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Abstract 

This thesis presents SiGe(C)/Si(C) multi quantum well (MQW) layers individually or 

in combination with Si(C) Schottky diodes as material structures to detect infrared 

(IR) radiation. The performance of devices was investigated in terms of SiGe/Si 

periodicity and quality of SiGe/Si interface. The structures were grown by chemical 

vapour deposition using GeH4 and SiH4 sources at 650 °C and processed into pixel 

arrays with sizes of 25×25, 100×100 and 200×200 µm2.  The device response to 

thermal variations was expressed by temperature coefficient of resistance (TCR) and 

the signal-to-noise-ratio was evaluated by noise measurements. The strain relaxation 

in SiGe layers was investigated by implementing oxygen at the interface of SiGe/Si or 

during SiGe growth. A minor amount of 10 ppb oxygen at the interface can be 

detected by noise measurements while the material characterizations could reveal 

defects for significantly higher defect density. Oxygen and water contaminations 

should be accounted for in low temperature epitaxy (350-650 °C) of the layers. 

Furthermore, an empirical model was developed to describe the kinetics of the SiGe 

growth using Si2H6 and Ge2H6 as precursors at low temperature. The model takes into 

account the energy for dissociation of gas molecules, diffusion of the molecules from 

the gas boundaries toward the substrate and the incorporation of absorbed molecules. 

A good consistency was observed between the experimental and calculated data.  
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Chapter 1 – Introduction 

1.1. Infrared radiation 

Infrared (IR) radiation denotes electromagnetic waves with frequencies lower than 

that of red light (430 THz) down to sub terahertz region (~1 THz) of electromagnetic 

wave spectrum. This frequency range corresponds to wavelengths of 0.7 to several 

hundreds of micrometers. IR range itself is subdivided to smaller periods according to 

the applications. 

 

Figure 1: Electromagnetic wave spectrum [1]. 
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Infrared radiation finds applications in fiber optic telecommunication (in near-IR or 

NIR range), long distance telecom (in short-wavelength IR or SWIR range), tracing 

hot objects (in mid-wavelength IR or MWIR range), thermal imaging (in long-

wavelength IR or LWIR range) and terahertz imaging (in far-IR or FIR range). 

1.2. Infrared detection 

Two main methods to detect infrared radiation are photonic and thermal sensing. In 

photonic detection, the bandgap of a semiconductor is engineered to detect a certain 

wavelength of the incoming radiation which results in an interband or intersubband 

transition. This transition is usually very fast and produces a strong output signal, i.e. 

high signal to noise ratio (SNR). However, devices based on this detection method 

require cooling to minimize the thermal carrier generation or piezoelectric effect. 

Semiconductors of group III/V and GeSn(Si) are the main material choices for this 

type of detection. 

Since the infrared radiation is a part of thermal spectrum, i.e. hot objects radiate in 

infrared range, thermal sensing of IR radiation can be achieved by application of 

different temperature dependent physical qualities. Pyroelectric detectors work on 

variation of the internal electrical polarization by temperature change. Thermoelectric 

detectors are based on thermoelectric effect in which certain materials produce 

electric voltage once a temperature difference establishes between their surfaces. 

Bolometers, which this work studies, work on variation of electrical resistance in 

suitable materials (thermistors) by temperature variation. Thermistors are qualified 

by two figures of merit: high SNR and high TCR (temperature coefficient of 

resistance). Comparing to photon detectors, thermal detectors are slower in response, 

less sensitive and almost wavelength independent but they work in room temperature 

so are cheaper and easier to use. 

The generated signal in both photonic and thermal detectors is transferred to a read-

out integrated circuit chip (ROIC) for electronic processing (Figure 2). To increase the 

thermal response, the detector should be isolated from the surrounding as much as 

possible. ROICs are usually manufactured in standard process lines and therefore 

material compatibility of detectors gives them a great advantage. Vanadium oxide 

(VOx) is a well-known and widely used thermistor material with TCR of -2 to -3 %/K 

[2]. However, it is not compatible with standard Si process lines and requires special 

process steps which add to the total manufacturing costs of the device. The same issue 

goes for some other exotic high-TCR materials like YBaCuO too. Group IV based 

materials are the best choices in terms of compatibility. The first bolometer IR 
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detectors, proposed by Shepherd and Yang in 1973, employed a metal/Si silicide 

Schottky junction [3]. A more detailed discussion about using Schottky barrier for 

thermal sensing is available in chapter 2. Amorphous silicon [4], silicon carbide [5] 

and single crystal [6]–[8], poly [9] crystal and amorphous [10] SiGe are some other 

IC compatible thermistor materials. Poly materials, due to strain, require post 

deposition annealing steps which is not usually favourable. The origin of strain is the 

variation of material composition in the poly grains. Some metals can also be used in 

standard fabrication lines but they usually do not show high TCR values. They can 

rather be used in the form of thin films on top of semiconductive thermistor layers to 

maximize the absorption of incident radiation [11]. A complete IR camera consists of 

a series of lenses that focus IR radiation from an object on the thermistor chip.  

 

Figure 2 – Implementation of thermistor material in a resonant cavity and subsequently on the ROIC. The 

absorbance in the cavity is maximized if the width of the cavity is set to λ/4, where λ is the targeted wavelength 

for detection [12]. 

Although both thermal and photonic detectors function on the absorption of IR 

radiation and producing electronic signals, the time of action is an important 

distinction between their operation [13]. Usually, the thermal detectors act in 

milliseconds whereas the photonic ones can act up to 100 times faster. This difference 

in reaction time can determine the application of thermal detectors e.g. for night 

vision for vehicles meanwhile, the photonic detectors can be employed in more 

advanced applications. One of the most important issues to be mentioned is that the 

photonic detectors have to be cooled down (usually to liquid nitrogen temperature) in 

order to decrease the noise level. This makes the cost to manufacture a camera 

together with the cooling system very high. 

Today’s demand for higher traffic safety in the roads creates a large market for night 

vision devices where bolometers can be integrated. Cheap and abundant materials are 

therefore sought to satisfy the enormous number of vehicles in the future. It seems 

that today’s VOx material [14] cannot hold the present position in the market and 

amorphous Si(Ge) will gradually take over [4], [5], [15], [16]. However, if the 

performance of the IR camera is on the focus, amorphous Si cannot satisfy the 

demand for both high TCR and SNR criteria. So, the search for new materials and 
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designs is continuously ongoing. So far, a series of reports have proposed single 

crystalline SiGe as an excellent material for bolometers due to possibility of tailoring 

its bandgap which increases the sensitivity of the camera as well as its rather low 

noise level due to high crystalline quality [17]–[20]. The drawback of SiGe material is 

the control of strain and surface roughness. In this case, SiGe/Si multilayer structures 

are proposed instead of a single SiGe layer which can relax when it exceeds a critical 

thickness. 

This thesis presents SiGe/Si(C) as a thermistor material for bolometers and studies 

the strain, periodicity and interfacial quality of the layers of this material. This work 

motivates a combination of SiGe/Si material in series with Schottky diode in order to 

increase the performance of thermistor material in terms of TCR and SNR. Since high 

Ge content is desired in SiGe layers low temperature growth has also been studied 

and modelled. 

