slightly positive bias the electron 
concentration is negligible and the positive charges on the gate are instead 
compensated by the negative acceptor ions in the silicon. A region close to the 
surface will be depleted of holes and this region is therefore called the depletion 
layer. The energy bands bend downward (Figure 4) causing 

 𝑞𝑞𝐹𝐹 > 𝑞𝑞𝐵𝐵 ⟹ 𝑝𝑝(0) < 𝑝𝑝(∞)   

As the voltage increases, p(x) will decrease while n(x) increases so that the 
depletion layer grows. This will continue until the intrinsic point when 
𝑝𝑝(0) = 𝑛𝑛(0), i.e. when 𝑞𝑞𝐹𝐹 = 0. 
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Figure 4 Energy band diagram – depletion [3], [10] 

2.1.3 Inversion 
For even larger bias the bands will bend down more making 

 𝑞𝑞𝐹𝐹 > 0 ⟹ 𝑝𝑝(0) < 𝑛𝑛(0)   

The region closest to the surface will contain more electrons than holes and this 
region is therefore called the inversion layer. The depletion layer is still left 
below the inversion layer but will no longer grow because the positive charges 
on the gate are almost completely balanced by the mobile electrons. 

When 𝑞𝑞𝐹𝐹 = −𝑞𝑞𝐵𝐵 the concentration of electrons in the inversion layer is equal to 
the concentration of holes in the bulk and for 

 𝑞𝑞𝐹𝐹 > −𝑞𝑞𝐵𝐵 ⟹ 𝑛𝑛(0) > 𝑝𝑝(∞)   

This state is therefore called strong inversion. 

 

Figure 5 Energy band diagram – inversion [3], [10] 
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2.1.4 Flat Band 
When the voltage is increased from accumulation to depletion the bands will at 
some point be flat, i.e. 

 𝜓𝜓(𝑥𝑥) = 0 ⟹ 𝑞𝑞(𝑥𝑥) = 𝑞𝑞𝐵𝐵   

This voltage is called the flat-band voltage, VFB, and for the ideal MOS capacitor it 
corresponds to 0 V. 

 

Figure 6 Energy band diagram – flat band [3][10] 

2.2 Non-ideal MOS Capacitors 
For a non-ideal MOS capacitor the flat-band voltage is not necessarily zero 
(Figure 7) though the potential is always constant through the whole silicon and 
the barrier height ψS is always zero at flat bands. As mentioned above, the gate 
bias is the difference between the Fermi level of the metal and the Fermi level of 
the silicon. Since they are not always the same, the gate voltage can be nonzero 
at flat bands. 

 

Figure 7 Energy band diagram – flat band for a non-ideal MOS capacitor [3], [10] 

The conditions for accumulation, depletion and inversion are the same, 
according to the barrier height, as those for an ideal MOS capacitor, but the 
applied bias conditions will be different. 
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2.3 C-V Curves 

2.3.1 Ideal MOS Capacitors 
One important feature of MOS capacitors is the ability to change its capacitance 
by varying the applied voltage. There will always be a capacitance over the oxide, 
Cox, depending only on the material and geometry: 

 𝐶𝐶𝑜𝑜𝑥𝑥 = 𝜀𝜀𝑜𝑜𝑥𝑥
𝑑𝑑

   

where εox is the relative permittivity of the oxide and d is the thickness of the 
oxide. 

There will also be an additional capacitance, Csi, in the silicon. This capacitance is 
a differential capacitance defined as 

 𝐶𝐶𝑠𝑠𝑖𝑖 = − 𝑑𝑑𝑄𝑄𝐹𝐹
𝑑𝑑𝑞𝑞𝐹𝐹

        (5) 

where QS is the charge per unit area at the silicon surface. 

The silicon charge as a function of the potential can be found by solving the 
Poisson equation: 

 𝑑𝑑2𝑞𝑞(𝑥𝑥)
𝑑𝑑𝑥𝑥2 = −𝜌𝜌(𝑥𝑥)

𝜀𝜀𝑠𝑠𝑖𝑖
   

where εsi is the permittivity of the silicon and 

 𝜌𝜌(𝑥𝑥) = 𝑞𝑞(𝑝𝑝(𝑥𝑥) − 𝑛𝑛(𝑥𝑥) −𝑁𝑁𝐴𝐴)   

is the total charge density for p-type silicon. With the boundary condition that 
the bulk, 𝑥𝑥 → ∞, must be neutral and equations (3) and (4) Poisson’s equation 
becomes 

 𝑑𝑑2𝑞𝑞(𝑥𝑥)
𝑑𝑑𝑥𝑥2 = 𝑘𝑘𝑘𝑘

𝑞𝑞𝜆𝜆𝑖𝑖
2 �𝑠𝑠𝑖𝑖𝑛𝑛ℎ �

𝑞𝑞𝑞𝑞 (𝑥𝑥)
𝑘𝑘𝑘𝑘

� − 𝑠𝑠𝑖𝑖𝑛𝑛ℎ �𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘
��   

where 

 𝜆𝜆𝑖𝑖 = �𝜀𝜀𝑠𝑠𝑖𝑖𝑘𝑘𝑘𝑘
2𝑞𝑞2𝑛𝑛𝑖𝑖

   

is the intrinsic Debye length. 

From electromagnetism the electric field due to potential difference (in one 
dimension) is given by 

 𝐹𝐹(𝑥𝑥) = 𝑑𝑑𝑞𝑞 (𝑥𝑥)
𝑑𝑑𝑥𝑥
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Therefore if Poisson’s equation is integrated once from the bulk to the surface 
the electric field at the surface, FS, can be obtained: 

 𝐹𝐹𝐹𝐹 = 𝐹𝐹𝑆𝑆𝑛𝑛(𝑞𝑞𝐵𝐵 − 𝑞𝑞𝐹𝐹) 𝑘𝑘𝑘𝑘
𝑞𝑞𝜆𝜆𝑖𝑖

𝐹𝐹 �𝑞𝑞𝑞𝑞𝐹𝐹
𝑘𝑘𝑘𝑘

, 𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘
� = 𝐹𝐹𝑆𝑆𝑛𝑛(−𝜓𝜓𝐹𝐹) 𝑘𝑘𝑘𝑘

𝑞𝑞𝜆𝜆𝑖𝑖
𝐹𝐹 �𝑞𝑞𝑞𝑞𝐹𝐹

𝑘𝑘𝑘𝑘
, 𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘
�  

where 

 𝐹𝐹 �𝑞𝑞𝑞𝑞𝐹𝐹
𝑘𝑘𝑘𝑘

, 𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘
� = √2 ∙ � 𝑞𝑞

𝑘𝑘𝑘𝑘
(𝑞𝑞𝐵𝐵 − 𝑞𝑞𝐹𝐹)𝑠𝑠𝑖𝑖𝑛𝑛ℎ �𝑞𝑞𝑞𝑞𝐵𝐵

𝑘𝑘𝑘𝑘
� − 𝑐𝑐𝑜𝑜𝑠𝑠ℎ �𝑞𝑞𝑞𝑞𝐵𝐵

𝑘𝑘𝑘𝑘
� + 𝑐𝑐𝑜𝑜𝑠𝑠ℎ �𝑞𝑞𝑞𝑞𝐹𝐹

𝑘𝑘𝑘𝑘
� 

From Gauss’s law the total charge per unit area can be found: 

