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Abstract 

Un-cooled bolometer arrays have been considered as good choices for detection of infrared 

waves in the ranges of 3-5µm (MWIR: mid wavelength infrared) and 8-12µm (LWIR: long wavelength 

infrared). Advantages are found in their relative simplicity of mechanism and design, hence, fabrication 

cost, when compared to detectors working based on photon detection mechanisms. A temperature 

dependent resistor (or thermistor) is the core element of a bolometer. The rate of resistance 

dependency to temperature is a figure-of-merit for thermistor material, acting as the active element in a 

bolometer. This property is characterized by temperature coefficient of resistance (TCR). At the same 

time, for the better IR detection and imaging quality, high signal-to-noise ratio (SNR) is also sought. 

Different materials have been proposed and/or implemented commercially to work as thermistor 

materials. Among them are VOx, amorphous silicon, amorphous and poly SiGe. 

A material structure that has been shown to be promising to act as IR detector is metal-silicide/silicon 

Schottky barrier [1]. In this work, Schottky barrier chips, with pixel sizes ranging from 25µm2 to 200µm2 

are fabricated and analyzed. Schottky barriers are formed on lowly boron-doped silicon layer by NiSi. 

The boron concentration in Si varied from 1x1016 to 5x1017 cm-3. Furthermore, carbon is introduced to 

the structures to change the barrier height of Schottky. The detectors were characterized by TCR and 

noise measurements, using probe station and spectrum analyzer. Comparison of TCRs at 1 V bias voltage 

shows significant improvement of TCR by increase of boron concentration from 1x1016 to 5x1017 cm-3 (in 

absence of carbon). The highest TCR value of 4.47%/K is achieved for these samples for 25×25 µm2 pixel 

size. Incorporation of carbon to the B-doped Si layers improves TCR, as compared to lowly boron-doped 

carbon-free samples and TCR values of 4.55%/K is achieved. These data indicate the structure profile of 

the Schottky has a direct influence on the performance of the detectors. 
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1 Introduction 
 

The market of Infra-red (IR) detectors, which is as an increasing one, demands for cost effective 

and high performance technologies. Among different detectors, un-cooled thermal detectors or 

bolometers attract new attention due to their comparative simplicity and cost effectiveness 

which opens new applications in commercial and military products.  

The core element of a bolometer is thermistor material, (shortened form of “thermal resistor”). 

The main characteristics of thermistor material for IR detection applications are temperature 

coefficient of resistance (TCR) and Signal-to-noise ratio (SNR). The TCR denotes the capability of 

the thermistor material to change its electrical resistance as a result of temperature variation. 

SNR is also desired to be high for a better detection and imaging quality. A large TCR and SNR, 

therefore, an advantage for a type of thermistor material used in IR detection. The noise level 

in thermistors materials arises, mainly, from the interaction between charge carriers and 

imperfections in the material structure or the surface states. The noise constant, K1/f, which is 

extracted by fitting a line to the linear decay part of the noise spectrum, gives measures for 

comparison of noise levels in different materials and structures. For a better signal-to-noise 

ratio (i.e.), the goal is to develop materials and structures with the lowest noise levels. 

The common materials used as thermistors in IR detectors include VOx, and amorphous or poly 

silicon-based materials [2] , [3] , [4] . TCRs in the range of 2-4%/K and K1/f in range of 10-12 is 

reported for them. Multi quantum wells/dots structures consisted of single crystalline SiGe/Si 

or single crystalline SiGeC epitaxial layers have also recently been proposed, exhibiting TCRs up 

to 4.5%/K and K1/f of 4.4×10-15 [5] , [6] , [7] , [8]. 

Proposed as a concept in 1973, by F. D. Shepherd, Jr. and A. C. Yang, silicon Schottky barrier 

diodes are also candidates for infrared detection and imaging. Schottky diodes form when a 

properly selected metal is put in junction with a semiconductor. In reverse bias, high TCRs up to 

6%/K [1] are reported for Schottky diodes. The Schottky barrier and width are two important 

parameters for such detectors. 

This thesis work is dedicated to design, fabricate and investigate performance of NiSi(C)  

Schottky diodes formed on Si or C-doped Si for two boron concentrations (1x1016 and 1x1017 

cm-3) for IR detection.  

In the following chapters a description of infrared waves and their application as well as 

classification of IR detectors is presented (chapter 2). This part also covers the Schottky junction 
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physics and definition of physical quantities used in characterization of detectors. Chapter 3 

goes through design considerations and fabrication. Chapter 4 introduces the measurement 

techniques and analysis to derive the characteristics of the fabricated detectors along with 

discussion of the acquired results. Finally, a conclusion of the thesis work is presented in 

Chapter 5. 
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2 Background 
 

2.1 Infrared Radiation 
 

Infrared radiation is a part of electromagnetic spectrum with wavelengths between ~0.7 µm and, 

conventionally, 300 to 1000 µm. 0.7 µm is the longest wavelength that human eye can sense, for 

common temperatures, and corresponds to red light in visible light spectrum. 

 

Figure 2-1 – Electromagnetic waves spectrum 

According to which application infrared radiation is involved, the IR range is divided into sub-divisions. A 

conventional schema that is usually used for sensor applications is as follows [9]: 

 Near infrared (NIR): Wavelengths from 0.7 µm (end point of visible light) to ~1 µm (end point of 

silicon responsivity) 

 Short-wave infrared (SWIR): Wavelengths from ~1 µm to 3 µm, where 3 µm is the cut-off of mid-

wave IR atmospheric window. 