In this thesis, a quantitative research method is applied where the collected 

measurement data are obtained from experiments (papers A & B: characterization of 

detectors), otherwise an empirical approach has been followed for modelling of the 

experimental data (paper C: modelling of low temperature epitaxy) 
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Chapter 2 - Thermistor material structures: silicon Schottky 

diodes and Si/SiGe multilayers 

Silicon Schottky diodes and single crystal multilayers of Si/SiGe heterostructures can 

be used for IR sensing. In both cases, the absorption of a photon (temperature 

change) results in a change of resistance. This chapter briefly reviews the physics of 

such structures and their growth technique. 

2.1. Material properties of Si and Ge 

Silicon (Si) and Germanium (Ge) are both semiconductors in group IV of periodic 

table. Silicon is the second most abundant element in the earth’s crust and its 

compounds have wide applications as building materials, glasses and ceramics, alloys 

and in electronics. Germanium is much less abundant in nature but has outstanding 

electronic and photonic qualities which make it the material of choice for applications 

like fiber optic systems [21], infrared optics [22], electronic chips [23] and solar 

electronics [24]. Both Si and Ge have an indirect bandgap (Si: 1.12 eV and Ge 0.66 eV 

at 300 K). They can be alloyed and form SixGe1-x for which the bandgap is similarly 

indirect and lies somewhere between Si and Ge bandgaps. The band structure of Si1-

xGex is Si-like for x< 0.85 and it becomes Ge-like for higher Ge contents. The bandgap 

of Si1-xGex for the whole range of Ge content is calculated from the following equations 

[25]: 

Eg (x) = 1.1552 - 0.43x+0.206x2 eV  at 300K     x<0.85 (Si-like) 

Equation 1 

 

Eg (x) = 2.01 - 1.27x eV  at 300K  x>0.85 (Ge-like) 

Equation 2 
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Figure 3 – Electronic band structure of (a) Si and (b) Ge [26].  

Introducing strain changes the bandgap structure of Si or Ge. The strain forces have 

two components: hydrostatic and uniaxial. The hydrostatic part causes a shift of 

subbands in conduction or valence band whereas the uniaxial component results in a 

split of these bands. 

In this study compressive-strained SiGe has been used in the devices. Due to strain, 

the HH and LH bands are shifted upward and are split. The curvature of these 

subbands which represents the effective mass of hole is altered and HH converts to 

LH-like and LH to HH-like. The bandgap is given as: 

  
                             

Equation 3 

in which x is the Ge content in percentage. For x values above 30% this equation is 

not valid. 

2.2. Si Schottky diodes 

Schottky diodes are devices formed by junction of a metallic contact with a 

semiconductor with a potential barrier (φB) significantly higher than kT on one 

contact terminal and an Ohmic junction on the other. A metal-semiconductor 

junction is Ohmic when, ideally, no potential difference exists between the sides of the 

junction. In practice, Ohmic contacts are formed by highly doping of the 

semiconductor. Workfunctions and barrier heights of selected metals are listed below: 
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Table 1 - Workfunctions of selected metals and their measured barrier height on Ge, Si and GaAs (in eV) [27]. 

 Ag Al Au Cr Ni Pt W 
ΦM (in 
vacuum) 

4.3 4.25 4.8 4.5 4.5 5.3 4.6 

n-Ge 0.54 0.48 0.59  0.49  0.48 
p-Ge 0.5  0.3     
n-Si 0.78 0.72 0.8 0.61 0.61 0.9 0.67 
p-Si 0.54 0.58 0.34 0.5 0.51  0.45 
n-GaAs 0.88 0.8 0.9   0.84 0.8 
p-GaAs 0.63  0.42     

 

The band diagram of a Schottky junction formed on an n-type semiconductor is 

shown in Figure 4. Applying a high enough positive voltage on the metal (anode) 

lowers its Fermi level and makes it possible for electrons in the semiconductor 

conduction band to jump over the barrier towards the metallic side (forward bias). In 

reverse bias, the bias voltage on the metal is not high enough or is negative and the 

electrons cannot jump over the barrier. 

 

Figure 4 - Band diagram of a Schottky junction formed on an n-type semiconductor under (a) zero bias, (b) 

forward bias and (c) reverse bias [28]. 

A p-type semiconductor can also form a Schottky diode, in which holes are the 

majority carriers and jump over the barrier when a large enough negative voltage is 

applied to the metallic (cathode) side of the Schottky junction (forward bias). This 

mechanism of current flow (jumping over the barrier) is called thermionic emission 

which brings about a current density as [13]: 

         
 

  
    

  
      

Equation 4 

In which T is temperature, φB is the barrier height, VT is the thermal voltage (kT/q), 

Va is the applied bias voltage and A* is the Richardson constant: 
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Equation 5 

Where k is the Boltzmann constant, q is the electron charge, m* is the electron mass 

and h is the Planck constant. 

For a Schottky diode under large reverse bias (>kT/q), the saturation current density 

is constant and is given by: 

         
 

  
   

Equation 6 

Both Equation 4 and Equation 6 show strong dependency of the Schottky diode 

current on temperature. Temperature coefficients can be extracted for Schottky diode 

current in forward and reverse bias modes: 

Forward bias:  

   
 

   

    

  
 

 

 
   

   

  
 

   

  
   

 

 
   
    

  

Equation 7 

Reverse bias: 

  

   
 

   

    

  
 

 

 
   

   

  
  

Equation 8 

Both of these temperature coefficients are positive which means that the Schottky 

diode current (both reverse and forward) is higher at higher temperatures. This 

behaviour is similar to a thermistor under constant voltage for which change of 

resistance in different temperatures leads to variation of its current. 

For a Schottky diode in reverse bias mode, temperature coefficients up to 6-7% are 

theoretically achievable [13] and since their current (saturation current) is relatively 

low, they are not prone to high 1/f noise. Instead, however, the Johnson noise is 

dominant because of the high resistance of the Schottky barrier under reverse bias. By 
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governing the Schottky barrier height and width, for example by carbon or boron 

doping, respectively, it is possible to improve TCR and noise values. 

2.3. Si/SiGe heterostructures 

Single crystal multilayers (MLs) of heterostructures are other structures which 

provide a potential barrier for transport of thermally excited charge carriers. Single 

crystalline materials are also known to produce very low 1/f noise [8], [18], [29] which 

is superior to the conventional VOx based detectors [30]. These structures are made of 

periods of relatively narrow/wide bandgap materials. Figure 5 shows the valence band 

diagram of a period of the Si/SiGe/Si layers which were intended to form the intrinsic 

region of the active part of a detector with a p-i-p-doping profile. The position of 

Fermi energy level (EF) depends on the auto-doping level from the underneath p-

doped layers into the intrinsic part. 

 

Figure 5 - Valence band structure for multilayers of Si/SiGe. EHH and ELH are heavy and light hole energy levels 

and ESO stands for energy level of spin-orbit state [31], [32]. 

By increase of temperature, the bandgap changes in a way that the carrier transport 

becomes more favourable (higher conductance). By applying a voltage the carrier 

transport occurs through the whole SiGe/Si stack.  The temperature increase also 

results in generation of more thermal carriers which may participate in the carrier 

transport. (Figure 6) 
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Figure 6 – Schematic of valence band of MLs of Si/SiGe under applied bias. The vertical arrows show 

intersubband transitions which may occur  in group IV materials [31]. 