 𝑄𝑄𝐹𝐹 = 𝜀𝜀𝑠𝑠𝑖𝑖𝐹𝐹𝐹𝐹 = 𝐹𝐹𝑆𝑆𝑛𝑛(−𝜓𝜓𝐹𝐹) 𝜀𝜀𝑠𝑠𝑖𝑖
𝜆𝜆𝑖𝑖

𝑘𝑘𝑘𝑘
𝑞𝑞
𝐹𝐹 �𝑞𝑞𝑞𝑞𝐹𝐹

𝑘𝑘𝑘𝑘
, 𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘
�   

Finally equation (5) results in 

 𝐶𝐶𝑠𝑠𝑖𝑖 = 𝐹𝐹𝑆𝑆𝑛𝑛(−𝜓𝜓𝐹𝐹) 𝜀𝜀𝑠𝑠𝑖𝑖
𝜆𝜆𝑖𝑖

𝑘𝑘𝑘𝑘
𝑞𝑞

𝑑𝑑
𝑑𝑑𝑞𝑞𝐹𝐹

�𝐹𝐹 �𝑞𝑞𝑞𝑞𝐹𝐹
𝑘𝑘𝑘𝑘

, 𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘
�� =    

 = 𝐹𝐹𝑆𝑆𝑛𝑛(−𝜓𝜓𝐹𝐹) 𝜀𝜀𝑠𝑠𝑖𝑖
𝜆𝜆𝑖𝑖

𝑘𝑘𝑘𝑘
𝑞𝑞

𝑠𝑠𝑖𝑖𝑛𝑛ℎ�𝑞𝑞𝑞𝑞𝐹𝐹𝑘𝑘𝑘𝑘 �−𝑠𝑠𝑖𝑖𝑛𝑛ℎ�𝑞𝑞𝑞𝑞𝐵𝐵𝑘𝑘𝑘𝑘 �

𝐹𝐹�𝑞𝑞𝑞𝑞𝐹𝐹𝑘𝑘𝑘𝑘 ,𝑞𝑞𝑞𝑞𝐵𝐵𝑘𝑘𝑘𝑘 �
    (6) 

The capacitance is then related to the gate bias via the following equation: 

 𝑉𝑉𝐺𝐺 = − 𝑄𝑄𝐹𝐹
𝐶𝐶𝑜𝑜𝑥𝑥

+ 𝜓𝜓𝐹𝐹        (7) 

Equation (6) is significantly simplified at flat bands when 𝜓𝜓𝐹𝐹 = 0: 

 𝐶𝐶𝑠𝑠𝑖𝑖 = 𝜀𝜀𝑠𝑠𝑖𝑖
𝜆𝜆𝐷𝐷

   

where 

 𝜆𝜆𝐷𝐷 = �𝑘𝑘𝑘𝑘𝜀𝜀𝑠𝑠𝑖𝑖
𝑞𝑞2𝑁𝑁𝐴𝐴

   

is the extrinsic Debye length. 

When the MOS device is in depletion the silicon capacitance can be approximated 
with 

 𝐶𝐶𝑠𝑠𝑖𝑖 = 𝜀𝜀𝑠𝑠𝑖𝑖
𝑤𝑤

        (8) 

where w is the depletion layer width given by 

 𝑤𝑤 = √2𝜆𝜆𝐷𝐷�
𝑞𝑞𝑞𝑞𝐹𝐹
𝑘𝑘𝑘𝑘

− 𝑞𝑞𝑞𝑞𝐵𝐵
𝑘𝑘𝑘𝑘

− 1 = √2𝜆𝜆𝐷𝐷�
𝑞𝑞𝜓𝜓𝐹𝐹
𝑘𝑘𝑘𝑘

− 1   

For the ideal MOS capacitor the two capacitances Csi and Cox can be seen as 
connected in series giving a total capacitance of 

 𝐶𝐶 = 𝐶𝐶𝑜𝑜𝑥𝑥 𝐶𝐶𝑠𝑠𝑖𝑖
𝐶𝐶𝑜𝑜𝑥𝑥 +𝐶𝐶𝑠𝑠𝑖𝑖

        (9) 
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In accumulation the concentration of holes at the silicon surface is large which 
results in a small (extrinsic) Debye length and in turn a large silicon capacitance, 
𝐶𝐶𝑠𝑠𝑖𝑖 ≫ 𝐶𝐶𝑜𝑜𝑥𝑥 . The total capacitance is then dominated by the oxide capacitance and 

 𝐶𝐶 ≈ 𝐶𝐶𝑜𝑜𝑥𝑥    

As the voltage is increased a depletion layer will form and according to the 
approximation in equation (8) the silicon capacitance will decrease with 
increasing depletion layer width and therefore the total capacitance will 
decrease. This will however only continue until inversion starts. At inversion the 
minority carriers (mobile electrons) will create a thin layer at the surface that 
will decrease the effective charge thickness. This increases the silicon 
capacitance and the total capacitance in equation (9) is once again equal to the 
oxide capacitance. 

The resulting curve, called a C-V curve, can be seen in Figure 8. 

 

Figure 8 C-V curve at low frequency [3], [10] 

To be able to measure a current an ac-voltage is superimposed on the gate 
voltage that makes the total gate voltage time dependent. This is because all 
capacitors only give a transient current with an applied dc-voltage. However the 
frequency of the alternating voltage will affect the C-V curve since the mobility of 
majority carriers and minority carriers is not the same. For low frequencies the 
C-V curve will look like that in Figure 8 but for high enough frequencies the 
minority carriers that create the inversion layer will not be able to keep up with 
the voltage fluctuations. This leads to that the total capacitance will remain at a 
constant value Cinv,hf even at inversion (Figure 9). This capacitance is that of the 
depletion capacitance (8) with maximum depletion layer width, wmax: 

 𝐶𝐶𝑖𝑖𝑛𝑛𝑖𝑖 ,ℎ𝑓𝑓 = 𝜀𝜀𝑠𝑠𝑖𝑖
𝑤𝑤𝑚𝑚𝑚𝑚𝑥𝑥

   

Since Csi in equation (9) is now much smaller than Cox. 
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Figure 9 C-V curves for high frequency (dashed line) and 
low frequency (solid line) [3], [10]. 

2.3.2 Non-ideal MOS Capacitors and C-V Curve Shift 
For non-ideal MOS capacitors the C-V curve for an ideal MOS capacitor can be 
shifted and distorted, see Figure 10. As mentioned before (chapter 2.1.4) a 
difference between metal and silicon Fermi levels results in a flat-band voltage 
that is nonzero. This will cause a parallel shift of the whole C-V curve. 

 

Figure 10 a) Shift and b) distortion of C-V curve [11] 

Additional change of the C-V curve can also be caused by charges in the oxide. 
There are mainly two types of charges in the SiO2 layer called interface trap 
charge and oxide charge. The primary difference is that the interface trap charge 
varies with the gate voltage. Therefore oxide charge only causes a parallel 
voltage shift while interface trap charge also distorts the C-V curve [11]. 
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3 Chemical MOS Sensors 
There are two basic MOS structures used for field effect chemical sensors: the 
MOS capacitor and the MOS field effect transistor (MOSFET) [4]. They both make 
use of the change of work function of the metal gate that arises when the device 
is exposed to a certain gas. The difference lies in what electrical signal is 
measured. In the MOS capacitor the relation between gate voltage and 
capacitance is studied whereas the relation between gate voltage and drain 
current is studied for the MOSFET device. When the capacitance or the drain 
current is plotted against the gate voltage a voltage shift of the flat-band voltage 
is obtained in both cases. Because a MOS capacitor is simpler to fabricate it is 
normally used for experimental work. 