 Mid-wave infrared (MWIR): Wavelengths from 3 µm to 8 µm; part of atmospheric window in 

which InSb, HgCdTe and partially PbSe have responsivity. Atmospheric window is the range in 

which infrared radiation passes the earth atmosphere almost without any absorption. 

 Long-wave infrared (LWIR): Wavelengths from 8 µm to ~15 µm; part of atmospheric window in 

which HgCdTe and microbolometers have responsivity. 

 Far infrared (FIR): ~15 µm to 1000 µm. 

Infrared radiation is utilized in different applications. In night vision cameras, it is used to increase the 

ambient light photons (invisibility in the darkness) from objects which after reflection are converted to 

electrons and amplified in night vision equipments and then converted to visible images. In field of 

communications, other applications are found for IR, from remote controls to infrared lasers used in 

optical fiber communications. Based on the fact that characteristic vibrational frequencies of most 

molecules lie in IR range, spectroscopy in IR range is another technique which applies absorption of 

infrared waves to determine molecular structures. Other applications are found in meteorology, 

climatology and astronomy where thermal imaging and monitoring of a wide range of phenomena is 

Visible NIR SWIR MWIR LWIR FIRUVX-ray Microwave

Infrared

Thermal  Spectrum

Wavelength (µm)

0.7 1.4 3 8 15 1000
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performed, from clouds, bodies of water and lands to space objects. Thermal imaging is the application 

that will be further discussed in this thesis. 

 

2.2 Infrared Detection 
 

Different phenomena have been utilized for detection of infrared radiation. The mechanisms of 

operation for infrared detectors can be any of these two kinds: 1. Photo detection and 2. Thermal 

detection. 

 

2.2.1 Thermal detection 

 

A simple way for IR detection is when the temperature variation leads to a change in the resistance of a 

sensing material. This mechanism can be exploited by use of various physical phenomena that show 

variation of a measurable quantity with temperature [10]. Thermoelectric effect is one such 

phenomenon that is base for thermocouples and thermopiles. Thermal expansion is another. It is used 

in Golay cells or piezoresistive microcantilever arrays. Pyroelectric effect is another phenomenon which 

is the foundation of work for pyroelectric detectors. They have wide applications in IR spectrometers. 

Bolometers and microbolometers are other widely used types of infrared detectors. Electric resistance is 

the measurable quantity which changes by temperature in these thermal IR detectors. In the following 

section, principles of operation and basic structure of bolometers are explained. 

 

2.2.2 Photon detection 

 

Photon detection is a mechanism which is practically measurable through absorption of photons and 

this produces an electron current proportional to the total electromagnetic power incident upon a 

detector’s surface [11]. In appropriate materials, upon arrival of photons of electromagnetic waves, 

events of creation of charge carriers can occur. One of the considerations in this mechanism is the 

quantum efficiency which denotes the fact that only a fraction of incident photons give rise to charge 

carrier generation events. Obtaining higher quantum efficiencies by means of better material and design 

choice is a goal for this detection mechanism. An advantage of the photon detection mechanism is that 

it is independent of thermal capacity of the detector and therefore its response time constant is 

controlled by photo-electric properties of the sensitive material.  This makes that photonic detectors are 

faster than the thermal one and they are used for detection of rapidly changing radiation fluxes.  
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2.3 Bolometers 
 

Invented in 1878 by Samuel Pierpont Langley, an American astronomer, “bolometer is a device for 

measuring the power of incident electromagnetic radiation via the heating of a material with a 

temperature-dependent electrical resistance” [12]. Original design of Langley consisted of two nearly 

identical strips of platinum (element) which set up a Whetstone bridge (The platinum strips are both 

blackened, but only one of them is exposed to radiation. In absence of radiation, the resistances are 

adjusted to set the bridge in balance (galvanometer current I=0). By incidence of radiation on exposed 

platinum strip, its electrical resistance changes a little, but can be enough to move the Whetstone 

Bridge out of balance (I≠0). The current is proportional to change of resistance and change of resistance 

is proportional to amount of incident radiation [10]. 

 

Figure 2-2 – Schema of Langley’s bolometer. 

 

Since Langley’s time, many considerations have gained attention and developments implemented upon 

the original design. Among them are [10]: 

1. Mounting the bolometer in vacuum packaging can result in better sensitivities and help avoiding 

convection currents around the element. 

2. The heat capacity of element and absorbing (blackening) material should be kept as low as 

possible in order to gain rapid responses. 

3. Low thermal losses are essential for higher sensitivity. 

4. Selection of a proper element material is still a field of improvement for bolometers. Materials 

with high ability to change electrical resistance by temperature change, while generating the 

least noise levels are the ideals. Different materials, metal or semiconductor, in bulk or 

crystalline have been proposed ever since. One of them is Si Schottky diode which is 

investigated in the following sections. 
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2.4 Schottky Junction Diodes 
 

An important part of most semiconductor devices are metal-to-semiconductor junctions. They are 
categorized to Schottky and ohmic junctions, based on the metal-semiconductor interface properties. In 
an ideal ohmic junction, no potential difference between metal and semiconductor exists. An ohmic 
junction is usually achieved by high doping concentrations in semiconductors. In a Schottky junction, a 
potential difference exists between the two sides of the junction. In this section, structure, band 
diagram and carrier transport mechanisms of Schottky junctions are explained. 