By increasing the Ge content, the compressive strain in SiGe/Si heterostructure is 

increased and the band off-set (or the barrier height) is increased leading to larger 

number of confined energy states. As a consequence, the number of holes increases as 

well. However, the layer thickness of the strained SiGe is limited in meta-stable 

growth regime and should be thinner than a certain critical thickness otherwise part 

of the strain will relax. Practically, layers with Ge contents above 30% with decent 

thickness are difficult to grow. Dislocations in the partially relaxed SiGe layer give rise 

to generation-recombination noise and limit the performance of the detector. A 

technique to grow SiGe layers with high Ge content is to grow SiGe dots. Pure Ge dots 

can be synthesized on Si surface but the intermixing of Si with Ge leads to SiGe dots. 

A multi layer structure of SiGe dots has demonstrated high TCR values, but at the cost 

of higher noise levels which is explained by lower layer interface quality [8]. 

Increasing the SiGe layers’ width or their number can improve the quality of signal as 

more charge carriers will be available to contribute in thermal excitation. However, 

the width of SiGe layers can be increased only to a certain level so called critical 

thickness above which again relaxation occurs. There is also a trade-off between 

increase of the number of SiGe layers and noise as a result of higher imperfections 

introduced by more Si/SiGe interfaces. Incorporation of carbon in the layers can also 

improve both thermal response and noise as it helps increasing the Ge content and 

increasing the interface quality by strain compensation [17], [18], [33]. 

The resistance of such semiconductor devices is reversely proportional to the amount 

of free charge carriers. It can be shown that the temperature coefficient for resistance 

(TCR) will be [34]:  
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Equation 9 

where T is temperature, kB is Boltzmann constant, EF is the Fermi energy level and V0 

is the valence band offset (see Figure 5). 

2.4. Epitaxy growth of Si and Ge compounds 

Epitaxy, a Greek term, literally translates to “arranged upon” and in semiconductor 

business refers to layer deposition techniques which replicate the atomic arrangement 

of a crystal substrate. Epitaxy is thermodynamically favourable since the symmetry of 

crystalline structures has the lowest potential energy. In homoepitaxy, the deposited 

layer follows the lattice parameters of the underlying substrate. In case of 

heteroepitaxy where the deposited layer is not composed of the same material as the 

substrate (as in homoepitaxy), a lattice mismatch exists between the layer and 

substrate. Up to a critical thickness, the grown layer can tolerate the stress imposed 

by the substrate surface atoms and follows their lateral lattice parameters. In the 

perpendicular direction, however, the lattice parameter will be either smaller or larger 

than what it is in bulk, depending on the size difference between the substrate atoms 

and those of the layer. Such a layer is called strained. After the critical thickness, the 

layer relaxes and does not follow the lattice parameters of the substrate.  

Few models are developed for predicting the critical thickness of epitaxial layers. The 

Matthews Blakeslee (MB) or equilibrium model is based on a force balance between 

formation and relief from misfit dislocations [35]. However, since it does not consider 

the interaction, nucleation and propagation of misfit dislocations, it underestimates 

the critical thickness values. Other more complex models (like Dodson and Tsao 

(DT)) are proposed which give more accurate predictions of the critical thickness 

[36]. As shown in Figure 7, the critical thickness of SiGe layers is reversely related to 

Ge content and growth temperature. Therefore, one solution to have thicker strained 

epitaxial layers with higher Ge contents is to grow them in lower temperatures. 

However, there is a risk to have O2 and water vapor contaminations in the epi layers 

grown at lower temperatures. In this study [18], the effect of O2  contamination on the 

layer quality  of Si/SiGe  has been presented (paper A). It is shown that even very low 

levels of O2 contamination, which is far below the sensitivity of material 

characterization techniques e.g. SEM and XRD, can significantly increase the noise 

level in the devices. 
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Figure 7 – Experimental (× and Δ) and modelled critical thickness of SiGe layers for different Ge contents and 

two temperatures [37]. 

Epitaxy can be performed on patterned or non-patterned (blanket) substrates. For the 

case of patterned substrates, for example when a Si substrate is partly covered by 

SiO2, if during the growth, HCl gas (Si etchant) is introduced into the reactor, the 

formed islands on the oxide surface are etched fast and the growth takes place only on 

the parts of the substrate with exposed Si areas. This type of growth is called selective 

epitaxial growth (SEG). The SEG may make the device processing simpler and high 

Ge contents can easily be achieved.   

Chemical vapour deposition (CVD), liquid phase epitaxy (LPE)  and molecular beam 

epitaxy (MBE) are different epitaxy techniques of various materials for different 

applications. LPE is used for growth of various semiconductors e.g. III/V compounds. 

MBE can be used for very high quality deposition of a wide variety of materials 

(organic and inorganic semiconductors, oxides, etc.) but has rather slow growth rate. 

CVD is the technique which is widely used in industry for epitaxial deposition of 

group IV and III/V semiconductors. Doped layers grown by CVD usually have more 

abrupt profiles and lower defect densities, compared to layers doped by ion 

implantation or diffusion techniques.  

In a CVD reactor, the precursors are carried into the reaction chamber by an inert gas 

flow (carrier gas) which is usually hydrogen (or nitrogen). Precursors are compounds 

of a target material which decompose in the reaction chamber and eventually form 

the desired material. Depending on the growth conditions, the species in the gas flow 

can be transported to the substrate surface, travel on the surface, desorb from the 



13 
 

surface, go through surface reactions with other species or nucleate and form a layer 

eventually (Figure 8). 

 

Figure 8 – Schematic of processes involved in chemical vapor deposition [38]. 

“The kinetics of CVD growth can physically be described by classical boundary layer 

theory assuming a laminar gas flow over the wafer” [39]. As illustrated in Figure 9, a 

stagnant boundary layer forms because of the frictional forces between the gas 

molecules in the flow and the susceptor/substrate.  Out of the boundary layer, the gas 

flow is rather well-mixed and moves in a constant speed. The molecules that diffuse 

into the boundary layer though are pulled down because of the pressure gradient 

between the susceptor/substrate surface and the boundary layer. Some of them are 

consequently adsorbed to the surface dangling bonds. “The vertical diffusion path of 

the gas molecules is in range of 10–15 mm for the total pressure of 20–40 torr in an 

Epsilon 2000 CVD reactor” [40]. 

 

Figure 9 – Schematic illustration of how classical boundary layer forms from laminar gas stream flowing over 

the wafer in non-selective epitaxy growth (NSEG) during the CVD process. Black arrows in this figure 

demonstrate the diffused molecules path to reach the dangling bonds. Si substrate is placed on the susceptor 

[41].  
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Chapter 3 – Experimental details 

In this chapter, the epitaxial growth of SiGe layers as thermistor materials and device 

processing required for IR detectors is presented. The details for applied techniques 

are presented as well as description of involved chemical reactions. All the processes 

and measurements were carried out in Electrum Laboratory. The effect of oxygen as a 

gas which usually exists in low temperature growth has also been studied. XRD as a 

material characterization technique is applied to evaluate the layer profile. A brief 

review of the XRD technique in the extent of this study is available in Appendix 1. 

Electrical measurements (TCR and noise) are performed to examine the performance 

of the thermistor structures. 

3.1. Preliminary cleaning of the Si wafers 

Having a Si surface free of metal contamination, carbon residuals and oxide islands is 

crucial for high epitaxial layer quality.  The blanket samples undergo chemical 

cleaning and are loaded immediately inside the CVD tool load-locks. Usually, a 1 nm 

native oxide layer is formed on the Si wafers in exposure to air. 