Since a fabricated MOS capacitor is not ideal it will have an initial flat-band 
voltage VFB,0 that is not necessarily zero in the reference ambient. When exposed 
to a gas that will give rise to an additional voltage shift ΔV the flat-band voltage 
becomes [3] 

 𝑉𝑉𝐹𝐹𝐵𝐵,𝐸𝐸 = 𝑉𝑉𝐹𝐹𝐵𝐵,0 − ∆𝑉𝑉   

An example of the effect can be seen in Figure 10 a). 

The device studied in this work can be seen as a fusion of two types of common 
chemical sensors: the grid gate device and the suspended gate device and are 
analyzed in the following chapters. 

3.1 Grid Gate Sensor 

3.1.1 Continuous Palladium Gate Device [4] 
The first form of field effect gas sensor is the MOS capacitor with a catalytic 
metal gate. If the metal is palladium the sensor can be used for detecting 
hydrogen and to some extent hydrogen-containing gases (e.g. ethanol). 

The voltage shift in a palladium gate sensor exposed to hydrogen is caused by 
dipoles at the Pd-SiO2 interface. This occurs because when the hydrogen is 
adsorbed to the Pd surface some of the hydrogen (H2) molecules will be 
dissociated. The hydrogen atoms will then easily diffuse through the metal and 
be adsorbed at the silicon dioxide surface producing a dipole layer, see Figure 11. 

 

Figure 11 MOS capacitor exposed to hydrogen [4] 
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3.1.2 Porous Gate Device [4] 
A drawback of a continuous palladium gate is that it is only an efficient catalyst 
for H2. Other molecules containing hydrogen will not dissociate as easily, and an 
alternative is therefore to use another catalyst such as platinum (Pt). A problem 
with Pt is that the hydrogen does not diffuse very well through it. Therefore a 
solution is to make the metal layer porous, see Figure 12. The platinum will then 
dissociate the hydrogen from different hydrogen-containing molecules but the 
atoms can still affect the silicon dioxide surface due to the porosity. There are 
several possibilities for the sensing mechanism of porous/discontinuous gate 
devices. Some of the suggested are [14]: 

1. capacitive coupling of potential changes of the metal to the semiconductor 
surface through the bare oxide 

2. direct absorption of dissociated dipoles 
3. spill over from the catalytic metal to the silicon dioxide of reaction 

products creating charged species  

The strategy of having an open gate structure can be used with other catalytic 
conductors as well; the important feature is that the gas molecules have access to 
the metal-oxide interface. 

 

Figure 12 Porous gate 

3.1.3 Wedge Gate Device [6] 
There are still problems with having a porous gate. Since the catalytic material is 
also the biasing electrode it must be made out of a conductive material and also 
be morphologically continuous. By increasing the gate thickness the electrode 
becomes continuous but this hampers the seek access to the metal-oxide region. 
It is thus impossible to have both optimal biasing and sensing electrodes. 

A solution to the morphological problem was proposed by Filippini and 
Lundström. In their work rectangular gates of continuous gold and palladium 
films form a wedge of bare SiO2 between them, see Figure 13. They are 
conductive and massive but there will also be a region around the palladium 
where the silicon dioxide is open for exposure. The bare SiO2 surface between 
the gold and the palladium can be seen as a sheet with variable resistance 
(infinite resistance if no charges). When the palladium dissociates the hydrogen, 
spill over hydrogen atoms will be positively charged on the oxide (at least close 
to the metal) and the surface resistance, 𝑟𝑟𝑠𝑠 , will decrease. This increase of 
conductivity will extend the electric potential outside the gates and give rise to 
distributed oxide capacitance, 𝑐𝑐𝑜𝑜𝑥𝑥 , and distributed silicon capacitance, c. The 
effect can be observed as an increase of the effective capacitance of the device. 
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Figure 13 Wedge gate [14] 

3.1.4 Gap Gate Device [15] 
Wedge gate devices still make use of conductive and sensitive biasing electrodes. 
In the work of D. Filippini et al. a solution to this aspect was proposed. Two 
parallel thick, conductive and inert gates with the 1 mm space between them 
covered with a very thin (2 nm) layer of palladium was used(Figure 14). This 
gives both a good biasing and the possibility to choose functional materials that 
are not necessarily conductive or continuous deposits. 

 

Figure 14 Gap gate [15] 

3.1.5 Grid Gate Device [7] 
The gap gate is a discrete device but if the structure is repeated in two 
dimensions it serves as a breadboard for depositing diverse functional materials. 
In this way one single chip becomes equivalent to high density sensing arrays for 
chemical imaging. The structure of such a chip is described by D. Filippini et al. 
[7] and can be seen in Figure 15. 

 

Figure 15 Grid gate 
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This structure, and all structures with an open gate, can be represented with the 
equivalent circuit in Figure 16. The distributed resistance r and distributed 
capacitance c of the silicon surface below the bare oxide is variable, but are 
marked as constant since they only indirectly vary with gas exposure. In similar 
means the capacitance 𝐶𝐶𝑠𝑠𝑖𝑖  below the gate is also marked as constant because it 
varies with the applied gate voltage and not with gas exposure. The distributed 
surface resistivity of the oxide is represented by 𝑟𝑟𝑠𝑠  and the work function of the 
catalyst is represented by the varying voltage 𝑉𝑉𝑤𝑤𝑠𝑠 . Depending on what catalytic 
material is being used, either resistance or work function changes will be more 
noticeable. 

 

Figure 16 Equivalent circuit [6][7] 

3.2 Suspended Gate Sensor [8], [16] 
Another way to enable access of analysts to the sensing region of the device is to 
separate the gate metal from the oxide, as can be seen in Figure 17. The air gap 
creates an additional insulating layer between the metal and the silicon where 
dipolar molecules can affect the electric field. When exposed to gas the dipoles 
will adsorb either on the insulator surface or on the inner metal surface and 
cause a change of the surface potential leading to a shift of the flat-band voltage. 

 

Figure 17 Suspended gate 
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4 Scanning Light Pulse Technique 

4.1 MOS Capacitors [5][13] 
The scanning light pulse technique is a measuring technique that is used for 
investigating interface phenomena in a MOS structure. Both surface potential 
and interface state density variations can be analyzed but for this work only the 
surface potential will be investigated and therefore only this principle will be 
described. 

As mentioned in chapter 2.3.1, to be able to measure a current signal, a time 
varying voltage is needed. In the case of SLPT the current transients are caused 
by the light beam that generates charge carriers in the semiconductor, and to 
achieve time dependence the light is therefore chopped. In this study the 
frequency of the chopping will be in the high frequency range of the MOS 
capacitor. 

4.1.1 Qualitative Description 
In Figure 18 a) it can be seen that the MOS capacitor is illuminated from the top 
through the gate, which has to be transparent, and in b) and c) the time 
dependence for the photon intensity, Φ0, and the photo current, 𝑖𝑖(𝑡𝑡), is shown. 
What happens in the MOS capacitor can again be showed with band diagrams, 
Figure 19. 