Figure 2-3 depicts the structure of a metal-semiconductor junction. It consists of a semiconductor which 
on its one side (Schottky) contacts a metal (anode) and on the other forms an ohmic contact (cathode). 
Semiconductor can be n or p-doped. An n-doped semiconductor is conventionally shown, likewise the 
applied voltage and current signs. xd is depletion width in semiconductor. 

 

Figure 2-3 - Structure of a metal-semiconductor junction. 

 

2.4.1 Band diagram for Schottky junctions  

 

In Schottky junctions, a potential barrier exists between the metal and semiconductor as shown in 

Figure 2-4 (a) and (b). In Figure 2-4 (a) shows in general the band diagram of a metal and a p-type 

semiconductor. Once the metal and semiconductor are put in contact, and before thermal equilibrium, a 

flat-band diagram as in Figure 2-4 (b) describes the energy levels in which the vacuum levels are aligned, 

but not yet the Fermi energy levels. 
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Figure 2-4 - Energy band diagram of the metal and p-type semiconductor before (a) and after (b) contact is made. 

 

 

φB, the barrier height is the potential difference between the Fermi energy level (Ef) of metal and the 

band edge energy where majority carriers reside. For an n-type semiconductor it would be: 

                                     

Equation 2-1 

and for a p-type semiconductor: 

   
  

 
                                  

Equation 2-2 

Where M is the work function of the metal,  is the electron affinity and Eg is semiconductor energy 

band gap. The work function of selected metals as measured in vacuum can be found in Table 2-1.  

φi, the built-in potential is defined as the difference between the Fermi energy of the metal and that of 

the semiconductor: 

        
       

 
                              

Equation 2-3 

     
       

 
                                

Equation 2-4 

Table 2-1 contains measured barrier heights for a number of metal-semiconductor junctions. However, 

these data usually do not match exactly with barrier heights calculated from theoretical equations like 
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Equation 2-1 and Equation 2-2. The reason lies in non-idealities that are present in a real junction, while 

they are not represented in the equations above; non-idealities like material impurities, material 

interactions at junction point (e.g. intermixing), interfacial layers and states. Different cleaning and 

fabrication procedures also can affect the barrier heights reported in different studies. 

 

 

Table 2-1 - Workfunction of selected metals and their measured barrier height on Ge, Si and GaAs [13]. 

 

When a Schottky junction is formed and thermal equilibrium reaches, then band diagram will be as in 

Figure 2-45. Supposing a p-type semiconductor, when it forms a junction with a metal, conduction band 

electrons diffuse towards metal to lower their energies. This diffusion leaves behind positively charged 

dopant atoms which in turn form a depletion region (with width xd) and a gradually increasing electric 

field that opposes diffusion of more holes to the metal. Direction of the field is negative (Figure 2-5) and 

lowers energy band edges of the semiconductor. Once the field is strong enough to completely obstruct 

more diffusion of electrons, thermal equilibrium is reached. In equilibrium, Fermi energy level is 

constant throughout the structure, i.e. both in metal and semiconductor and the potential across the 

semiconductor is equal to built-in potential, φi. 

http://ece-www.colorado.edu/~bart/book/book/chapter3/ch3_2.htm


11 

 

Figure 2-5 - Energy band diagram of a metal-semiconductor contact in thermal equilibrium. 

However, Figure 2-5 and Equation 2-1 are for an ideal case and in fact, a variation in the metal work 

function, φm does not correspond to the change in the barrier height, φB, as shown by Equation 2-1.  In 

a Schottky diodes, φB increases with an enhancement in φm but the change is only within 0.1 to 

0.3 eV when φm increases by 1 to 2 eV.  The best way is to determine the effective barrier height for the 

Schottky diode through the experimental data. [13] 

Applying positive voltage to the metal side of junction, decreases its Fermi energy level which leads to 

lowering of potential drop across semiconductor by q(φi-Va). For a p-type Schottky junction, a negative 

voltage on the metal side puts the junction under forwards bias. In this case, holes in valence band of 

semiconductor are majority carriers and the forward bias lowers the potential drop on the 

semiconductor by q(φi+Va) where Va is the applied voltage and Va<0. 

Reverse bias, on an p-type Schottky junction changes the energy band diagram as in Error! Reference 

source not found. (b). A negative voltage on metallic side of the junction increases the Fermi level of 

metal and consequently the voltage drop across semiconductor. Depletion region and electric field in 

this region increase, under reverse bias. For a p-type junction, a positive voltage on metallic side 

reversely biases the junction. In both forward and reverse biases, the Schottky barrier height (φB) 

remains constant. This latest point gives the junction a strong rectifying ability where under forward 

bias, current passes the junction and under reverse bias, almost no current can pass. 
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Figure 2-6 - Energy band diagram of a metal-semiconductor junction under (a) forward and (b) reverse bias. 

For n- and p-type junction, the potential across the semiconductor equals the built-in 

potential, φi, minus the applied voltage, Va where the sign of Va depends on the doping type:  

                    

Equation 2-5 

 

2.4.2  Carrier transfer mechanisms through Schottky barrier 

 

Electric current through a metal;-semiconductor junction is dominated by majority carriers. 

Their flow is explained by three distinctive mechanisms, one of which typically limits the 

total current and dominates the two others. These mechanisms are diffusion, thermionic 

emission and tunneling and are explained in the following sections. 