A summary of the cleaning steps is explained briefly below:  The cleaning involves the 

use of two acid solutions and it is so organized: 

 Piranha solution is prepared: it consists of H2So4:H2O2 in 3:1 parts. The 

solution is self-heated and reaches to a temperature of 130 °C.  The wafers are 

put inside this solution for 5 min.  Piranha removes organic residues and 

hydroxylates the Si surface. The chemical reaction is dehydration: 

                     

which is a strongly thermodynamically favourable reaction. Another involved 

reaction is written as: 

                 
       

     

which is strongly reactive to species and breaks carbon or silicon hybridized 

bonds. The solution oxidizes the Si surface. 

 wafers are bubbled for 5 minutes in distilled water in order to dissolve any 

formed hydrophilic groups; 
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 wafers are put in a 5% hydrofluoric acid (  ) solution for 10 seconds to remove 

the formed oxide 

                      ; 

 wafers are bubbled again for 5 minutes in distilled water to remove reaction 

products; 

 wafers are rinsed and dried. 

3.2. Epitaxial layers of the samples 

All wafers are weighted prior to epitaxy and each wafer is identified by a laser ID 

number. 

Epitaxial growth, as described before, is used to deposit a single crystal layer which 

replicates the substrate or a seed layer periodicity, obtaining the lowest energy level. 

The major epitaxial techniques to deposit group IV materials are molecular beam 

epitaxy and chemical vapour deposition. Among these techniques, reduced pressure 

CVD (RPCVD) has the most important role for industrial applications due to its low 

cost and high output in terms of high deposition rate and film quality.  Figure 10 

shows front, back and reaction chamber view of an ASM Epsilon 2000 CVD tool 

which works in reduced pressure (down to 10 torr) and was used for deposition of 

Si(C) and SiGe(C) layers for this work. It supports various sources which are entered 

to the reaction chamber in gas form under a controlled temperature/pressure 

manner.  

 

Figure 10 – Front (left), back (middle) and reaction chamber (right) view of an ASM Epsilon 2000 RPCVD tool. 

The following gases are connected to the tool: silane (SiH4), disilane (Si2H6), trisilane 

(Si3H8) and dichlorosilane (SiH2Cl2) as Si precursors, germane (GeH4) and digermane 

(Ge2H6) as Ge precursors, methyl silane (SiH3CH3) as C precursor, oxygen for 

contamination study, diborane (B2H6) as B (p-type dopant) precursor, tin 
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tetrachloride (SnCl4) as Sn precursor, phosphine (PH3) as P (n-type dopant) 

precursor, hydrochloric acid (HCl) as etchant and hydrogen (H2) as carrier gas. The 

precursors are carried to the reaction chamber by 20 slm of H2. 

Several steps occur in a CVD process: At first reactant gases and dopants are piloted 

by hydrogen into the quartz chamber. The chamber is heated up by halogen lamps 

where a specific temperature is introduced to the reactant gases and they decompose 

and diffuse downwards towards the substrate surface and adsorb on it. The residual 

gases are moved out from the quartz chamber through an exhaust pipe and later are 

neutralized in scrubber and are burned in a burner. 

3.2.1. Samples studied in paper A 

To study the effect of oxygen contamination and the number of SiGe/Si layers on the 

performance of MQW thermistor structures, using CVD, the following samples were 

grown [18]: 

Table 2 - Samples studied in paper A [18]. 

Sample ID MQW1 MQW2 MQW3 MQW4 MQW5 

Top 

and 

bottom 

contact 

layers 

Thickness 

[nm] 
250 250 250 250 250 

B Conc. 

[cm-3] 
1×10

19
 1×10

19
 1×10

19
 1×10

19
 1×10

19
 

Spacer 

[nm] 
300 300 300 300 300 

Oxygen exposure No No No Interfacial 

Within 

SiGe 

layers 

Periodicity of 

SiGe/Si layers 
1 2 4 2 2 
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3.2.2. Samples studied in paper B 

To study the performance of Schottky diode, MQWs and their series combination, we 

deposited the following samples: 

Table 3 - Samples studied in paper B. 

Layer Description SD1/SDC1 SD2/SDC2 MQWa/b SDQW 

Top contact 

Layer 

Thickness [nm] 250 250 250 250 

B Conc. [cm
-3

] 2×10
19

 2×10
19

 2×10
19

 2×10
19

 

Spacer [nm] - - 300 300 

MQW 

Si/SiGe 

Ge content [%] - - 10/65 10 

i:SiGe well [nm] - - 6.5 6.5 

Barrier [nm] - - 40 40 

Bottom 

contact layer 

Spacer [nm] - - 350 100 

Thickness [nm] 560 560 500 250 

B Conc. [cm
-3

] 5×10
17

 1×10
16

 3×10
19

 1×10
16

 

Bottom contact identification Schottky Schottky Ohmic Schottky 

3.2.3. Sample compositions studied in paper C 

For modelling of Si growth, a series of Si homoepitaxial layers were deposited using 

disilane as Si precursor. The disilane partial pressure was set to 60 mtorr and 100 

mtorr while the growth temperature was changed between 500 °C to 625 °C with 

steps of 25 °C. 

To model the SiGe growth using disilane and digermane, another set of samples were 

grown with digermane partial pressures of 0.5, 3, 4 and 4.9 mtorr, disilane partial 

pressure of 60 mtorr and growth temperatures up to 575 °C. 
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3.3. Processing of thermistor structures (papers A and B) 

After deposition of epitaxial layers, characterization techniques e.g. XRD, SEM and 

AFM are used to check if the desired epitaxy profile is obtained. The device processing 

is performed afterwards. In this section, the processing steps are discussed in more 

detail. 

3.3.1. Photolithography 

Photolithographic technique is used to create a defined pattern on a substrate. In this 

study, the areal pixel size of detectors is in range of 25×25-200×200 µm2 defined by i-

line lithography where the wavelength is 287 nm. There are a few parameters which 

have to be chosen in order to obtain sharp patterns.   

The resolution in photolithography technique is dependent on parameters like light 

wavelength, lens aberrations, system's mechanical stability, photoresist type and 

post-processes of the photoresist [42].  

There are three methods to transfer (or print) the pattern from the mask on 

photoresist: contact, proximity and projection. In this work, projection method has 

been applied to print the detector arrays. In this printing mode a lens system is used 

to project the mask pattern on the photoresist. 

Masks are made of transparent quartz with a defined pattern by chrome metal as 

absorbing film. There are two pattern tools: reticles and masks. Reticles consist of a 

set of masks which are stepwise patterned on the wafer. In this study, a XLS-Stepper 

machine was used as photolithography tool. 

The sequential pattern printing requires (global and local) alignment marks in order 

that the whole device structure works without any shift. 

Photoresists 

Photoresist materials could be one of these two types: 

Positive photoresist: when the exposed regions are intended to be dissolved by the 

developer and then a positive image of the mask is printed on the photoresist; 

Negative photoresist: in contrary to the previous case when the non exposed regions 

are removed and a negative image of the mask is created. 
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In general, positive photoresist is a better choice for VLSI applications since it 

provides higher resolution compared to negative ones. 

For a photoresist, the sensitivity of light absorption defines how the absorbed energy 

causes a chemical response (or reaction). This is called the photoefficiency which is 

formulated as following: 

  
                        

                     
 

Equation 10 

A reasonable high sensitivity is required for photoresists. It is important that a 

photoresist has thermal and chemical stability against temperature variations as well 

as wet and dry etching so that the projected pattern stays stably on the substrate. A 

good adhesion improves the resist stability therefore an adhesion promoter e.g. 