 

Figure 18 a) Simplified MOS capacitor set up; b) photon intensity variation; 
c) current signal in the outer circuit [13] 

At time t1 the light is switched on and hole-electron pairs are generated in the 
silicon due to the incoming photons. The electrons have three possible 
destinations: 

1. Recombination through interface states 
2. Recombination in the bulk of the silicon 
3. Accumulation at the interface creating an inversion layer 
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The holes have similar possibilities namely: 

1. Recombination at the SiO2-Si interface 
2. Recombination in the bulk 
3. Leaving the semiconductor through the backside contact and end up at 

the metal gate creating a current in the outer circuit. 

As time elapses, more charges will accumulate at each side of the silicon dioxide, 
electrons on the silicon side and holes on the metal gate. This means that most of 
the potential drop will be over the oxide so that the depletion layer width 
decreases (almost disappears) and therefore the generation of charge carriers 
decreases. This goes on until time t2, when steady-state is reached. The 
generation of charge carriers is then balanced by the recombination at the 
interface and the current 𝑖𝑖(𝑡𝑡) goes to zero. 

At time t3 the light is switched off so that no more charge carriers can be created. 
The electrons at the interface disappear through recombination with holes in the 
bulk. To compensate this, holes from the metal gate is going back to the bulk 
creating a negative current corresponding to the one generated between t1 and 
t2. This process will go on until thermal equilibrium is reached at time t4. 

 

Figure 19 Band diagrams at time a) t1, b) t2, c) t3, and d) t4 [17] 



 18 

4.1.2 Quantitative Description 
As described in 2.3.1, for a MOS capacitor the oxide capacitance, 𝐶𝐶𝑜𝑜𝑥𝑥 , and the 
depletion layer capacitance, 𝐶𝐶𝑠𝑠𝑖𝑖 , can be seen as connected in series. But since the 
gate in this case is connected to the backside contact via a load resistor 𝑅𝑅𝐿𝐿 , 𝐶𝐶𝑠𝑠𝑖𝑖  
can be seen as connected in parallel with the series connection of 𝐶𝐶𝑜𝑜𝑥𝑥  and 𝑅𝑅𝐿𝐿  (see 
Figure 20). The measured current 𝑖𝑖(𝑡𝑡) is then the current passing 𝐶𝐶𝑜𝑜𝑥𝑥  and 𝑅𝑅𝐿𝐿 . 

 

Figure 20 Equivalent circuit of MOS capacitor exposed to light [6] 

For this description it will be assumed that every incident photon creates one 
hole-electron pair. The generation current 𝑖𝑖𝑆𝑆  of charge carriers created in the 
depletion layer can thus be written 

 𝑖𝑖𝑆𝑆 = 𝑞𝑞Φ0        (10) 

From chapter 4.1.1 it can be seen that the generation of hole-electron pairs gives 
rise to three different charge movements and hence 

 𝑖𝑖𝑆𝑆 = 𝑖𝑖𝑠𝑠𝑟𝑟 + 𝑖𝑖𝑏𝑏𝑟𝑟 + 𝑖𝑖𝑑𝑑        (11) 

where 𝑖𝑖𝑠𝑠𝑟𝑟  is the surface recombination current, 𝑖𝑖𝑏𝑏𝑟𝑟  is the bulk recombination 
current and 𝑖𝑖𝑑𝑑  is the displacement current. It is part of 𝑖𝑖𝑑𝑑  that will give rise to the 
current 𝑖𝑖(𝑡𝑡) in the outer circuit. The different parts can in turn be written as 

 𝑖𝑖𝑠𝑠𝑟𝑟 = 𝑞𝑞𝑠𝑠Δ𝑛𝑛        (12) 

where s is the surface recombination rate and ∆𝑛𝑛 is the concentration of optically 
generated electrons collected near the interface, 

 𝑖𝑖𝑏𝑏𝑟𝑟 = 𝑞𝑞 𝐷𝐷
𝜆𝜆𝐷𝐷
Δ𝑛𝑛𝑒𝑒

−𝑞𝑞�𝑞𝑞𝐹𝐹−Δ𝑞𝑞𝐹𝐹�
𝑘𝑘𝑘𝑘       (13) 

where D is the diffusion length and ∆𝑞𝑞𝑠𝑠 is the change in surface potential due to 
the collection of optically generated electrons at the interface, and 

 𝑖𝑖𝑑𝑑 = 𝑑𝑑
𝑑𝑑𝑡𝑡

(Δ𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡 )       (14) 

where ∆𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡  is the total transport of charge through the structure due to the 
change in surface potential. If equations (10)-(14) are combined we get 

 𝑞𝑞Φ0 = 𝑞𝑞𝑠𝑠Δ𝑛𝑛 + 𝑞𝑞 𝐷𝐷
𝜆𝜆𝐷𝐷
Δ𝑛𝑛𝑒𝑒

−𝑞𝑞�𝑞𝑞𝐹𝐹−Δ𝑞𝑞𝐹𝐹�
𝑘𝑘𝑘𝑘 + 𝑑𝑑

𝑑𝑑𝑡𝑡
(Δ𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡 )   (15) 
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The silicon capacitance may be considered as constant if Δ𝑞𝑞𝑠𝑠 ≪ 𝑞𝑞𝐹𝐹  and ∆𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡  can 
be expressed as 

 ∆𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡 = 𝐶𝐶𝑠𝑠𝑖𝑖∆𝑞𝑞𝐹𝐹 + 𝐶𝐶𝑜𝑜𝑥𝑥∆𝑉𝑉𝑜𝑜𝑥𝑥       (16) 

where ∆𝑉𝑉𝑜𝑜𝑥𝑥  is the change in voltage across the oxide, differing from ∆𝑞𝑞𝐹𝐹 by the 
voltage ∆𝑉𝑉𝐿𝐿 across the load resistor. This amount of charge is also equal to the 
charge collected near the interface and hence 

 ∆𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡 = 𝑞𝑞∆𝑛𝑛𝑥𝑥0       (17) 

where 𝑥𝑥0 is a “cutoff width” analogous to the channel width of an MOS transistor. 

Since the set up will come to steady-state, the time derivative of ∆𝑄𝑄𝑡𝑡𝑜𝑜𝑡𝑡  will tend 
to zero. This causes the equivalent circuit to look like in Figure 21 so that ∆𝑉𝑉𝑜𝑜𝑥𝑥  to 
approaches ∆𝑞𝑞𝐹𝐹 since there will be no current through the load resistor 𝑅𝑅𝐿𝐿 . 
Equations (15)-(17) results in 

 ∆𝑞𝑞𝐹𝐹 = 𝑞𝑞Φ0𝑥𝑥0

(𝐶𝐶𝑠𝑠𝑖𝑖+𝐶𝐶𝑜𝑜𝑥𝑥 )�𝑠𝑠+ 𝐷𝐷
𝜆𝜆𝐷𝐷
𝑒𝑒
−𝑞𝑞𝑞𝑞𝐹𝐹
𝑘𝑘𝑘𝑘 �

      (18) 

with the above assumptions and simplifications. 