2.4.2.1 Diffusion current 

Assuming that the depletion layer in a metal-semiconductor junction is large in comparison 

with mean free path of charge carriers, the diffusion theory proposes that the driving force 

is distributed over the lenghth of depletion layer. The resulting current density, derived from 

drift and diffusion concepts, is written as: 

 

   
      

  

 
           

  
     

  

  
      

  
  

     

Equation 2-6 

It is observed that the current is exponentially dependant on the barrier height and the applied voltage. 

By rewriting the pre-factor as a function of electric field in the junction interface: 
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Equation 2-7 

where:  

      
           

  
 

Equation 2-8 

2.4.2.2 Thermionic emission 

In the thermionic emission theory, only carriers with energies equal or larger than the conduction band 

energy at interface are considered to contribute to the current flow. By ignoring the actual shape of the 

barrier, the current can be expressed as: 

         
 

  
    

  
      

Equation 2-9 

Where B is the Schottky barrier height and A* is Richardson constant: 

   
       

  
 

Equation 2-10 

The same current can be expressed as a function of the velocity of carriers that move towards the 

interface (vR): 

             
  

  
      

  
  

     

Equation 2-11 

where, vR, or Richardson velocity is given by: 

    
  

   
 

Equation 2-12 

2.4.2.3 Tunneling 

By taking into account the wave-nature of charge carriers, which allows them to penetrate in 

thin barriers, the tunneling mechanism gives an expression for current which is product of 

the carrier charge, Richardson velocity and density. The carrier density, in turn, is product of 

density of total available electrons in the tunneling probability. The current becomes: 
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Equation 2-13 

Where the tunneling probability is obtained from: 

        
 

 

     

 

  
   

 
 

Equation 2-14 

and the electric field equals:       . 

It is seen that the tunneling current depends exponentially on the barrier height, B, to the power of 3/2. 

 

2.4.3 Schottky diode current 

Band diagram of semiconductor part of Schottky diode is similar to that of an n-type semiconductor in a 
p+-n diode (or p-type semiconductor in a n+-p diode). The space charge density, electric field and the 
potential near the metal-semiconductor interface are calculated. In the same manner for a p+-n diode, 
the depletion width under small forward and reverse bias can be derived by replacing Vbi with Vbi-Va, 
where Va is the applied voltage. Therefore, for the current-voltage characteristics of a Schottky diode, 
we can write: 

         
     

    

     

Equation 2-15 

where Is is the saturation current, Rs is the series resistance, Vth = kBT/q is the thermal voltage, and η is 
the ideality factor (η typically varies from 1.02 to 1.6). 

Is, or diode saturation current in Schottky diodes is typically larger than p-n junction diodes. The reason 
lies in larger gap between conduction bands of p and n regions in a p-n diode, in comparison with the 
barrier height in a Schottky diode. In p-n junctions, the barrier height is in order of semiconductor band 
gap, while in a Schottky diode it is about 2/3 or less than that. It can be shown that in relatively low 
doping concentrations, the saturation current is dominated by thermionic emission and equals to: 

              
  

   
  

Equation 2-16 

Where A* is the Richardson constant and T is temperature. This shows high dependency of current (or in 

other sense, dependency of resistance) on temperature change for a reversely biased Schottky diode. 

From Equation 2-16 a temperature coefficient can be obtained as: 
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Equation 2-17 

Where     is Schottky barrier potential height. 

Schottky diodes are fabricated, as reported in next chapter, and their temperature dependency of 

resistance is explored experimentally. 
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3 Design and Processing of Schottky Diode 
 

In this chapter, process flow for fabrication of Schottky diode prototypes is explained in details. On each 

wafer, and for each prototype, the wafer is divided into a number of chips. Each chip contains 4 Schottky 

diodes in 4 different sizes of: 200x200 µm2, 100x100 µm2, 50x50 µm2 and 25x25 µm2. 

3.1 Wafer Cleaning 
 

Processing starts by cleaning of wafers to remove native oxide, impurities and particles on the wafer 

surface. The standard cleaning contains several steps as follows: 

1. 10 seconds in 5% HF acid to remove native oxide 

2. 5 minutes rinse in water 

3. 5 minutes in a solution mixed of 2.5 liters of 98% H2SO4 and 0.5 liter H2O2 

4. 5 minutes rinse in DI-water 

5. 10 seconds in 5% HF acid to remove formed oxide in the previous step 

6. 5 minutes rinse in water 

Cleaning before deposition is crucial and of great importance, since the smallest particles on the wafer 

can result in disarrangements in the layers to be deposited and defections at the end.  

 

3.2 Deposition 
 

To build up the Schottky bottom contacts, lowly boron doped layers, and to form ohmic top contacts, 

highly boron doped layers are deposited on Si cleaned wafers. Deposition is done using an ASM Epsilon 

2000 CVD reactor which is briefly described in appendix. Four prototypes with varying boron and carbon 

doping levels have been defined.  

Prototype S:B- Layer Si:B+ Layer 

Thickness (nm) Boron 
Concentration 

(cm-3) 

Carbon 
Concentration 

(cm-3) 

Thickness (nm) Boron 
Concentration 

(cm-3) 

S1 560 5x1017 - 250 2x1019 

S2 560 1x1016 - 250 2x1019 

SC1 560 5x1017 5x1020 250 2x1019 

SC2 560 1x1016 5x1020 250 2x1019 

Table 3-1 –Thicknesses and compositions for processed prototypes. 