HMDS is used prior to photoresist coating. 

Photoresist processing 

At first, the wafers are baked at 100 °C to obtain a dry surface free of water vapour 

and then are inserted in HMDS oven to get prepared for a good adhesion for 

photoresist. 

The wafers are spin coated with a recommended speed for spinner according to the 

product specification.  The thickness uniformity across the surface is  100    A soft 

baking is applied to help the stability of photoresist on the wafers. The samples are 

exposed to light (projection mode) and then developed to create the mask pattern. In 

order to make a hard mask, the wafers are baked at 110 °C for 30 min. This step 

provides the possibility for etching when the photoresist acts as a mask. 

3.3.2. Etching of mesa structures 

Etching is a post lithography process and is intended to make a mesa profile of 

Si/SiGe stack using a patterned photoresist as hard mask. In principle, etching 

process can also be distinguished by being isotropic, when it shows the same etch 

rates in all directions, or being anisotropic when the etch is done mostly in one 

direction.  There are wet and dry etch methods to remove a material. Wet etching is 

an isotropic process therefore it is suitable to create features larger than 3 μm, 

however, wet etching is still largely used because it is low cost and can be used to 

some extent in device processing. 
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The main reason to apply dry etching is to create nano-scaled features. In this study, 

dry etching has been applied for etching of Si/SiGe epitaxial layers, oxide layers and 

metal contact layers. In dry etching, sources like Cl, F or Br-based gases are used. 

Reactions occur in plasma which is generated by applying an oscillating RF voltage 

(frequency of 13.56 MHz).  

Plasma etching has an isotropic component which can be a problem when mesas with 

high aspect ratio are etched. For these applications, a variation of dry etching known 

as reactive ions etching (RIE) is used which functions by means of both ionic 

bombardment and chemical etching processes. These two processes are necessary 

because the ion bombardment guarantees the anisotropic performance while the 

chemical etching ensures the selectivity behaviour. 
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Table 4 – Dry etching target materials and etchants for processing of MQW and Schottky diode structures using 

Applied Materials Precision 5000 Mark II (papers A and B). 

 

 

Etch target 

material 

Etchants 

Si/SiGe Cl2 10 

sccm 

HBr 30 

sccm 

He 10 

sccm 

SiO2 CHF3 15 

sccm 

CF4 5 sccm 

Ar 50 

sccm 

Al BCl3 40 

sccm 

Cl2 30 

sccm 

N2 40 

sccm 

TiW SF6 90 

sccm 

Cl2 7 sccm 

N2 40 

sccm 
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3.3.3. Passivation 

In order to manufacture a high performance Si device with low noise, a good 

passivation of dangling bonds on the mesa is required. The thickness of the 

passivation layer should be enough to cover the mesa entirely specially at the edge 

corners. However, a thick passivation layer may cause a problem when the contact 

holes have to be etched prior to metallization. In this work, 100 nm SiO2 was 

deposited as passivation layer on the mesas.  PECVD technique was applied to grow 

SiO2 layers at low temperature and low pressure according to the chemical reaction: 

                 

The passivation step is performed in Plasmalab 80Plus (Oxford PECVD System) tool 

with a processing time of 210 s at 300 °C, which provides a growth rate of 65.5 

nm/min. 

3.3.4. Metal contact formation 

Prior to deposition of metal contacts, the SiO2 passivation layer has to be removed in 

the contact hole areas. This is achieved by dry etching in P5000 tool. 

At first a Nickel layer of 15 nm was deposited and annealed at 450 °C for 30s  to form 

a Nickel silicide (    ) layer prior to the metallization step. The role of the silicide 

layer is to decrease the contact resistance ( 14 μΩ cm) and Johnson noise. The 

residual Ni (unreacted) was removed by Piranha solution. 

The metallization contacts consist of TiW/Al stack and are deposited by using 

sputtering technique. The thicknesses of NiSi, TiW and Al are 12, 50 and 700 nm, 

respectively.  

3.3.5. Schema of final fabricated structures 

Figure 11 illustrates a schematic view of how the structures were processed according 

to the above described process steps. 
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Figure 11 - Processing steps: (a) epitaxial growth of the layers by RPCVD; (b) lithography; (c) formation of the 

mesa structure by dry etching; (d) photoresist removal; (e) SiO2 deposition; (f) contact lithography and etching; 

(g) metal deposition; (h) contact pads formation; (i) measurement points [31]. 

3.4. Electrical characterization of thermistor structures (papers A and B) 

Thermistors are characterized by two main figures, temperature coefficient of 

resistance (TCR) and noise.  

3.4.1. Temperature coefficient of resistance (TCR) 

TCR is by definition: 

  
 

 

     

  
      

Equation 11 

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

According to the definition, metals usually have positive and semiconductors have 
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negative TCR values. A large absolute value of TCR is favoured for temperature 

sensing applications. 

In this work, I-V measurements are performed on Schottky diode and MQW 

structures of different sizes and regions on the wafer. The voltage sweep has been 

from -2 to +2 V in three different temperatures of 25, 40 and 55 °C. From the I-V 

curves it is possible to estimate the resistance at each applied voltage. Using the 

expression of resistance for semiconductors in which ρ0 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: 

       

 

   
 

  
    

Equation 12 
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where C is a constant. TCR is derived as: 

  
 

 

     

  
  

  

    
  

 

  
 

Equation 13 

Using MATLAB,   is extrapolated and TCR for each temperature is calculated from 

Equation 13. 

3.4.2. Noise 

Noise refers to fluctuations of a measured value such as electric voltage or current 

from its ideal behaviour. It can arise from the environment, operator, measurement 

setup or the device itself. By elimination of the external sources of noise, i.e. the first 

three mentioned, it is possible to evaluate and compare performance of different 

devices and designs. 
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Noise in semiconductor devices is usually classified to Johnson or thermal noise 

which is due to agitation of charge carriers and flicker or 1/f noise which is thought to 

be a result of scattering by surface states and crystal defects which might be result of 

contamination during layer deposition steps [31]. 

Using a low noise battery and a resistive voltage distribution box, a reverse dc bias of 

1.2 V is applied on various thermistor devices. 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 a 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 [27]. 

Using the following calculations, external noise sources are eliminated and the device 

noise is calculated. The measurements are performed and averaged on 6 different 

positions on each wafer for each pixel size. 

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. 

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 (in V2/Hz). 

             
        

     

     
  

 
   
  

 

   
     (I) 
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Chapter 4 – Results and discussion 

The thermal response (in terms of TCR) and the quality of electrical signal (in terms 

of SNR) are two important parameters in design of thermistor structures that are 

studied in this work. A higher valence band off-set (or barrier height) can be achieved 

by SiGe quantum well layers with higher Ge content. This is, however, limited by 

critical thickness of the SiGe epitaxy layer. After the critical thickness, the SiGe crystal 

relaxes and forms defects in the crystal structure which reduce the SNR of the device. 

A possible way out can be keeping the thickness of QWs below the critical thickness 

and increasing the periodicity of SiGe/Si. This approach is discussed in section 4.1.  

Another approach is to enhance the total barrier heights of a device by adding other 

structures which offer additional potential barriers. Schottky diodes, for instance, 

possess a potential barrier in the metal-semiconductor junction. Discussed in section 

4.2, they can be used solely or in combination with MLs of Si/SiGe heterostructures 

for thermal sensing. 