 

Figure 21 Equivalent circuit with no current 

What is measured is the voltage over the load resistor with the help of a lock-in 
amplifier resulting in an output signal u given by 

 𝑢𝑢 = ∫ 𝑉𝑉𝐿𝐿(𝑡𝑡)𝑑𝑑𝑡𝑡∞
0 = 𝑅𝑅𝐿𝐿 ∫ 𝑖𝑖(𝑡𝑡)𝑑𝑑𝑡𝑡∞

0 = 𝑅𝑅𝐿𝐿𝐶𝐶𝑜𝑜𝑥𝑥∆𝑞𝑞𝐹𝐹   

Finally, if equation (18) is inserted in this equation we get 

 𝑢𝑢 = 𝐶𝐶𝑜𝑜𝑥𝑥
𝐶𝐶𝑠𝑠𝑖𝑖+𝐶𝐶𝑜𝑜𝑥𝑥

𝑅𝑅𝐿𝐿𝑞𝑞Φ0𝑥𝑥0

𝑠𝑠+ 𝐷𝐷
𝜆𝜆𝐷𝐷
𝑒𝑒
−𝑞𝑞𝑞𝑞𝐹𝐹
𝑘𝑘𝑘𝑘

       (19) 

which can be seen as a measure of the charge passing 𝐶𝐶𝑜𝑜𝑥𝑥  multiplied with 𝑅𝑅𝐿𝐿 . 
Equation (19) is very similar to equation (9), but with 𝐶𝐶𝑠𝑠𝑖𝑖  in the numerator in 
equation (9) replaced with a more complicated expression that still depends 
both extrinsically and intrinsically on the surface potential 𝑞𝑞𝐹𝐹 . A u-V curve from 
a SLPT measurement, analogous to the C-V curve in a capacitance measurement, 
can be seen in Figure 22. 
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Figure 22 High frequency u-V curve (solid line) and C-V curve (dashed line) for a 
MOS capacitor [17] 

4.2 Chemical MOS Sensors [13] 
As for the C-V curve the u-V curve can be shifted when the MOS sensor is 
exposed to gas, see Figure 23. A shift parallel to the voltage axis is due to work 
function changes, and shift parallel to the photo charge axis is because of surface 
resistance changes. Photo charge shifts can also be due to different photon 
intensities, but this is not connected to the gas exposure but to the optical 
properties of the device. Furthermore there can be one or more “shoulders” on 
the curve when using more than one material with different work functions [18]. 
The shoulders belonging to gas sensitive materials will still be defected as can be 
seen in Figure 23 c). 

 

Figure 23 u-V curve and their corresponding differences in photo charge due to gas 
exposure; a) voltage shift, b) photo charge shift, and c) materials with different 

work functions. In reference gas (dashed) and in test gas (solid) 

By making a two-dimensional light scan with a constant applied voltage the 
spatial variation of work function or surface resistance can be achieved. Which 
variation will be visualized depends on which range of the voltages is being used. 
Around accumulation-depletion, near or at the flat-band voltage, the change in 
work function will be showed, and in inversion, where the curve is flat, the 
change in resistance will be showed. 
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Because of the dependence of the photon intensity Φ0 (numerator of equation 
(19)), measuring in the inversion range will also result in amplitude variations 
due to optical absorption in the surface. Also measurements near the flat-band 
voltage can result in spatial variations that are not due to gas exposure but to 
interface states and charges in the oxide. To distinguish such spatial variations 
from gas exposure caused variations a “background image” is produced. This 
consists of a two-dimensional scan in a reference gas, usually nitrogen or 
synthetic air. After the measurement is completed also in test gas ambient, the 
background image is subtracted from the test gas image. 

Since there are also different work-function shifts at different coordinates a 
more robust way to account for the response is to measure the whole u-V curve 
for every coordinate. The curves from the measurement in the test gas are then 
subtracted by the curves from the reference measurement (insertions of Figure 
23). The complete result will therefore be a multidimensional image of u-V curve 
differences for each x-y coordinate. 

4.2.1 Grid Gate Sensor [7] 
For the grid gate sensor a two-dimensional scan will consist of measurements on 
the aluminium grid, on gas sensitive depositions and on bare silicon dioxide. The 
biasing of the different areas is given from the circuit in Figure 16 above and 
results in a voltage variation according to Figure 24. Since the light beam is quite 
large compared to the structure, the resulting voltage in the measurement point 
will be an average as can be seen in Figure 24 as Vav. When the light beam is on 
the well biased grid, there will only be a small photocurrent created because the 
metal is rather opaque. On the other hand, on the oxide there will be poor biasing 
if the gate is far away so all of the photo charges cannot be detected. However if 
there are dipoles and/or charges on or in the oxide the biasing will be better so 
that the photo generated charges will be able to create a larger current. Such 
species can consist of permanent defects in the oxide or they can be produced 
below or near the catalytic deposits when exposed to certain gases. This will 
therefore give a larger photo current at the deposits when exposed to test gas. 
Even in the background image, the photocurrent can be larger at the deposits if 
they are electrically conductive but still more transparent to light than the gate 
metal. 

 

Figure 24 Biasing at a) Al and SiO2 with low amount of charges and b) Al and 
Pd coated SiO2 [6] 
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5 Fabrication Techniques [12] 
The steps needed for the fabrication of a MOS capacitor are: 

1. Oxidation 
2. Metal deposition for the gate 
3. Photolithography 
4. Metal deposition of the back side 

All of the techniques listed, except for oxidation, were used to produce the pillar 
slide as well. Metal deposition was also used for the gas sensitive material, but 
the areas were made with mechanical masking during the deposition instead of 
photolithography afterwards. 

5.1 Thermal Oxidation 
Before the oxidation can start the wafer has to be cleansed to take away organic 
and inorganic impurities and particles. This is done chemically either in two 
steps, one to remove organic impurities and one to remove inorganic, or both in 
one step depending on which chemicals are used. 

Oxidation is carried out at high temperature, typically 900-1200°C. in an oxygen 
ambient resulting in the following chemical reaction 

 𝐹𝐹𝑖𝑖 + 𝑂𝑂2 → 𝐹𝐹𝑖𝑖𝑂𝑂2 

5.2 Evaporation 
Metals can be deposited in thin films by different processes such as thermal 
evaporation, chemical vapour deposition, sputtering etc. One of the oldest 
methods is the thermal evaporation, which can be made in different ways, e.g. 
filament evaporation, electron-beam evaporation, flash evaporation and laser 
beam evaporation. 

For this work the filament evaporation system was used. Evaporation is carried 
out in vacuum to get less contaminants and lower melting temperature of the 
metal. The metal that will be deposited is placed in a spiral filament, which is 
heated to the melting point of the metal in vacuum. The metal then wets the 
filament and further increase of the temperature will evaporate the metal. 

5.3 Photolithography 
The photolithography process is used for producing a pattern in the gate metal. 
The first step is to apply a coating of a light-sensitive material called photo resist. 
The photo resist is usually liquid and is put on the wafer, which is then spun at 
high speed to produce a thin uniform layer. To improve adhesion and remove 
solvents from the photo resist, the wafer is then prebaked in an oven. The next 
step is to expose the coated wafer through a mask to produce a pattern for the 
etching. The wafer is held on a vacuum chuck and ought to be positioned relative 
to the mask so that the wafer easily can be cut in the crystal directions later on. 
The photo resist is then exposed with high-intensity ultraviolet light and 
developed. 
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There are two types of photo resist, positive and negative. The positive yields 
better process control in small-geometry structures and is also the type used for 
this work. The photo resist that has been exposed will be washed away during 
the development for positive photo resist and remain for negative. Therefore it is 
important to make a positive or negative mask depending on which type of resist 
to use. 