After deposition step, the prototypes will look like Figure 3-1 (a). 
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3.3 Oxidation (PECVD) 
 

After deposition of boron doped Si layers, an oxide (SiO2) layer is deposited on the wafers. A plasma 

enhanced chemical vapor deposition machine is used for this purpose. Deposition temperature has been 

300 °C for duration of 180 seconds. By inspection by Leitz the oxide thickness is determined to be 165 

nm. The oxide is used as a mask for Si etching. After the oxidation step, the samples will look like 

Figure 3-1 (b). 

 

3.4 Photolithography for Forming Mesas 
 

After oxidation, the wafers are transferred to an HDMS deposition oven of 150 °C for 20 minutes. HDMS 

(hexamethyldisilazane, [(CH3)3Si]2NH) is used for effective adhesion of photoresist material on the 

wafers. 

Afterwards, using a coater/developer machine, photo resist is spun on the wafers. This follows by an 

exposure step in which the wafers are exposed to ultraviolet light through a mask containing patterns of 

the mesas that will construct thermistor pixels. Exposure part of photolithography is performed using 

XLS 7500/2145 i-line stepper machine. The exposed wafers are then developed, using the same 

coater/developer and then hard baked for 30 minutes in a 110 °C oven. The remaining baked photo 

resist, on top of mesas, will act as a mask for following etching steps. 

 

3.5 SiO2 and Si Etch: Formation of Mesas 
 

After hard bake of photo resist, wafers are put in an oxygen plasma process with 250 Watts of power for 

5 minutes. This step, which is called ashing, is to eliminate unbaked photo resist residues on the wafers. 

Dry etching, by machine name “Applied Materials Precision 5000 Mark II” is then performed to remove 

parts of SiO2 layer that are not masked by the photo resist, i.e. except over the mesas that are being 

formed. Then, it is time for Si etching. It is done with the same dry etcher but in another chamber of the 

machine. 

1. The photo resist mask will be removed by 1165 solvent in presence of ultrasonic vibrations, for 

246 minutes in 80 °C. For cleaning the wafers from the solvent, 10 minutes in a solution mixed 

of 2.5 liters of 98% H2SO4 and 0.5 liter H2O2. Then these samples are rinsed in DI-water for 5 

minutes. Finally, the oxide layer is wet-etched by 5% HF for 2 minutes, followed by 5 minutes of 

rinsing. 
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3.6 Oxidation and Photolithography for Forming Contact Openings 
 

An oxide layer, similar to step 3.3 is deposited. It is then patterned like in 3.4 but with a different map 

which exposes only the regions of the wafer which are going to be contact openings (Figure 3-1 (e)). 

 

3.7 Contact Etch: Formation of Contact Openings 
 

The next step is similar to 3.5, but an anisotropic dry etching is only done for SiO2 in order to make 

contact openings. After etching, the photo resist is removed and the wafer is cleaned in the same way as 

in 3.5 (Figure 3-1 (f)). 

 

3.8 Silicide: Formation of NiSi 
 

After making contact openings, time comes for silicidization. Before that, an HF dip etch is performed to 

make sure there is no oxide left on Si surface. This is critical to obtain electric contact between the 

device and its metallic contacts. For dip HF etching a mix of 1.5 liters 5% HF and 1.5 liters H2O for 4 

seconds is used, followed by 5 minutes of rinse in water. Afterwards, 12 nm of Ni is deposited using a 

Provac PAK 600 Coating System. Finally, for forming silicide a rapid thermal annealing (RTA) in 450 °C for 

30 seconds is required. 

After RTA, the standard cleaning (described in 3.1) has been applied for 35 minutes to strip the un-used 

Ni on the oxide surface. (Figure 3-1 (g)). 

 

3.9 Metal Deposition 
 

Metal contacts are deposited by “Magnetron ET sputter for metals”. 50 nm of TiW and 700 nm of Al are 

deposited with 3 kW and 4. kW of power for 2 minutes and 10 minutes of deposition time, respectively 

(Figure 3-1 (h)). 

 

3.10 Photolithography for Forming Contacts 
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Coating, patterning, developing and baking steps similar to 3.4, only with different photo mask that rests 

photo resist on top of contact pads in order to mask them from following metal etching step (Figure 3-1 

(i)). 

 

3.11 Metal Etch: Formation of Contacts 
 

A metal etch step, similar to step 3.5, in another chamber of the same machine, gives the devices their 

final shapes. 

 

3.12 Forming Gas Anneal (FGA) 
 

The last step in fabrication of the prototypes is forming gas anneal in which the wafers are heated for 30 

minutes in a diffusion furnace of 10% H2 in N2 for 30 minutes. 

 

 

Figure 3-1 – Schema of prototypes (a) after deposition step, (b) oxidation step, (c) photolithography step, (d) SiO2 and Si 
etching steps, (e) oxidation and photolithography for forming contact openings, (f) contact opening, (g) silicidization, (h) 

metal contact deposition, (i) photolithography for metal contact etching and (j) schema of a pixel of a Schottky diode 
thermistor. 

(a) 

(i) 

(h) (f) (g) (e) 

(d) (c) (b) 
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4 Measurements, Results and Discussions 
 

4.1 Temperature Coefficient of Resistance (TCR) 
 

Temperature coefficient of resistance is the quantity that represents a resistor’s ability to 

change resistance as a result of temperature change. The quantity is expressed by: 

  
 

 

     

  
      

Equation 4-1 

Where   is TCR, R is thermistor resistance and T is thermistor temperature. 

For a thermistor material used in IR detection, a large TCR is desirable as to increase the 

sensitivity to absorbed infrared waves. Metallic thermistors, typically, increase resistance by 

temperature increase and therefore have positive temperature coefficients (PTC). In contrary, 

semiconductor thermistors have negative temperature coefficients (NTC). 