A third approach might be moving to layer deposition in lower temperatures (low 

temperature epitaxy, or LTE). In lower temperatures, possibly by using more 

advanced precursors, it is possible to grow thicker “strained” SiGe layers with higher 

Ge content. As shown earlier in Figure 7, the critical thickness is reversely 

proportional to growth temperature. Growth and modelling of the growth in LTE is 

discussed in section 4.3. A side effect of moving to LTE, however, is higher risk of 

contamination, mainly by oxygen and water vapour. Section 4.4 discusses the effect of 

oxygen contamination on thermistor performance. 

4.1. Effect of number of quantum wells on thermistor performance of 

Si/SiGe multilayers (paper A) 

An important parameter in design of Si/SiGe heterostructures is the number of SiGe 

quantum wells. The idea of this part of the work is to achieve higher Ge content in 

strained SiGe layers, to have a higher potential barrier, as well as to increase their 

total thickness. This idea is examined by fabricating thermistor structures with one 

(MQW1), two (MQW2) or four (MQW3) Si/SiGe quantum barrier/wells in their active 

region. Figure 12 shows the cross section view of such a device with four periods of 

Si/SiGe layers. To eliminate the effect of other factors, the Ge content and the SiGe/Si 

quantum layers’ thicknesses are kept constant to 28% and 10 nm/25 nm, respectively, 

in all the samples. 
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Figure 12 - The cross-sectional HRSEM view of (a) the MQW3 detector and (b) the magnified Si/SiGe multi 

quantum layer structure [18]. 

Upon application of a bias voltage to the contacts of a MQW structure, the thermionic 

carriers are generated and flow according to the direction of the applied electric field. 

In this work, the charge carriers are mostly holes in the valence bands of Si and SiGe 

layers. 

Results of TCR and noise measurements for the above samples are listed in Table 5 

and Figure 13. 

Table 5 - Summary of number of SiGe/Si layers, TCR and K1/f for the samples [18]. 

Sample ID MQW1 MQW2 MQW3 

Number of SiGe/Si layers one two four 

TCR [-%/K] for 200×200 µm2 (0.5 V) 0.7 1.1 1 

TCR [-%/K] for 100×100 µm2 (0.5 V) 0.8 1.3 1.2 

TCR [-%/K] for 25×25 µm2 (0.5 V) 1.5 2.1 2.4 

K1/f for 25×25 µm2 4x10-12 7x10-11 9x10-11 
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Figure 13 - Power spectral density of noise voltage vs. frequency for 25×25 μm2 pixel size of MQW1, MQW2 and 

MQW3 detectors at room temperature [18]. 

Dependency of the TCR on pixel size is observed; as the pixel size gets smaller, the 

TCR increases. This can be explained by lower thermal leakage in smaller pixels 

which is crucial to thermal sensitivity of any type of thermistor. It can also be due to 

higher resistance of smaller pixels and the reported direct relation of the TCR on 

resistance in similar structures [43].  

Improvement of the TCR by increasing the number of QWs is also clearly seen, 

especially for the smallest pixels. This prominence is again explained by the lower 

thermal leakage in smaller pixels. In the larger pixel sizes, as well, the TCR increases 

by the number of QWs and reaches a saturated value. The slight fall of TCR in MQW3 

comparing to MQW2 (for 100×100 μm2 and 200×200 μm2 pixels) lies in the 

measurement margin of error. 

Regarding the noise in these samples, it is observed that both noise power level and 

K1/f increase for samples with higher number of SiGe/Si layers which is probably 

caused by the elevated amount of global strain in the structure which in turn increases 

the defect density in the crystal structure. Therefore the 1/f noise increases when the 

structure quality becomes poor. The contributions of background and measurement 

setup noise are eliminated from the reported results. 
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4.2. Evaluation of thermistor performance of SiGe/Si multilayers, 

Schottky diodes, and a combined structure of them (paper B) 

In this work, the effect of Ge content in SiGe/Si QWs is addressed. Two samples with 

Ge contents of 10% (MQWa) and 65% (MQWb) are analyzed. The high amount of Ge 

content in MQWb is achieved by a synthesis technique in which SiGe layers are 

embedded in Si through the intermixing of Si into the Ge δ-layers. The intermixing 

can be tailored by the growth temperature and the carbon concentration in the Si1−yCy 

barrier layers [44]. The TCR and noise measurement results are presented in Table 6. 

The sample MQWb has a larger potential barrier and, as expected, sets forth a much 

higher TCR value than sample MQWa. 

Table 6 - Summary of estimated barrier heights, TCR [-%/K] and K1/f for SDs, MQWs and SDQW (at room 

temperature). The TCR values are taken at 1.2 V reverse bias voltage [44]. 

 SD1 SD2 SDC1 SDC2 MQWa MQWb SDQW 

Ge content[%] - - - - 10 65 10 

Estimated barrier height in 

QW (eV) - - - - 0.07 0.5 0.07 

Estimated Schottky barrier 

height (eV) 
0.42 0.42 0.5 0.5 - - 0.42 

TCR [-%/K] for 200×200µm2 0.94 3.22 4.55 4.05 0.6 4 6.14 

TCR [-%/K] for 100×100µm2 1 3.51 4.5 4.03 1.07 4.5 6.23 

K1/f for 100×100µm2 6.18x10-12 1.81x10-12 8.68x10-11 4.19x10-10 8.5×10-15 4.4×10-15 4.7×10-14 

 

As introduced earlier in chapter 2, Schottky diodes under reverse bias have a potential 

barrier at the metal-semiconductor junction. This barrier can be utilized in thermal 

sensing devices. To study the effect of Schottky barrier height and width on 

thermistor performance, four other samples are fabricated (SD1, SD2, SDC1 and 

SDC2). The TCR and noise measurement results for these samples are summarized in 

Table 6. The potential barriers are calculated using the Arrhenius plots of resistance 

vs. temperature. It is worth mentioning that the estimated barrier heights for SD 

samples may differ from the independent measurements of Schottky barrier height 

for the applied materials in our structures. 

The barrier height for NiSi/TiW Schottky diodes is estimated to be 0.42 eV (samples 

SD1 and SD2). In these samples, the barrier width is manipulated by the amount of 
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boron doping on the semiconductor side of the Schottky junction where SD1 has a 

thinner barrier with B-concentration of 5×1017 cm-3 while SD2 has only 1×1016 cm-3. It 

is observed that TCR increases drastically for sample SD2 with wider Schottky 

barrier.  

The Schottky barrier height can be tailored by introducing carbon into the lowly B-

doped Si layer (samples SDC1 and SDC2). The barrier height will be higher for these 

samples and therefore TCR is improved for them comparing to SD1 and SD2 samples. 

By increase of the barrier height, the leakage current decreases for samples SDC1 and 

SDC2. So, the effect of B-doping is less observed for these samples and their values of 

TCR are not much influenced by boron doping.  

Schottky diodes can also be complemented by SiGe/Si MQWs to increase the 

performance of the IR detector. Depending on the direction of biasing the detector, 

the Schottky diode can be in the forward or reverse bias condition. When the diode is 

under reverse bias, a tiny amount of carriers are passing through the detector 

meanwhile under forward bias, the carrier transport through quantum well structure 

is higher. Figure 14 shows the TCR versus applied reverse bias for a MQW (sample 

MQWa), a Schottky diode (sample SD2) and a structure combined of the same MQW 

stack on the same Schottky junction (SDQW).  