Before etching away the metal the wafer is hard baked to harden the photo resist 
and to further improve the adhesion. For etching there are two different 
techniques: wet chemical etching and dry plasma etching. The biggest difference 
is that the dry technique is anisotropic and the wet technique is usually isotropic. 
Isotropic etching means that the etching will be equal in all directions resulting 
in an etching under the resist. This under etching will be at most of the same 
length as the thickness of the material to be etched. In this work isotropic etching 
will only cause a deviation of <0.5% (see dimensions in 6.1), and therefore a wet 
etching can be used. 

The last step in the photolithography procedure is to remove the photo resist. 
This process can also be carried out with either a wet or a dry technique. The wet 
technique makes use of a liquid resist stripper, which is a chemical that loosens 
the adhesion. In the dry process the resist is oxidized in an oxygen plasma 
system. 
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6 Experimental Set Up 

6.1 Grid Gate Chip 
The substrate of the device was a p-type silicon wafer with 〈100〉 crystal 
orientation, 10-20 Ωcm and 525 µm thick. Before oxidation the wafer was 
cleansed to take away both organic and inorganic impurities. After the exposure 
to the chemicals the wafer was rinsed in water and then dried with nitrogen. 

To make the SiO2 layer, thermal oxidation was carried out in 1100 °C for 2 h to 
give a 200 nm thick layer of oxide. 

The silicon dioxide was then metalized with a 300 nm layer of aluminium by 
evaporation. This metal layer was patterned as shown in Figure 25, in a 
photolithography process and then wet etched. The track width was 40 µm and 
the space between them 160 µm. 

 

Figure 25 Grid gate pattern 

The final step was to make a 200 nm thick aluminium backside contact and then 
a 5 nm thick palladium layer on the front side, both metal layers made by 
thermal evaporation. Before making the backside contact SiO2 was removed by 
hydrofluoric acid. 

6.2 Pillar Slide 
The pillars were made on a glass slide by first covering it with 200 nm of 
chromium by evaporation, which was patterned and etched in a 
photolithography process to give holes in a pineapple pattern (Figure 26) with 
an approximate opening size of 50 µm width. A 30 µm thick layer of SU-8 was 
then put on the whole slide, exposed and then developed. Finally, palladium was 
put on the pillars by thermal evaporation to give a thickness of 5 nm. 
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Figure 26 SU-8 pillar pattern and SEM of manufactured pillars 

6.3 Pillar Gate Device 
The whole device consists of the grid gate chip with the pillar glass slide put on 
top of the chip, tips pointing downward. This will create two important, 
geometrically different types of areas, as can be seen from the markings in Figure 
27: 

1. Aluminium gate below and possibly in contact with pillars. This will create 
nano cavities when pillars do not totally overlap the Al. If the material on 
the tip of the pillar is electrically conductive and in contact with the gate 
there will be an electric field between the pillar and the substrate. 

2. SiO2 area below a pillar. This will also create a nano cavity. 

 

Figure 27 Pillar gate device 

To be able to see if the response was going to differ from the old grid-gate device, 
the palladium was deposited in the way shown in Figure 28 a) and Figure 28 
b).Four sensitively different types of areas were created due to the shape of the 
palladium depositions, as shown in Figure 28 c): 

1. No palladium, neither on the chip nor the pillars 
2. Palladium only on the chip 
3. Palladium only on the pillars 
4. Palladium on both the chip and the pillars 
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Figure 28 Palladium depositions a) on the grid gate chip, b) on the pillars, and c) 
the final pillar gate device 

In total there was 8 different combinations to measure at, as can be seen in 
Figure 29. These combinations were approximated to be the positions shown in 
Figure 30 (a version in colour is found in Figure 1 of appendix 2). After the 
measurements were performed the exact locations could be calculated. The u-V 
curves were made for each measurement point. Since measurements were made 
also without pillars (Figure 31 and in colour Appendix 2 Figure 2), it could be 
seen from the distances that the areas very close to aluminium corresponded to 
a larger signal than the signal in the gap (silicon dioxide). It could also be seen 
that the palladium depositions corresponded to an increased signal and 
therefore the areas corresponding to 1, 2, 3 and 4 in Figure 28 could be decided. 

 

Figure 29 Measurement points - structure 
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Figure 30 Measurement points – position (2D scan in air, 1.2×1.2 mm2) 

 

Figure 31 2D scan in air with Pd deposition and without pillars (3×3 mm2) 
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6.4 Set Up 

6.4.1 Holder 
The holder was a chamber consisting of an aluminium coated brass base, a 
Teflon frame with a stainless steel top and a glass window that were screwed 
together with a halogen lamp and plastic legs (Figure 32). The lamp was 
mounted below the chamber for heating purposes. The gas was led in and out of 
the chamber via two holes in the side of the Teflon frame. The base was 
connected to ground since was in contact with the backside contact of the chip. 
The three contact points on the front of the chip were connected to the voltage 
source by pressing a piece of aluminium foil between the chip and the Teflon 
frame. The foil was then connected in the other end to a suitable lead. 

 

Figure 32 SLPT set up [7] 

6.4.2 SLPT 
The holder was put on an X-Y positioning table (accuracy ±1.6 µm) that was 
connected to the computer to be controlled by the applied program. The light 
source was a 5 mW laser with a wavelength of 635 nm. The light beam diameter 
was decreased by a whole of 1 mm in diameter and a focusing lens to get the 
light spot as small as possible but with enough intensity. The photo current 
transients were amplified in a preamplifier and then integrated by a lock-in 
amplifier at the same frequency as the chopping of the light source. Finally the 
charge content (the output of the lock-in amplifier) is converted in an A/D 
converter and fed into the computer. 

6.4.3 Measurements 
All measurements were made with a heating of about 80 °C, a gas flow of 100 
ml/min and at steady state. The steady state was achieved by letting everything 
run, except for the light, for at least 20 min before measuring. 

The chopping frequency was set to 2 kHz. In addition a band-pass filter was 
applied with a lower cut-off frequency of 1 kHz and an upper cut-off frequency of 
3 kHz. 

The reference measurements were carried out in synthetic, dry air consisting of 
80% nitrogen and 20% oxygen. The test gas was a mixture of 2500ppm of 
hydrogen in synthetic air. 
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The measurements were performed in the following order: 

1. u-V measurement at the edge of one of the contact pads to adjust the 
amplifications and find a suitable voltage corresponding to inversion. 

2. Two-dimensional scan in air. 
3. u-V measurements in air. 
4. Two-dimensional scan in hydrogen mixture. 
5. u-V measurement in hydrogen mixture. 

For the 2D scans the light was scanned over an area of 1.2×1.2 mm2 in 150×150 
steps at +6V. The image produced in hydrogen was then subtracted from the 
image produced in air. 

For the u-V measurements the voltage was decreased from +8V to -2V in 50 
steps. 
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7 Results 

7.1 Two-dimensional Response 
The subtraction of the two-dimensional image in hydrogen from the image in air 
is shown in Figure 33 and Figure 34 (a version in colour is found in appendix 2 
Figure 3). This is thus the gas response when the device is in inversion. Since the 
pineapple pattern is not visible everywhere the two measurements are probably 
well aligned. The pattern in the bottom of the image can be due to that the light 
beam is large so that gas response from different pillars overlap. 

