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ABSTRACT 

Epitaxially grown SiGe(C) materials have a great importance for many device 

applications. In these applications, (strained or relaxed) SiGe(C) layers are grown 

either selectively on the active areas, or on the entire wafer. Epitaxy is a sensitive 

step in the device processing and choosing an appropriate thermal budget is crucial 

to avoid the dopant out–diffusion and strain relaxation. Strain is important for 

bandgap engineering in (SiGe/Si) heterostructures, and to increase the mobility of 

the carriers. An example for the latter application is implementing SiGe as the 

biaxially strained channel layer or in recessed source/drain (S/D) of pMOSFETs. For 

this case, SiGe is grown selectively in recessed S/D regions where the Si channel 

region experiences uniaxial strain.  

The main focus of this Ph.D. thesis is on developing the first empirical model for 

selective epitaxial growth of SiGe using SiH2Cl2, GeH4 and HCl precursors in a 

reduced pressure chemical vapor deposition (RPCVD) reactor. The model describes 

the growth kinetics and considers the contribution of each gas precursor in the gas–

phase and surface reactions. In this way, the growth rate and Ge content of the SiGe 

layers grown on the patterned substrates can be calculated. The gas flow and 

temperature distribution were simulated in the CVD reactor and the results were 

exerted as input parameters for the diffusion of gas molecules through gas 

boundaries. Fick‟s law and the Langmuir isotherm theory (in non–equilibrium case) 

have been applied to estimate the real flow of impinging molecules. For a patterned 

substrate, the interactions between the chips were calculated using an established 

interaction theory.  Overall, a good agreement between this model and the 

experimental data has been presented. This work provides, for the first time, a 

guideline for chip manufacturers who are implementing SiGe layers in the devices.     

The other focus of this thesis is to implement SiGe layers or dots as a thermistor 

material to detect infrared radiation. The result provides a fundamental 

understanding of noise sources and thermal response of SiGe/Si multilayer 

structures. Temperature coefficient of resistance (TCR) and noise voltage have been 

measured for different detector prototypes in terms of pixel size and multilayer 

designs. The performance of such structures was studied and optimized as a 

function of quantum well and Si barrier thickness (or dot size), number of periods in 

the SiGe/Si stack, Ge content and contact resistance. Both electrical and thermal 

responses of such detectors were sensitive to the quality of the epitaxial layers 

which was evaluated by the interfacial roughness and strain amount. The strain in 

SiGe material was carefully controlled in the meta–stable region by implementing 



iv 

 

carbon in multi quantum wells (MQWs) of SiGe(C)/Si(C). A state of the art 

thermistor material with TCR of 4.5 %/K for 100×100 µm2 pixel area and low noise 

constant (K1/f) value of 4.4×10-15 is presented. The outstanding performance of these 

devices is due to Ni silicide contacts, smooth interfaces, and high quality of multi 

quantum wells (MQWs) containing high Ge content. 

The novel idea of generating local strain using Ge multi quantum dots structures 

has also been studied. Ge dots were deposited at different growth temperatures in 

order to tune the intermixing of Si into Ge. The structures demonstrated a noise 

constant of 2×10-9 and TCR of 3.44%/K for pixel area of 70×70 µm2. These structures 

displayed an improvement in the TCR value compared to quantum well structures; 

however, strain relaxation and unevenness of the multi layer structures caused low 

signal–to–noise ratio. In this thesis, the physical importance of different design 

parameters of IR detectors has been quantified by using a statistical analysis. The 

factorial method has been applied to evaluate design parameters for IR detection 

improvements. Among design parameters, increasing the Ge content of SiGe 

quantum wells has the most significant effect on the measured TCR value.   
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This work presents the pattern dependency of the selective epitaxial growth of 

boron– and carbon–doped SiGe layers in recessed and unprocessed openings. It is 

shown that the layer profile is dependent on deposition time, chip layout, and 

growth parameters. Carbon and boron doping compensates the strain in SiGe layers, 

and when both dopants are introduced, the strain reduction is additive. In this 

article, the incorporation of boron and carbon in the SiGe matrix is found to be a 

competitive action. The concentration of carbon decreases, whereas the boron 

amount increases in SiGe layers with increasing the Ge content. In recessed 
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the epilayers exceeding the critical thickness. 

The author of this thesis performed almost wafer processing and material 

characterization and wrote the manuscript. 
 