 

Figure 14 - Temperature coefficient of resistance (TCR) curves for the SD2 (red), MQWa (blue) and SDQW 

(green) detectors under reverse bias [44]. 
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An additive behaviour is observed for the TCR under reverse bias where the SDQW 

structure has the highest TCR values, suggesting it is benefiting from the potential 

barriers both in Schottky junction and the MQW stack. Under direct bias, the 

Schottky barrier height is significantly lowered and the structures with a Schottky 

junction (SD2 and SDQW samples) show very low TCR values. 

The PSDs for noise of the above detectors are shown in Figure 15.  

 

Figure 15 - PSD of noise voltage vs. frequency for 100×100um2 pixel sizes of the samples in Figure 14 [44]. 

The Schottky diode (SD2) has the highest noise value. This is attributed to its higher 

resistance which leads to high Johnson noise. The noise level is drastically lowered for 

the samples in which the high-resistance lowly doped Si layer is replaced by SiGe/Si 

layers (samples MQWa and SDQW). This is explained by the lower resistance that the 

carrier transport faces in these structures. The layer profile of SDQW sample, unlike 

MQWa, does not contain a highly boron doped layer in the bottom contact (see Table 

3). As a result, boron auto doping does not occur in sample SDQW while it does in 

MQWa and this explains the further lower noise level for SDQW. Thanks to their high 

crystal quality, the MQW samples have the lowest K1/f values. Although MQWb has 

higher Ge content, it has slightly better K1/f value which is probably because of the low 

defect density in the intermixing synthesis technique. 
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4.3. Modelling of the epitaxial growth of the layers at low temperature 

(paper C) 

In this work, low temperature growth (LTE) rate and Ge content of Si or SiGe layers 

grown by disilane and digermane is modelled. The kinetics of CVD growth and 

formation of the boundary layer (Figure 9) were shortly introduced in chapter 2.  To 

find the number of reactant molecules that reach the substrate and interact with the 

surface dangling bonds in unit area, one can use the Maxwell distribution function 

which yields: 

  
  

        
 
 

              
  

   
  

Equation 14 

where NR is the number of reactant molecules in a unit volume of the gas phase, mR is 

the mass of a reactant molecule, kB is the Boltzmann constant, T is temperature and 

EA is deposition activation energy (Γ is the number of molecules with energies above 

EA). 

For the case of Si homoepitaxy using disilane, the growth rate can be written as: 

    
 

  

  
          

  

      

         
    

 
 

 
      

   
         

      

   
  

Equation 15 

in which β, θ, P, m, N0 and E are respectively: a unit-less constant known as tooling 

factor, surface coverage of hydrogen, partial pressure of disilane, molecular mass of 

disilane, number of atoms in a unit volume of the substrate layer and activation 

energy needed for deposition. From Arrhenius plots, an activation energy of 1.56 eV 

was extracted for disilane deposition. 

Assuming a 2-20% surface coverage by H for the temperature range of 400 to 600 °C 

empirically, Figure 16 shows the modelled and experimental values for Si growth rate. 
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Figure 16 - Growth rate of Si for two disilane partial pressures (60 and 100 mtorr) as a function of temperature 

[41]. 

Digermane, in four different partial pressures was added to the depositions to study 

the effect of Ge incorporation on the growth rate. The partial digermane pressures 

were 0.5, 3, 4 and 4.9 mtorr while disilane’s partial pressure was kept constantly at 60 

mtorr to focus the attention on Ge effect. Similar to the case of Si, using Arrhenius 

plots, the activation energies were extracted. It is observed that the activation energy 

is always lower once Ge atoms are also involved in the deposition (Figure 17). 

 

Figure 17 - Activation energy of deposition vs. Ge2H6/Si2H6 partial pressure ratio [41]. 

The lower activation energy for deposition of Ge (0.29 eV for Ge compared to 1.56 eV 

for Si) and secondly the lower H desorption energy from Ge make the growth rate 

higher when Ge is present on the surface. This is shown both empirically and 

theoretically as follows. 
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The total growth rate, assuming contribution of different sources in the epitaxy can be 

written as: 

                         

Equation 16 

RSi and RGe are growth rates of Si and Ge, respectively. RSi/Ge is the growth rate of Si in 

presence of Ge atoms on the surface and RGe/Si the other way around. As mentioned 

before, presence of Ge atoms on the surface provides hydrogen-free sites for 

deposition, thus RSi/Ge is related to Ge growth rate (i.e. RSi/Ge=mRGe where m is called 

the substitution coefficient [45]). Si presence, however, does not have similar effect 

for Ge growth rate, thus RGe/Si can be neglected (RGe/Si≈0). Equation 16 can be 

rewritten as: 

                             

Equation 17 

Using Equation 15, it can be written: 

           
 

Equation 18 

And similarly for Ge growth rate: 

           
 

Equation 19 

By implementing in Equation 17: 

      

   

 
        

   

      
       

       

 

Equation 20 

And assuming x=RGe/RT where x is the Ge content, the Ge content can be modelled: 

 

 
 

  

   

 
            

   

 

Equation 21 
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Equation 22 

The experimental values for inverse of Ge content (x-1) are given in Figure 18.  

 

Figure 18 - Inverse Ge content (x−1) as a function of the inverse partial pressure ratio of digermane and disilane. 

The linear arrangement of the data points in Figure 18 for each temperature follows 

the description of Equation 22. Therefore, the intercept on the y-axis ((      
 

      
       will give the value of (m+1). By extrapolation, m is found to be ~2 for 

the temperature range of this study (500-575 °C). The model predicts Ge contents of 

33%, 37%, 40% and 49% for growth at 575 °C, 550 °C, 525 °C and 500 °C, 

respectively. 

Finally, using Equation 15 and Equation 17, one can find the total growth rate for 

SiGe: 

    
          

  

      

         
    

 
 

 
      

   
        

      

   
   

      
          

  

      

         
    

 
 

 
      

   
        

      

   
  

Equation 23 

where χ is also a tooling factor (like β). The modelled and extracted values for SiGe 

growth rate are shown in Figure 19. 
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Figure 19 - Growth rate of SiGe vs. temperature for different digermane partial pressures (3, 4, and 4.9 mtorr); 

disilane partial pressure was 60 mtorr [41]. 

4.4. Effect of oxygen contamination on thermistor performance of 

Si/SiGe multilayers (paper A) 

As mentioned earlier, a side effect of LTE is the higher risk of oxygen and water 

vapour contamination. Normally, a baking step (at ~1000 °C) is included in the initial 

parts of epitaxy recipes to remove such contaminants from the substrate surface and 

the reaction chamber. 

A set of samples were grown with controlled amounts of oxygen (2-2500 ntorr) in 

temperature range of 450-650 °C. The grown layers were characterized by scanning 

electron microscope and the results showed formation of islands for oxygen amounts 

above ~200 ntorr (Figure 20).  
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Figure 20 - Formation of island areas (µm2) as a function of O2 partial pressure for different exposure 

temperatures and constant cap layer temperature (550°C) [18]. 

No islands were observed for oxygen amounts below 100 ntorr. This, however, could 

be the result of detection limits of the microscope. Therefore, two samples (MQW4 

and MQW5) with very low interfacial and concurrent oxygen contaminations (10 

ntorr) were grown and processed to fabricate a MQW detector structure with two 

periods of SiGe/Si QWs. 