 

Figure 33 2D gas response image 

 

Figure 34 2D gas response image with Al grid lines and centre pillars marked 
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7.2 Multidimensional Response 
If the beam size is approximately ~100 µm it can be seen in Figure 35 that each 
measurement point is not a point but a circular area including both pillar 
openings and surrounding chromium layer on the glass slide. Furthermore this 
causes a measurement on an aluminium track to also cover an area including 
silicon dioxide. Therefore it is important to remember that the u-V curve for a 
certain position is the sum of the charge contribution for the whole illuminated 
area. This will be discussed in more detail in chapter 8. 

 

Figure 35 2D scan with light beam (solid circles), centre pillars (dashed circles) and 
aluminium grid (dashed lines) marked. 



 32 

7.2.1 Areas without Response 
As it was expected, the area with no palladium depositions had no or a negligible 
response to hydrogen. This can be seen in Figure 36 and Figure 37. There is also 
a third measurement point with almost no response: point c) with Pd on the 
pillars but not on the chip (Figure 38). This is probably because a large region of 
the beam area is chromium covered so that less light reaches the surface. The 
slope of all three curves at inversion can be explained by the poor biasing to 
support a stable depletion capacitance. 

 

Figure 36 u-V curves and corresponding Δu for structure a) 



 33 

 

 

Figure 37 u-V curves and corresponding Δu for structure e) 

 

Figure 38 u-V curves and corresponding Δu for structure c) 
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7.2.2 Areas with Response 
For measurement points b), f) and h), the response is mostly in the form of a 
voltage shift (Figure 39, Figure 40 and Figure 41). Points b) and f) are in the 
same area, i.e. area 2, and the shape of the curves and the response is very 
similar. They also have no change in inversion while point h) has a slight 
decrease of the charge content for inversion voltages. The steady surface 
resistance at b) and f) is probably because the predominant mechanism is the 
change in work function and eventual conductivity modulations are 
imperceptible while the decrease of Δu in inversion at h) could be due to 
influence of the pillars. The difference in amplitude can be explained by the 
amount of Pd depositions. In b) and f) there is only one layer of palladium (on 
the chip) while point h) is covered with two layers of palladium (one on the chip 
and one on the pillars). It can also be said that they are all well biased because of 
the flatness of the curves. 

 

Figure 39 u-V curves and corresponding Δu for structure b) 
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Figure 40 u-V curves and corresponding Δu for structure f) 

 

Figure 41 u-V curves and corresponding Δu for structure h) 
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An increase of Δu for inversion voltages due to gas exposure was detected at 
points d) and g) as can be seen in Figure 42 and Figure 43. They are both 
localized in an area with palladium coated pillars. Point d) is probably better 
biased than g) because of the flatness of the curve which is expected as point d) 
lies in an area with Pd on the chip. 

 

Figure 42 u-V curves and corresponding Δu for structure d) 

 

Figure 43 u-V curves and corresponding Δu for structure g) 
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8 Discussion 

8.1 Characterisation of the Device 
The device is quite complex compared to a common MOS sensor. When the 
u-V curves are compared as in Figure 44 it can be seen that both the flat-band 
voltage and the surface resistance are very different depending on where the 
measurement is carried out. Also the shape of the u-V curve differs a lot 
depending on which materials are present and how well the area is biased. 

 

Figure 44 Measurements in synthetic air 

As mentioned in chapter 7.2 and seen in Figure 35 (repeated in Figure 48) the 
light beam covers an area of ~0.03 mm2 and therefore it is important to look at 
the variations in the composition of the device. In Figure 45 (in colour in 
Appendix 2 Figure 5) the variation in the signal at inversion voltage can be seen. 
The signal is depending on both the biasing and the light intensity. The best 
biasing is found at and very near the aluminium tracks, but the aluminium also 
blocks the light. This causes the photo charge variation to look like in Figure 45 
a), i.e. there are peaks on each side of the track before the signal is lowered 
further out on the silicon dioxide. The palladium is helping the biasing in the 
areas between the aluminium tracks and is still light transparent so that the 
signal can actually be larger than near the aluminium tracks, causing the photo 
charge variation found in Figure 45 b). The effect of increasing u very near the 
edge of the Al can also be found near the edge of the Pd (Figure 45 c)). 
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Figure 45 2D scan in air without pillars (3×3 mm2) a) Al track without Pd b) Al 
track with Pd deposition c) edge of Pd deposition 

Another aspect in light intensity and biasing is the pillar slide. Between the 
pillars the slide is covered with chromium that blocks the light. Furthermore, the 
palladium deposition on the pillars will also block some light but at the same 
time it can help to improve the biasing on the SiO2. Where a Pd covered pillar is 
in contact with the grid gate, the biasing will be extended outside the Al track. 
This will create a nano cavity with an additional electric field between the tip of 
the pillar and the surface of the oxide. This field may align charged gas particles 
that come into the cavity. 

With this in mind the results of the tests can be analyzed in more detail. The 
u-V curves measured in air are summarized in Figure 44 above, the 
multidimensional gas response expressed in Δu is found in Figure 46, the two-
dimensional gas response can be seen in Figure 47 and the corresponding light 
beam positions are found in Figure 48. 
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Figure 46 Multidimensional gas response, summary of the Δu 

 

Figure 47 Two-dimensional gas response, spatial scan at inversion 
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Figure 48 Measurement points (Figure 35 repeated) 

For area 1 it can be seen that e) is positioned close to an aluminium track while 
a) is in the middle of the gap between two tracks. The effect is that e) is slightly 
better biased than a) and this is seen as a slightly larger signal in Figure 44. Why 
the difference is not very large could be because the light beam is more centred 
over the pillar at a) than at e). Anyway the gas response is almost zero at both 
points. 

In area 2 the signal is at its highest for both b) and f) and as for area 1 the 
measurement closest to the aluminium gives the largest signal (see Figure 44). 
Furthermore the flat-band voltage shift, corresponding to the Δu peak around +2 
V, is larger for f) because of the better biasing and positioning of the beam 
relative to the centre pillar. The predominant response mechanism is the voltage 
shift and no gas response is found at inversion voltages. 

Since area 3 has a band with larger photo charge content seen in the two-
dimensional scan (Figure 48) the palladium deposition on the pillars is probably 
in contact with the aluminium grid near this area. The difference between the 
signals for c) and g) in Figure 44 is because of the biasing. The better biasing of 
g) also gives a clear response there when exposed to gas. This is shown as a 
positive Δu in the inversion region. A slight influence of the gas can however be 
seen also at c) in inversion. But here the shift in photo charge is negative. 

For area 4 the signal is somewhat lower than for area 2 because of the extra 
layer of Pd that blocks some of the light. The large difference between d) and h) 
in the inversion region is not only because of h) being closer to the aluminium 
(better biased) but also because of the location of the laser beam. For point d) 
the beam is mostly blocked by the chromium on the glass slide. The Δu gas 
response for d) and h) both show a clear peak at the flat-band voltage and some 
change at inversion voltages. 
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Areas 1 and 3 have the lack of palladium on the chip in common. The dominating 
conductor is therefore the aluminium which can be seen as a shoulder around 
+0.5 V for a), c), e) and g) in Figure 44. The flatness of c) and g) compared to a) 
and e) is because of better biasing. When analyzing the two-dimensional gas 
response in Figure 47 it can be seen that area 1 shows no response whereas area 
3 show some. This is even clearer when examining the multidimensional 
response in Figure 46. In area 3 there is a Δu change, either negative or positive. 
It can also be seen that this change is larger the better the biasing is. 