Paper 5: Kinetic model of SiGe selective epitaxial growth using RPCVD technique 

 

In this study, a detailed empirical model for dichlorosilane (DCS)–based selective 

epitaxy growth of SiGe has been developed to predict the layer profile using a 

reduced pressure CVD reactor. The model considers each gas precursor 

contributions from the gas–phase and the surface.  The gas flow and temperature 

distribution were simulated in the CVD reactor and the results were exerted as 

input parameters for Maxwell energy distribution. The diffusion of molecules from 

the gas boundaries was calculated by Fick‟s law and the Langmuir isotherm theory 

(in non–equilibrium case) was applied to analyze the surface. The pattern 

dependency of the selective growth was also modeled through an interaction theory 

between different subdivisions of the chips. Overall, a good agreement between the 

kinetic model and the experimental data were obtained.  

The author contributed in a major part of the modeling, processing and material 

characterization and wrote the manuscript.  
 

Paper 6: Improvement of infrared detection using Ge quantum dots multilayer structure 

 

In this study, mono–crystalline SiGe/Si multi–quantum dot and well structures 

have been presented as thermistor materials for infrared detection. The main goal of 
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the intermixing of Si into the Ge at the growth temperature, Ge dots are not pure Ge 

and are in fact SiGe (the growth temperature of 600–650 C). As a result, the strain 

relaxation occurred which degrades signal–to–noise ratio and TCR values. The 

performance of the devices (both thermal and electrical) has been very sensitive to 

the quality of the epitaxial layers which is evaluated by the interfacial roughness 

and strain amount. This study demonstrates that the devices containing quantum 

dots have higher thermal coefficient of resistance (TCR) 3.4%/K with a noise 

constant (K1f) value of 2×10−9. 
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coefficient of resistance and low noise level 
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to Ni silicide contacts, smooth interfaces, and high quality multi–quantum wells 

containing high Ge content. 

The author performed the wafer processing, CVD growth and the material 
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Paper 8: The performance improvement evaluation for SiGe-based IR detectors  
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Implementation of selective epitaxial growth (SEG) in recessed source and drain 

(S/D) junctions of the complementary metal–oxide–semiconductor (CMOS) 

structures has generated considerable interest in the device technology during the 

recent years. The practice of embedding SiGe:B films in p–channel MOS field–effect 

transistors (pMOSFETs) S/D regions increases carrier mobility by inducing uniaxial 

strain to the channel [1-5].  

Although the uniaxial strain in S/D has demonstrated outstanding results in terms 

of mobility and threshold voltage, pattern dependency is still an issue for chips with 

nonuniform pattern densities. This means that in selective epitaxy growth, the 

profile of the deposited layer in different mask opening may differ from each other.  

A nonuniform deposition can also be observed from wafer to wafer when the mask 

type (oxide or nitride) or its thickness has been changed [6-16]. Many papers have 

presented a detailed study of pattern dependency and also proposed methods to 

improve the nonuniform growth, but eliminating this effect still remains a challenge 

[14,15,17,18]. Some of these reports show that the pattern dependency can be 

decreased (<5%) [14], but so far there is no remedy to totally eliminate this problem. 

Some important goals in the p–channel transistor profile which can be affected by 

the pattern dependency issue are as follows: low sheet resistance in S/D junctions, 

high thermal stability of the contact silicide layers, considerable strain in the 

channel (25%–40%) and low dopant out–diffusion from S/D to the channel region 

[19]. The first two requirements can be achieved by high boron doping in SiGe 

epilayers. Because the presence of boron compensates the compressive strain in 

SiGe layers [20], a high level of both boron and germanium is necessary for such 

transistors. A remedy for the out–diffusion of boron in MOSFETs is to implement 

carbon in the S/D SiGe layers. Since the pattern dependency of the growth results in 

different doping profiles in the SiGe layers, having both carbon and boron in S/D 

regions complicates the device process. 

A considerable number of experimental results have been published on the growth 

and integration of SiGe layers for different applications; meanwhile, remarkably 

fewer reports are available about the modeling of the growth [21-23]. This thesis 

introduces the first empirical model for the selective epitaxial growth of SiGe layers 

in a reduced pressure chemical vapor deposition (RPCVD) reactor.  The model takes 

into account gas and surface kinetics and reactions for the growth rate and Ge 

composition calculation. Pattern dependency has also been evaluated through the 

modeling of gas consumption in a chip and the interaction between chips on the 

wafer.  The presented model in its current form can be utilized in the manufacturing 

line to predict the pattern dependency and layer profile of CVD deposited layers. It 

is also capable of providing a 2D layer growth simulation for any provided pattern 

(deposition mask). 