To measure TCR for our Schottky diodes, on each wafer, 6 chips on different positions are 

selected. Each chip contains 4 pixels with different sizes. Using a probe station, a voltage sweep 

of -0.5V to +2V is applied to the two contacts of each pixel, with a steps size of 0.04V, and the 

associated I-V curve is extracted. Resistance of each pixel is ideally defined as the slope of the I-

V curve. In these measurements, the resistance in each applied voltage is estimated by the 

slope of the line that passes the neighboring measured I-V points. The estimated resistance for 

each pixel is then averaged over the 6 selected chips on the wafer, for the pixels of the same 

size. The same procedure is carried out for three different temperatures of 25°C, 40°C and 55°C. 

Having the resistance curves at hand, averaged for each pixel size and for respective 

temperatures, some more calculations are required to get to the TCR values. In order to use 

Equation 4-1, definition of resistance (R) and its expression for semiconductors set forth: 

       

 

   
 

  
    

Equation 4-2 

Where    is the part of electric resistivity that is independent of device geometry, t is device 

thickness, l is length, w is width,    is the activation energy,    is Boltzmann constant and T is 

temperature. It follows: 
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Equation 4-3 

Where   
  

  
  and C is a constant in regard to temperature (T). By derivation over T, TCR is 

derived: 

  
 

 

     

  
  

  

    
  

 

  
 

Equation 4-4 

Using MATLAB and putting in calculated resistance values (for every temperature and input 

voltage),   is extrapolated out of curves of Equation 4-3, as a function of input voltage. Using 

Equation 4-4, TCR is found for every given temperature. 

Application of the above measurements and calculations to our 4 samples yields the following 

TCR curves for T=25°C.  

 

 

Figure 4-1 –TCR for sample S1: Schottky diodes with CB=5×10
17

 cm
-3

. 
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Figure 4-2 – TCR for sample S2: Schottky diodes with CB=1×10
16

 cm
-3

. 

 

 

 

 

Figure 4-3 – TCR for sample SC1: Schottky diodes with CB=5×10
17

 cm
-3

 and carbon incorporation.  



23 

 

Figure 4-4 - TCR for sample SC2: Schottky diodes with CB=1×10
16

 cm
-3

 and carbon incorporation. 

In all the measurements, the Schottky diodes are reversely biased in positive voltages. As 

expected, all the Schottky structures showed high temperature dependency of current while 

reversely biased. Using Equation 2-17 and by putting            , which is the Schottky 

barrier height for NiSi/Si junction, a temperature coefficient of 6.7% is expected. The measured 

results show acceptable consistency for lower voltages where TCR peaks of up to about 6.8% 

are observed. However, increase of reverse bias voltage lowers the TCR. Measured TCR values 

of the four pixel sizes of the four Schottky diodes, at 1 V reverse bias voltage, are reported in 

Table 4-1. The chosen 1 V voltage corresponds to the operating voltages in ordinary 

applications of the thermistors. TCR values of up to 4.5% is obtained for the samples S2 and 

SC1. Comparison of S1 and S2 TCR results shows an improvement for the latter. The reason lies 

in the fact that in higher boron concentration levels, as in S1, Schottky diode characteristics are 

degraded. Carbon doping, in SC1 prototype, results in drastic increase of TCR compared to S1. 

In SC2, comparing to S2, the same effect is seen by addition of carbon, but more slightly. The 

presence of carbon in B-doped Si layer makes a remarkable difference in the Schottky barrier 

height due to high C concentration at the interface of Si/SiNi. Although the silicide formation is 

around 450 °C but it is well-known that this process creates a large number of point defects and 

specifically the interstitial concentration will be high. It has been shown that the diffusion of C 

and B is through interstitials. In the case of both boron and carbon in Si, carbon diffuses faster 

than boron or in other words, boron atoms are frozen in their substitutional sites in the lattice. 

As a result, the barrier height may increase and the response of the resistance to the thermal 

variation is fortified.  Comparison of SC1 and SC2 detectors shows slight decrease of TCR by 

increase of boron concentration. This can be justified by higher crystal defects in SC2 as a result 

of high impurity presence. Generally, a slight increase of TCR by reduction of pixel size is 

observed but it is rather too small to draw a significant conclusion about the effect of pixel size 

on TCR. 
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Sample\Pixel Size 200×200 µm2 100×100 µm2 50×50 µm2 25×25 µm2 

S1 0.94%/K 1%/K 0.98%/K 1.18%/K 

S2 3.22%/K 3.51%/K 4.06%/K 4.47%/K 

SC1 4.55%/K 4.5%/K 4.11%/K 3.71%/K 

SC2 4.05%/K 4.03%/K 4.08%/K 4.13%/K 
Table 4-1 – Magnitude of TCR at input voltage of V=1V and temperature T=25°C for the 4 samples of the study. 

 

4.2 Noise 
 

In electronic circuits, random fluctuations of quantities like electric voltage and current around 

their expected ideal values are signs of noise. It is an intrinsic phenomenon as a result of 

random movement of charge carriers. Different sources, however, can affect the noise level in 

electrical devices and circuits. 

 

4.2.1 Types of Noise 

 

Thermal agitation of charge carriers generates thermal noise. Discovered in 1928 by J. B. 