In areas 2 and 4 palladium is instead the dominant conductor and the u-V curves 
therefore have a smaller or no shoulder at +0.5 V. The curves are also flatter 
because these areas are better biased than 1 and 3. The extra layer of palladium 
in area 4 can be seen as a lowering of the u-V curve with ~2 units. In the two-
dimensional gas response (Figure 47) no distinct difference between the two 
areas can be found. But when analyzing the change in Δu (Figure 46) it can be 
seen that for area 2 the gas response is only in the shape of a peak at the flat-
band voltage while the response for area 4 shows both a flat-band peak and a 
shift at inversion voltages. 

8.2 Measuring Conditions 
Some of the complexity is due to the measuring platform. The small and complex 
pillar structure can lead to a misalignment between two 2D scans. This will give 
spurious results because overlapping of regions with no signal with regions with 
a large signal will give a large difference though it is not due to the gas exposure. 

Because of defects in the pillars (see SEM image in Figure 25) and the thickness 
of the depositions on the pillars it can also be difficult to decide the distance 
between pillars and the aluminium grid. This distance is important because of 
the creation of nano cavities and biasing mentioned in chapters 1 and 8.1, and 
also the spill over charges from chemical reactions. However, the difference in 
distance offer a rich variety of sensing condition which is more suitable with 
chemical image generation rather than for mechanistic studies. 

Furthermore the pillar slide makes it hard to see where the depositions are 
without making a large scan over the whole device. 
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8.3 Comparison with preceding device 
There are some set-up differences between this device and the preceding grid-
gate device described in [7] and [17] that could be considered when comparing 
the results. The differences are: quality of the oxide, size and focusing of the light 
beam, gate thickness, palladium thickness, coating of the top plate of the holder, 
chopping frequency, pillar slide and concentration of hydrogen. In total this leads 
to that the flat-band voltage is shifted by ~3 V and that the bare oxide gives a 
lower signal than that on or close to the aluminium compared to the old device. 
This leads to that the signal is increased instead of decreased at the palladium 
deposition on the chip. A single two-dimensional scan therefore almost gives an 
inverted image of the image from the old device. An interesting observation is 
however that after the old device was plasma treated it showed a similar 2D 
image to the new device. 

What is important to bear in mind is that both devices are research devices, and 
the purpose of this work was not the detailed investigation of mechanisms but a 
first exploration into the concept. Also, the interpretation of changes in Δu at 
inversion voltage as a decrease in surface resistance has to be redefined for the 
pillar-gate device. This new result reveals that the Δu inversion shift can be both 
positive and negative. 
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9 Conclusions 
In summary the original research questions found in chapter 1.3 will be 
answered. 

1. Can a grid-gate device still give a gas response if the sensing material is 
separated from the chip surface? 

Yes, the sensing material can be separated from the surface of the grid-gate chip 
but the measurements have to be carried out in another way than as a two-
dimensional scan at a constant voltage to get a meaningful response. 

2. If possible, which properties can be measured? 

Both a shift of the flat-band voltage and a shift of the photo charge content at 
inversion voltages can be detected as a gas response for the same material. This 
can be seen for measuring points c), d), g) and h) in Figure 46. Note also that the 
Δu at inversion voltage can be either negative or positive. 

3. What will the response look like and what type of gas affected changes will be 
dominant? 

The response will look like in Figure 46. The variety of response types found 
made necessary to utilize multidimensional response maps instead of making a 
two-dimensional scan at constant voltage for the whole device. Neither the 
change at flat-band voltage nor the change at inversion voltage is dominant but 
the response is a combination. 

4. Do the nano cavities and/or the additional electric field created at some pillars 
affect the signal and response? 

This work has demonstrated that coated nano cavities have an effect on the 
response and introduce a combination of mechanisms leading to either positive 
or negative changes of Δu at inversion. The details of the involved mechanisms 
are not known at this point and will be the subject of future investigation. 
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10 Further Development 
The device is a first try to this concept and there is certainly plenty of room for 
improvements. 

Because of the importance of exact positioning when making a two-dimensional 
scan, another measurement set-up could be used. The best method would be one 
that does not require the device or the light source to be moved for measuring at 
different points of the device. The size of the light spot should also be more 
suitable to the other dimensions. 

Another improvement could be to make another pillar pattern. The pillars could 
be made larger and in a simplified pattern. I would choose square pillars ordered 
in a matrix and with a size about half the width of the gap between the 
aluminium tracks, if the present SLPT set-up will be used. The choice of square 
pillars ordered in columns and rows is because the scan is carried out in these 
directions. In addition squares are easier to observe in a pixel image if they are 
somewhat aligned with the scanning directions. The size of the pillars should still 
be small enough so that they can hang freely above the SiO2 without having the 
same bias as the aluminium grid. 

A third improvement is to bias the pillars by coating them with a 
semitransparent conductor with sensing material on top to get something 
similar to a suspended gate device. 

The best way is perhaps to leave the search for a two-dimensional gas response 
image and concentrate on the multidimensional described above in Conclusions, 
i.e. something similar to Figure 46. That technique could however probably be 
improved by above mentioned changes. 
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Appendix 1 – Symbols 
c distributed silicon capacitance 
C total capacitance (of the MOS capacitor) 
Cinv,hf total capacitance at inversion for high frequency measurements 
cox distributed oxide capacitance 
Cox oxide capacitance 
Csi silicon capacitance 
d thickness of the oxide 
D diffusion length 
EC conduction band edge 
EFM (extrinsic) Fermi level of the metal 
EFS (extrinsic) Fermi level of the silicon 
Ei(x) intrinsic energy level of the silicon 
EV valence band edge 
F(x) electric field 
FS electric field at silicon surface 
i(t) photo current 
ibr bulk recombination current 
id displacement current 
ig generation current 
isr surface recombination current 
n(x) concentration of electrons 
ni intrinsic charge carrier concentration 
p(x) concentration of holes 
QS silicon surface charge 
RL load resistance 
rS distributed surface resistance 
s surface recombination rate 
u photo charge, the measured signal in SLPT 
VFB flat-band voltage 
VFB,0 initial flat-band voltage 
VFB,E flat-band voltage after gas exposure 
VG gate bias, voltage applied to the gate 
Vws work function of functional material 
w depletion layer width 
wmax maximum depletion layer width 
x distance from the silicon surface 
x0 cut-off width 
Δn concentration of optically generated electrons collected at the surface of the silicon 
ΔQtot total transport of charge through the MOS capacitor due to ΔφS 
ΔVL change in voltage over RL 
ΔVox voltage change across the oxide 
ΔφS surface potential change 
εox relative permittivity of the oxide 
εsi relative permittivity of the silicon 
λD extrinsic Debye length 
λi intrinsic Debye length 
ρ(x) total charge density (for p-type silicon) 
φ(x) potential 
Φ0 photon intensity 
φB bulk potential 
φS surface potential 
ψ(x) band bending 
ψS barrier height 

http://ece-www.colorado.edu/~bart/book/book/index.html�
http://ece-www.colorado.edu/~bart/book/book/index.html�
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Appendix 2 – 2D Scan Images in Colour 
 

 

Figure 1 2D scan in air corresponding to Figure 30 
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Figure 2 2D in air corresponding to Figure 31 

 

Figure 3 2D gas response image corresponding to Figure 33 
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Figure 4 2D scan in air corresponding to Figure 35 

 

Figure 5 2D scan in air corresponding to Figure 45 
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