SiGe has been also utilized for different sensor applications. For example, SiGe/Si 

multilayer structure has been proposed as an outstanding thermistor material for 

infrared (IR) detection. Since the EU commission is investigating to legislate an 

anti–collision warning system for cars in the near future, research for a cheap 

thermistor material has been boosted. The evaluation parameters for a high 
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performance IR detector consist of high temperature coefficient of resistance (TCR) 

and high signal–to–noise ratio. Chapter 5 of this thesis reviews the existing group 

IV-based thermistor materials and the integration challenges. In this chapter, SiGe 

is presented as a new generation of low cost thermistor materials [24-28]. Today‟s 

materials include VOx, amorphous and polycrystalline semiconductors with TCR 

values in the range of 2%–4% and low/moderate signal–to–noise ratio [29-34]. 

Although the first generation of SiGe thermistor materials, based on multilayer 

quantum wells (MQWs), was presented a few years ago [25], so far none of these 

reports have been able to demonstrate TCR values above 4% as claimed earlier [35]. 

For these structures, high quality SiGe QWs with high Ge content are required to 

obtain high signal–to–noise ratio and high temperature response. However, the 

limited QW thickness due to the critical thickness is an obstacle for having more 

energy quantization levels in the QWs.  

Our solution to this problem was to use Ge multilayer quantum dot (MQD) 

structures for the first time for IR detection. The other proposed solution for the 

growth limitations in this thesis is a MQW based on the strain–controlled 

SiGeC/SiC layers. The main idea is based on the formation of SiGe layers embedded 

in Si through the intermixing of Si into the Ge thin layers (grown by exposing the Si 

surface to GeH4). The intermixing of Si and Ge can be controlled by the growth 

temperature and carbon doping in the Si layer [36]. In this way, high quality SiGe 

layers with high Ge content can be created. The formation of defects in this method 

is not favored since the diffusion of Si into Ge minimizes the lattice strain. Thus, 

growing Ge–delta layers at low temperature embedded in Si1-yCy will be an ideal 

solution which has been applied for the first time to create state of the art SiGe(C) 

QWs for high performance IR detectors. 
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1. Introduction 

Rapid scaling of complementary metal–oxide–semiconductor (CMOS) technology 

during the past 45 years has been enhancing the microprocessor performance, 

density and rapid nanotechnology revolution [1,2]. Previously, shrinking the 

transistor dimensions by classic Dennard scaling (i.e. scaling the dimensions by a 

factor (1/k)) was a successful approach to maintain the power density constant. 

However, recently due to material and process limitations, this technology has 

become less influential. Problems such as mobility degradation, threshold voltage 

roll-off, short channel effect (SCE) and high leakage current can be listed as the 

consequence of the classic scaling.  During the recent years, classic scaling has been 

supplanted by application of performance boosters (such as strain and high-k metal 

gate) to overcome these issues. In this chapter, the incorporation of strained–silicon 

materials in MOSFETs to improve the mobility of electron and hole carriers will be 

discussed.  

2. Strain engineering in MOSFETs 

2.1. Mobility in an inversion layer 

Mobility in silicon is proportional to the inverse scattering rate of the carriers with 

lattice phonons and ionized impurities. Generally, the mobility can simply be 

defined as: 

  
  

  
 

where τ is the average time between collisions, q is the electron charge and m* is the 

effective mass of the carriers. However, the mobility concept in the inversion layer of 

MOSFETs is different from the bulk mobility. As it is shown in Figure 2.1, the 

electrons are flowing with the electric field-dependent mobility in the channel of the 

transistor (y direction). As it is illustrated in the figure, the inversion layer 

thickness is not uniform in the x direction along the channel. 

 
Figure 2.1 Schematic view of a nMOSFET 
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In MOSFETs, there are different scattering mechanisms which limit the mobility. 

Due to scattering with phonons (lattice vibrations), the mobility of carriers through 

channel depends on the temperature (T). Because of scattering with ionized 

impurities, it also depends on the doping density. The two-dimensional electric field 

(Ex and Ey) in the inversion layer also affects the carriers‟ mobility. Therefore, the 

mobility in the channel is a complicated subject which is not very easy to deal with. 
 