Johnson and explained by H. Nyquist, the thermal noise, without any applied current to a 

resistor, generates across it a voltage with mean square of: 

             

Equation 4-5 

Where V is the noise voltage, R is the resistance,    is Boltzmann constant, T is temperature 

and    is the frequency range over which the noise voltage is measured. Nyquist’s explanation 

reveals the thermal noise power spectrum density to be: 

                          

Equation 4-6 

It is observed that the thermal noise has a power spectrum independent of frequency and for 

an ideal resistor it appears as a white noise over the whole frequency range. However, it should 

be considered that for very high frequencies (f in the order of 
   

 
, i.e. more than few terahertz) 

the thermal noise PSD is no more independent of frequency and a quantum description for it 

replaces. 
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Another type of noise in electronic devices and circuits is called “shot noise”. It appears in 

conditions of participation of relatively small number of charge carriers in a process. An 

example of such processes is microwave circuits that operate on very small time lapses (high 

frequencies) and very small electric currents resulting in participation of relatively small number 

of charge carriers in every single period. Another example can be potential barriers in 

semiconductor junctions, in the scope of nano or micro-electronics, where typically only a few 

hundreds of charge carriers pass the barrier in a process. Particle statistical distribution in such 

processes is best described by Poisson distribution function. The PSD for current fluctuations in 

such processes, is derived to be: 

                      

Equation 4-7 

Where q is the electron charge and    is the average current. 

The other important type of noise in electric circuits and devices is flicker noise. It is a member 

of the broader family of pink or 1/f noise which appears in many physical, biological and 

economic systems (Figure 4-5). It shows up in almost all electronic devices and can be 

attributed to different phenomena like generation-recombination of charge carriers, defects 

and impurities in material, interface quality of junctions, processing quality, etc. However, 

neither a complete description of the source of flicker noise nor a comprehensive expression 

for it has been reported yet. Empirical expressions are available, though. 

In a general expression, flicker noise is defined by its PSD as: 

     
 

  
 

Equation 4-8 

Where f is frequency and   is a value between 0 and 2 but usually near 1. 
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Figure 4-5 – Typical PSD of pink (or 1/f) noise. 

 

An empirical expression for the flicker noise is called Hooge’s equation. It suggests a proportion 

constant for the Equation 4-8, as follows:  

     

  
 

      

  
 

     

  
 

     

  
 

  

   
 

Equation 4-9 

Where    is a constant (Hooge parameter) and    is the number of charge carriers in the 

conductor/semiconductor. 

Equation 4-9 can be rewritten as: 

                    
    

   
 

    

 
   

Equation 4-10 
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    is the main parameter that we will use to compare the noise level of devices.  

Because of its 1/f behavior, the flicker noise is the dominant type of noise for lower 

frequencies. For higher frequencies, however, other types of noise like thermal noise become 

dominant. The frequency in which flicker noise and thermal noise are equal is called corner 

frequency (fc). 

 

4.2.2 Noise Measurement 

 

The noise measurement in this study is performed on the same chips and pixels as in the TCR 

measurements. An important consideration throughout the noise measurement is to reduce 

the noise introduced by environment, experimenter and experimental instruments, as much as 

possible. The wafers are positioned on the chuck of the probe station and by two probes, the 

two contacts are connected to the rest of measurement set-up. The cover for the probe station 

chamber must be closed during the measurements, as the light present in the environment 

interacts with the semiconductor material under test and generates noise. Using low noise 

battery and a resistive voltage distribution box, a reverse dc bias of 1.2 V is put on the Schottky 

diodes. The noise power signal goes through an amplifier which has a built-in dc filter to 

remove the effect of dc bias. Gain of the amplifier and other settings are controlled using 

LabView computer program. The amplifier works using its built-in rechargeable battery -and not 

the power cord- to further eliminate disturbance from the environment. After amplification and 

dc filtration, the noise signal is transferred to spectrum analyzer. Spectrum analyzer is also 

controlled using the LabView computer program. The frequency range of measurements is set 

to from 0.01 Hz (as close to 0 as possible) up to 10 kHz. For getting higher number of 

measurement points in lower frequencies –which are more important in IR detection 

applications, the measurement frequency range is divided to three regions of “0.01Hz-100Hz”, 

“100Hz-200Hz” and “200Hz-10kHz” with 400 measurement points in each region. Number of 

averages is set to 1000, directly on the spectrum analyzer and then measurement starts.  

The measurement results, displayed in dB/Hz versus Hz, are associated with thermistor noise 

power along with noise of measurement circuits and environment. To eliminate the latter ones, 

a noise measurement of the whole setup is performed, without a thermistor involved (by 

putting both the probes on a single contact of a thermistor). After some network mathematics, 

which follows, noise PSD of each tested thermistor derives. 

X: A, B, C, D, E, F: Letters representing the 6 chips selected on different zones of each wafer. 

i: 1, 2, 3, 4: Indexes representing different pixels of each chip, with 4 different pixel sizes. 
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GXi: Amplifier gain in noise measurement of device Xi. 

G0: Amplifier gain in noise measurement of the whole setup without a thermistor involved. 

DXi: Output PSD of spectrum analyzer for device Xi (in dB/Hz). 

D0: Output PSD of spectrum analyzer for noise measurement of the whole setup without a 

thermistor involved (in dB/Hz). 

NXi: PSD of device Xi, after removal of setup and environment participation (in V2/Hz). 

N0: PSD of the whole setup without a thermistor involved (in V2/Hz). 

Ni: PSD for pixel size i of the wafer under test. 
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Figure 4-6 – Noise PSD for sample S1: Schottky barrier thermistor with CB=5×10
17

 cm
-3

. The pixel sizes are in µm
2
. 