The electrical characterization results in terms of TCR and K1/f are summarized in 

Table 7. The results are compared with a similar reference structure without any 

oxygen exposure (MQW2). 

Table 7 - Summary of oxygen exposure, periodicity of SiGe/Si layers, TCR and K1/f for the detectors [18]. 

 

The power spectral density (PSD) of noise for the three samples is shown in Figure 21. 

It is observed that both noise power level and K1/f are increased drastically upon 

 MQW2 MQW4 MQW5 

Oxygen exposure No interfacial within SiGe layers 

Periodicity of SiGe/Si two two two 

TCR [-%/K] for 200×200 µm2 (0.5 V) 1.1 1.2 1.6 

TCR [-%/K] for 100×100 µm2 (0.5 V) 1.3 1.7 2.1 

TCR [-%/K] for 25×25 µm2 (0.5 V) 2.1 2.4 2.5 

K1/f for 25×25 µm2 7x10-11 8x10-10 1x10-10 
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introduction of oxygen. The sample with interfacial oxygen suffers the most from 

increase of noise which is a sign of the importance of high surface quality in epitaxial 

growth and eventually performance of such electronic devices. 

 

 

Figure 21 - Power spectral density of noise voltage vs. frequency for 25×25 μm2 pixel size of MQW2, MQW4 and 

MQW5 detectors at room temperature. Oxygen has been exposed on interfaces of the quantum well layers in 

MQW4 detectors and within the layers in MQW5 detectors [18]. 
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Chapter 5 – Conclusions and future work 

5.1. Conclusions 

 

Si1-xGex(C)/Si(C) multilayer structures with different periodicity and layer/interfacial 

quality were characterized for IR detection. Si(C) Schottky diodes with boron 

concentration of 1×1016 or 5×1017 cm-3 and carbon concentration of 1×1020 cm-3 were 

used as IR detectors individually or in combination with SiGe/Si structures. The 

thermal response was expressed by temperature coefficient of resistance (TCR) and 

the quality of signal by signal-to-noise-ratio (SNR).  TCR values of -3 to -4%/K were 

observed for Schottky diode detectors whereas TCR was increased to -6%/K when 

Schottky diodes were used in combination with SiGe/Si multilayers. The noise level of 

Schottky diodes were significantly higher compared to SiGe/Si detectors. 

In order to increase the Ge content in Si1-xGex/Si with high layer quality, carbon with 

concentration of 1×1020 cm-3 was doped in the structures. The SiGe layers could be 

synthesized with Ge content of 65 % while the strain relaxation was negligible. TCR 

value was increased remarkably (-1%/K and -6%/K for Si0.90Ge0.10 and Si0.35Ge0.65, 

respectively).  

An empirical model was presented to describe the kinetic growth of SiGe layers using 

Si2H6 and Ge2H6 precursors at low temperature. A good agreement between the 

calculated and the measured data for growth rate and the Ge content was obtained. 

In order to tailor the layer quality, oxygen was implemented at the interface of 

SiGe/Si or during epitaxy.  Oxygen contamination is a risk that should be taken into 

account in LTE. The noise level increased in presence of minor oxygen content (10 

ppb), by a factor of 50, for samples with interfacial O2 contamination and by a factor 

of 5 when oxygen contamination occurred within epi-layers.  

 

5.2. Future work 

 

This work presented SiGe(C) as a potential low cost and high performance thermistor 

material for bolometer application. The study could be extended by implementing Sn 

in SiGe matrix where a large strain amount can be created by minor Sn content. In 

order to decrease the Sn segregation, low temperature epitaxy is sought. C-doping can 

improve the SiGeSn layer quality by impeding the strain relaxation. In this case, 

growth kinetics of SiGeSnC has to be explored and modelled too.  
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Appendix 1 - Characterization of epitaxial layers using XRD technique 

(papers A, B and C) 

As shown in Figure 1, X-rays are part of the electromagnetic spectrum with 

wavelengths between 0.001 to 10 nm. This range is comparable to atomic distances of 

many materials, so X-rays can interact with them and provide crystallographic 

information about them. In this study, a Philips X’pert diffractometer (Figure 22) was 

used for material characterization of epitaxial grown Si/SiGe MLs. The tool consists of 

an X-ray tube, a stage on which the sample is mounted, a goniometer to measure the 

angles and displacements of the stage and detector, incident and diffracted beam 

optics, filters, diffracted beam detector and an electronic system to govern the tool. 

 

 

Figure 22 - Philips X’pert diffractometer consisting of X-ray tube, a stage on which the sample is mounted, a 

goniometer to measure the angles and displacements of the stage and detector, incident and diffracted beam 

optics, filter, diffracted beam detector [46]. 

X-ray is generated in the X-ray tube where thermionic electrons are extracted and 

accelerated out of a heated and biased cathode. The electrons then hit on a target 

material that can be copper, aluminium, magnesium, etc. In this work, the tool was 

equipped with a copper target and the acceleration voltage and current were 45 kV 

and 40 kA, respectively. The incident electrons excite the electrons in the target 
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material. Excited electrons can return to lower energy states and generate X-ray 

photons. 

The generated X-ray then goes through a monochromator so that a very fine 

frequency portion of the radiation, corresponding to 2p to 2s electron transitions, is 

selected. This is done to improve the resolution of the measurements. A filter may be 

situated after the monochromator to limit the intensity of the X-ray. In our 

measurements, we did not use a filter to obtain the highest precision in the 

measurements. 

X-ray then hits the sample, if optimized well, interacts with the sample’s atoms and 

the diffracted beam is measured by the detector. If the diffracted beams from 

different atomic planes of a crystal satisfy the Bragg’s law, they constructively add up 

and produce a high intensity peak in the detector. The Bragg’s law states: 

           

Equation 24 

where d is the distance between atomic planes, θ is the incident beam angle, n is an 

integer and λ is the X-ray beam wavelength. For cubic crystals we can also write: 

  
 

         
 

Equation 25 

where a is the lattice constant and (h, k, l) are the Miller indices of the diffracting 

atomic plane. Using Equation 24 and Equation 25 it is possible to extract the lattice 

constant of a crystal. For compounds like SiGe, it is possible to use Vegard’s law to 

find the lattice constant of unstrained compound: 

         
               

Equation 26 

Figure 23 shows a typical diffraction measurement result in two dimensions (so called 

rocking curves or ω-2θ scans). The highest intensity peak is the substrate peak. To 

obtain the highest accuracy, the substrate peak intensity should be maximized by 

optimization of sample’s orientation angles and position relative to the incident X-ray 

beam. An intensity of 1 million counts per second was usually considered acceptable 

for our measurements.  

The relative position of the layer peak to the right or left side of the substrate peak 

reveals its strain type. Justified by Bragg’s law, tensile strained layers’ peaks appear to 
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the right and compressive strained ones to the left of the substrate peak. From the 

separation of the layer and substrate peaks it is possible to simulate the strain amount 

and eventually the composition of the layer. The fringes arise from interference 

between the interfaces of different material layers and their separation is reversely 

proportional to layer thickness. Characterization of material composition and layer 

profiles in our published works on Si/SiGe MLs were done using these XRD 

measurements and simulations. Full width at half maximum (FWHM) of a layer can 

be used to evaluate the layer’s crystal quality. We used this to trace any effect of 

oxygen contamination on the layer quality. 

 

 

Figure 23 – Typical XRD rocking curves [46]. 
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