2.2. Transport in the inversion layer 

The physical explanation behind the transport for holes in bulk Si (or the inversion 

layer) is much more complicated than electrons due to the complexity of the valence 

band. Figure 2.2 illustrates the conduction band minima along six directions in the 

k-space. There are six equivalent ellipsoid p-orbitals in bulk silicon under low field 

which have similar transverse and longitudinal effective masses. Thus, 1/6 of the 

density of electrons in the conduction band is located in each ellipsoid. If the 

electrons move for instance in the x direction, two of the ellipsoids respond with a 

heavy longitudinal effective mass and four others respond with a light transverse 

effective mass. The conductivity effective mass can thus be given by: 

  
   

 

   
  

 

   
  

  

         

The dominant scattering processes in bulk silicon are acoustic phonons, ionized 

impurities and intervalley phonons. Due to low energy of acoustic phonons, 

scattering with these phonons in a valley will only move the electrons around within 

that valley. However, intervalley phonons have enough energy and momentum to 

move electrons from one valley to another. 

 
Figure 2.2 The six degenerate p-orbitals in bulk silicon under low field. 

Nevertheless, the transport in MOSFETs is different from bulk silicon for several 

reasons. Due to the formation of an inversion layer, a potential well is formed near 

the oxide-silicon interface. As a result, the electrons are confined in the quantized 

energy states of the quantum well (see Figure 2.3b). If the confinement applies in 

the x direction, the electrons in the ellipsoids will respond to the quantum 

confinement with the effective mass in the same direction. As it can be seen in 

Figure 2.3a, the two blue ellipsoids are responding with heavy longitudinal effective 

x 

y 

z 
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mass (0.91m0) and they have a set of energy levels in the quantum well (blue dash 

lines in Figure 2.3b). The other four ellipsoids respond to the confinement with their 

transverse effective mass (0.19m0) which means that they are much lighter than the 

electrons in the blue ellipsoids. Therefore, they have much higher energy levels in 

the quantum well than those of the two blue orbitals (primed energy levels in Figure 

2.3b).  

 

 
 

 

Figure 2.3 An illustration of a) six non-degenerate p-orbitals in nMOSFETs and b) the quantized energy 

states formed near the oxide and silicon interface. 

Consequently, the six valleys are no longer equivalent. The lowest energy level 

belongs to blue orbitals. In typical working conditions of nMOSFETs, most of the 

electrons fill the blue valleys because they have the lowest energies. If in a 

MOSFET, x is the confinement direction then the y and z directions are the plane of 

the transistor. Therefore, most of the electrons have their light transverse effective 

mass in that plane. As a result, the electron mobility is higher than bulk silicon in 

this case and can be estimated by using the transverse effective mass (0.19m0).  

Since the six valleys are no longer degenerate, the intersubband scattering is 

suppressed. However, due to high concentration of electrons in the blue valleys, the 

electrons experience enhanced intra subband phonon scattering rate in these 

valleys.  

The other important parameter which complicates the transport in MOSFETs, 

compared to bulk silicon, is the interface roughness between the oxide and the 

channel. This interface is atomically rough, and this leads to an increased scattering 

rate. Under low normal field condition (Ex in Figure 2.1), the mobility is dominated 

by the ionized impurity scattering. By increasing the normal field and attracting 

more inversion electrons, the number of carriers in the channel will suffice to screen 

out the ionized impurity charges. Thus, the dopant scattering becomes less 

important. As normal field increases, lattice scattering which is the interaction 

between electrons and phonons dominates, and drops the mobility modestly. Under 

high normal field, all the carriers are pulled towards the interface and the scattering 

rate dominates by the surface roughness scattering which drops the mobility 

significantly.  
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By considering the 45nm technology node and calculating the effective field from its 

typical profile at VG=1V, Eeff ≈2MV/cm which is a pretty strong field.  It is realized 

that the effective mobility is much lower than bulk silicon. This result had also been 

pointed out by Takagi et al. (see Figure 2.4) [3]. This can be explained by a very high 

surface roughness scattering rate. 