 

Figure 4-7 - Noise PSD for sample S2: Schottky barrier thermistor with CB=1×10
16

 cm
-3

. The pixel sizes are in µm
2
. 
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Figure 4-8 - Noise PSD for sample SC1: Schottky barrier thermistor with CB=5×10
17

 cm
-3

 and carbon incorporation. 
The pixel sizes are in µm

2
. 

 

Figure 4-9 - Noise PSD for sample SC2: Schottky barrier thermistor with CB=5×10
17

 cm
-3

 and carbon incorporation. 
The pixel sizes are in µm

2
. 
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By plotting SV(f) as a function of 1/f, according to Equation 4-10, it will be possible to 

extrapolate an expression for flicker noise PSD. Extrapolation in a frequency range in which a 

linear dependency of PSD is visible brings about the following tables. In the following tables y 

represents SV(f), x represents 1/f and x coefficient is equal to K1/fV
2, according to Hooge’s 

equation (Equation 4-10), where V=Vbias≈1.2 V. 

Sample\Pixel Size 200×200 µm2 100×100 µm2 50×50 µm2 25×25 µm2 

S1 y = 4.69E-12x  y = 9.05E-12x y = 1.30E-11x y = 2.28E-11x 

S2 y = 1.83E-12x  y = 2.61E-12x  y = 3.06E-12x  y = 6.37E-12x  

SC1 y = 1.18E-10x  y = 1.25E-10x  y = 1.32E-10x  y = 1.82E-10x  

SC2 y = 4.69E-10x  y = 6.24E-10x  y = 6.87E-10x  y = 6.77E-10x  
Table 4-2 – Extrapolated expressions for flicker noise (linear trendline in frequency range of 10Hz<f<200Hz and intercept set 

to zero): y=SV(f) and x=1/f. 

According to expressions in Table 4-2, K1/f can be calculated: 

Sample\Pixel Size 200×200 µm2 100×100 µm2 50×50 µm2 25×25 µm2 

S1 3.20E-12 6.18E-12 8.88E-12 1.56E-11 

S2 1.27E-12 1.81E-12 2.13E-12 4.42E-12 

SC1 8.19E-11 8.68E-11 9.17E-11 1.26E-10 

SC2 3.15E-10 4.19E-10 4.62E-10 4.55E-10 
Table 4-3 – Estimated K1/f values. 

This table shows that K1/f increases by decrease of pixel size. This can be explained by the lateral 

defects in crystal structure as a result of dry etching steps to form mesas; this effect is more 

salient for smaller pixels. 

Another observation is that for sample S2, in which Boron concentration is decreased 

comparing to sample S1, K1/f is also slightly improved. The resulted lower K1/f is justified by 

lower scattering of carriers in lower Boron doping levels. This observation, along with better 

TCR of sample S2, over S1, shows the effect of a good choice of boron concentration in getting a 

better design. Incorporation of Carbon, in both SC1 and SC2 diodes has resulted in higher levels 

of noise. Previous studies of formation of Ni-silicide on C-doped Si show that a large amount of 

C piles up at the interface of the silicide. This means that the bandgap of Si1-yCy will be graded 

due to graded C-content. Another plausible reason can be micro-defects like precipitates in Si1-

yCy layers (beneath the contacts) are responsible for this effect. However, the same decrease of 

Boron concentration in the samples incorporating carbon has shown reverse effect. This can be 

associated with lowering of carbon precipitation in higher boron concentrations. 
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5 Conclusions and Future Works 
 

This study was dedicated to design, production and measurement of silicon epitaxially grown 

shottkey diodes. The effect of boron concentration and carbon incorporation on TCR and noise 

level was investigated. As a conclusion of this study, Schottkey diodes are found to be 

potentially very good candidates as thermistors, including in IR detection applications. A highest 

TCR of 4.55%/°K, lowest K1/f of 1.27x10-12 and a ‘best of match’ of TCR=4.47%/K and 

K1/f=4.42x10-12 (for 25×25 µm2 pixel size in S2 prototype) are obtained, all satisfactory and 

promising. 

Sample\Pixel Size 200×200 µm2 100×100 µm2 50×50 µm2 25×25 µm2 

S1 
 

TCR: 0.94%/K 1%/K 0.98%/K 1.18%/K 

K1/f: 3.20E-12 6.18E-12 8.88E-12 1.56E-11 

S2 
 

TCR: 3.22%/K 3.51%/K 4.06%/K 4.47%/K 

K1/f: 1.27E-12 1.81E-12 2.13E-12 4.42E-12 

SC1 
 

TCR: 4.55%/K 4.5%/K 4.11%/K 3.71%/K 

K1/f: 8.19E-11 8.68E-11 9.17E-11 1.26E-10 

SC2 
 

TCR: 4.05%/K 4.03%/K 4.08%/K 4.13%/K 

K1/f: 3.15E-10 4.19E-10 4.62E-10 4.55E-10 
Table 5-1 – Comparison of obtained TCR and K1/f values all at once. 

 

Due to its relative simplicity of structure, Schottky diodes can be attached to other thermistor 

structures (for example quantum well structures [14]). Such designs may ameliorate TCR 

results. Another related future study area would be further investigation of effect of boron (and 

also carbon) concentration on TCR and noise levels and potentially find optimal values for 

them. Finally, choice of various contact metals and silicides can also open new windows to 

further improvement of infrared detection technologies. 
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