 
Figure 2.4 Electron mobility in the inversion layer at 300 K and 77 K versus effective field as a parameter of 

substrate acceptor concentration [3] 

In each technology generation, according to the classic scaling, the oxide thickness 

must be decreased. In order to prevent SCE, the channel doping concentration must 

be increased. Together, these two processes increase the effective field which in turn 

lowers the mobility. This fact motivated researchers to look for other solutions to 

increase the mobility in MOSFETs. As a result of the efforts put into this field, 

today‟s technology is benefiting from strain engineering. It actually engineers the 

band structure of Si to obtain lighter effective mass or reduced scattering rate 

between valleys and, as a result higher mobility. Another approach to maintain 

scaling roadmap continual mobility enhancement is to fabricate the device channel 

in different orientations. But in this chapter, we only investigate the stress mobility 

enhancement in MOSFETs. 

2.3. Mobility enhancement 

As it is shown in Figure 2.5, strain contribution in mobility enhancement for the 

coming generations is increasing remarkably. There are four different techniques to 

apply strain to the Si channel of MOSFETs which are briefly summarized in this 

chapter.   
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Figure 2.5 Importance of each performance booster in different technology nodes [2] 

2.3.1. Biaxial strain through relaxed SiGe 
The traditional approach for mobility enhancement was to introduce biaxial strain 

to both p- and nMOSFETs by growing strained Si on a relaxed SiGe layer (see 

Figure 2.6 [4]). But similar to any new process, it had integration challenges. 

Although it showed fairly good results for nMOSFETs, it could not maintain the 

improvement for hole mobility specially at large electric fields [5]. The latter 

drawback significantly dropped the manufacturers‟ interest in this approach for 

further transistor scaling.  

In pMOSFETs, as the stress applied to the channel increases (i.e. increasing the Ge 

content in Si1-xGex), the mobility improves linearly.  As shown in Figure 2.7, Strain 

induced band/subband energy shift, band warping and repopulation are the main 

reasons of this linear improvement [6]. The deteriorated mobility of hole carriers 

under high electric fields relates to the reduced separation between the light and 

heavy hole-like bands which increases the scattering rate. 

 
Figure 2.6 Traditional approach to introduce biaxial tensile strain. 

However, the mechanism of electron mobility enhancement using biaxial strain is 

through splitting the six degenerate valleys. Under biaxial stress, the six degenerate 
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valleys split into two-fold and four-fold degenerate valleys. The two-fold low energy 

degenerate valleys respond with light transverse effective mass in the channel 

direction. The four-fold valleys have high energy which makes them less populated. 

As strain increases, the electrons experience additional repopulation of two-fold 

valleys and additional reduction in the intervalley scattering. 

 

Figure 2.7 Valence band changes under uniaxial compressive strain in pMOSFETs 

2.3.2. Uniaxial strain using embedded Si1-xGex and Si1-yCy 
Facing near zero hole mobility enhancement for pMOSFETs using biaxial stress on 

one hand, and the strong improvement of uniaxial strain for pMOSFETs on the 

other, attracted attention towards integrating uniaxial strain for these devices.  

 
Figure 2.8 Application of uniaxial stressors for p- and nMOSFETs 

Selective epitaxial growth of S1-xGex or Si1-yCy (Si:C) are two well-known processes to 

introduce uniaxial strain to the channel region. The grown layer in recessed source 

and drain of MOSFET has different lattice constant compared to the Si substrate. 

This mismatch of the lattice constants stresses the grown material biaxially and the 

channel uniaxially. This leads to mobility enhancement in the channel of the device. 
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Epitaxially grown SiGe or Si:C alloys are the typical stressor materials which have 

been integrated for this process (see Figure 2.8 [4]).  

The longitudinal uniaxial compressive strain generates a remarkable lower in-plane 

conductivity effective mass compared to biaxial stress. By increasing the strain 

level, large energy band shift plays the important role in decreasing the intervalley 

scattering rate. In nMOSFET, the mobility enhancement mechanism of uniaxial 

strain is similar to that of biaxial strain.   

2.3.3. Compressive and tensile stress liners 
In this technique, the stress is introduced to the channel by deposition of nitride 

layers (stress liners) over the transistors‟ gate (as shown in Figure 2.9 [4]). The 

advantage of this technique is that this process is applicable for both n- and 

pMOSFETs. Therefore, these layers are also referred to as dual stress liners (DSL) 

and can be implemented after formation of the transistor structure. A brief 

description of the process flow is as follows: first, a compressive liner is deposited on 

the wafer which is removed selectively from the NMOS region. Then, the same 

process repeats for NMOS region but with a tensile stressor. The stress liners and 

embedded SiGe in the S/D can be integrated in the fabrication line to benefit from 

both techniques.  

 
Figure 2.9 Application of stress liners for mobility enhancement in MOSFETs. 

2.3.4. Stress memorization technique 
This technique can generate additional tensile stress to the channel of nMOSFETs. 

This can simply be done by deposition of a stressed dielectric and subsequent 

thermal annealing. In the stress memorization technique, a highly tensile-stressed 

nitride layer is deposited selectively on the gate and will be removed after some 

annealing treatment steps. Basically, this nitride layer acts in a way that even after 

removal, the strain becomes locked in the polycrystalline gate. Thus, it continues to 

hold the channel under stress. That is why the silicon is said to have “memorized” 

the stress state.  
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3. Summary 

In this chapter, strain effects on Si band structure, carrier mobility, effective mass 

and scattering mechanism were discussed. Strain can be introduced to the channel 

either uniaxially or biaxially. Uniaxial stress can be introduced by using embedded 

SiGe/SiC, dual stress liners or stress memorization technique. The results show that 

uniaxial tension/compression is the most promising configuration of n/pMOSFETs 

for operating under a high stress level. Biaxial stress is exerted by using a relaxed 

SiGe as the substrate for the strained Si channel layer.  
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1. Introduction 

A brief scope of different processing steps for manufacturing advanced CMOS and 

IR detectors are presented in this chapter. A focus has been made on epitaxy and 

lithography techniques.    

2. Epitaxy 

The epitaxial growth means that the bonding symmetry and periodicity of the 

substrate are replicated in the grown layer. Since any interruption of symmetry 

increases the potential energy of a crystal, epitaxial growth is energetically 

favorable and occurs spontaneously under certain conditions. CVD epitaxial growth 

consists of a number of process steps as are shown in Figure 3.1. 

 
Figure 3.1 Schematic view of CVD process. 

The gas precursors of the elements to be deposited are carried by an inert carrier 

gas (usually H2). The gas molecules diffuse from the gas phase to the surface and 

adsorb on the surface. After being adsorbed, the species may diffuse to the surface, 

dissociate, incorporate, form nuclei on the surface or desorb to the gas phase. 

Additional phenomena can also occur; such as inter–diffusion (diffusion from surface 

to bulk) and segregation (diffusion from bulk to surface).  

There are some major advantages of epitaxial growth compared to other techniques 

e.g. implantation or dopant diffusion. Not only, an abrupt doping profile with low 

defect density can be obtained, but also, epitaxy growth can be performed at low 

temperatures, which solves the out–diffusion problems. 

There are epitaxy techniques such as molecular beam epitaxy (MBE) and pulsed 

laser deposition (PLD) which can only be used in research applications due to its low 

production rate. For industrial applications, however, chemical vapor deposition 

(CVD) has become the preferred technology. In this field reduced pressure CVD 

(RPCVD) provides a good trade–off between quality of the grown layer and 

deposition rate. By appropriate adjustment of the growth parameters, deposition 
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will only occur on selected Si areas of the patterned substrates. This operation is 

referred to as selective epitaxial growth (SEG). Otherwise, the normal operation is 

deposition on both oxide and Si areas which is so–called non–selective epitaxial 

growth (NSEG).  

2.1. Non-selective & Selective Epitaxial Growth 

As mentioned above, non–selective epitaxial growth (NSEG) is a deposition process 

where a film is deposited all over the whole substrate (see Figure 3.2b), independent 

of the fact that the exposed areas are single–crystalline, polycrystalline, or 

amorphous (e.g. oxide). However, the deposited film will only be single–crystalline if 

the exposed area has a single–crystalline structure, the deposition temperature is 

sufficiently high and the dopant concentration is not extremely high. 

The polycrystalline film can be deposited on the oxide surface by using hydrogen–

based Si sources. Furthermore, the thickness of the deposited single and 

polycrystalline films are not generally equal. For films deposited at higher pressure 

(usually higher than 30 torr), the polycrystalline film is normally significantly 

thicker than the single–crystalline film. However, by lowering the growth pressure 

the polycrystalline layer thickness becomes thinner and the difference vanishes 

totally at 20 torr. 

Selective epitaxial growth (SEG) of Si or SiGe is a deposition process where the 

layer will only be deposited on exposed crystalline areas and not on oxide (or nitride) 

(see Figure 3.2c). This type of growth can be obtained by introducing HCl to the 

process gases in order to suppress the formation of nucleation sites on the oxide. 

However, the presence of HCl will also cause a low deposition rate for the single–

crystalline silicon, thus it is preferable to apply high growth temperatures. 

Nevertheless, high temperature SEG results in defect–rich layers. 

 
Figure 3.2 Schematic illustration of different deposition modes in a RPCVD reactor where (a) represents 

initial substrate before deposition, (b) represents substrate after a non-selective deposition, and (c) after a 

selective epitaxy growth. 

Another problem regarding selective epitaxy is facet formation in the circumference 

of the oxide openings. These facets for Si substrate are (311) oriented and appear at 

early stage after deposition of few monolayer. During the epitaxy, the silicon atoms 

on the (311) planes have a longer diffusion length compared to atoms on (100) planes 

in the middle of the oxide openings. Consequently, the flow of atoms from the edges 
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towards the central part is established. Applying low temperature epitaxy causes a 

larger pile-up at the edges (especially in case of SiGe). Thus, a compromise growth 

temperature has to be taken to reduce the pile–up and achieve high quality 

material.  

3. Lithography 

3.1. Mask aligner, i-line and g-line stepper 

The XLS 7500/2145 i-line stepper, DSW 8500/2035 g-line stepper and Mask aligner 

MA6/BA6 Karl Suss have been used to define different patterns employed in this 

work on the photoresist. This was achieved by exposing a thin polymer (i.e., 

photoresist) through a mask which has been designed for each individual project. 

The line width is defined by the exposure tool. A line width of 1 µm is routinely 

obtained by mask aligners, and i-line and g-line steppers offer line widths of down to 

0.5 µm and an alignment accuracy of 90 nm.  

3.2. Hole colloidal lithography (HCL) 

Hole colloidal lithography (HCL) was used to fabricate the submicron pattern while 

the available projection lithography instruments were not able to achieve this goal. 

Uniformity all over the wafer and cheap process can be listed as the advantages of 

this lithography technique for creating nano–structures. The schematic view of HCL 

lithography is shown in Figure 3.3. In this figure, layers in yellow, orange and green 

are 12nm Ni, 50 nm SiO2 and 15nm gold, respectively. Blue dots are polystyrene 

spheres which are removed by tape (see Figure 3.3c).  

 
Figure 3.3 Schematic view of HCL process; a) spinning PMMA and spreading molecules on the oxide mask 

surface, b) Gold deposition on the surface, c) removing the molecules and the gold cover upon by tape and d) dry 

etch of the oxide mask through the openings. 

4. Processing steps 

In this section, a brief description of the process flow for manufacturing infrared (IR) 

detectors is presented. A reliable cleaning procedure is used in order to gain a high 

quality epitaxial layer because this process is very sensitive to contaminations. For 

ex–situ chemical cleaning, an oxidizing step in a mixture of H2SO4 and H2O2 

(2.5L:1L) at 120°C for 5 min followed by 5% HF-dip for 10 sec is applied. Here in 
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between each step of cleaning, the wafers were rinsed for five minutes in N2 bubbled 

DI H2O. Finally the wafers are rinse–dried and inserted into the load locks. The in–
situ cleaning consists of a 2 min bake at 1050°C in H2 for blanket wafers and 5-20 

min bake at 900–950°C for patterned substrates. 

The thermistor materials, SiGe(C)/SiC stack, for IR detection were grown by RPCVD 

at 20 torr. The SiGe layer profiles are calibrated by using high-resolution x-ray 

diffraction (HRXRD). The growth parameters were optimized carefully to obtain 

high epitaxial quality with smooth/abrupt interface SiGe(C)/Si(C) multilayer 

structures. In these structures, two spacer layers are grown to avoid any auto–

doping or thermal diffusion from the highly boron–doped contact layers to the active 

region of the detectors. The pixels were fabricated by optical lithography (see Figure 

3.4b) and dry etching (see Figure 3.4c & 3.4d) with different shapes (squares and 

circles) and areas (200×200, 140×140, 100×100, 70×70, 50×50 and 25×25 µm2). To 

form the pixels, CF4, HBr, and Cl2 gases were used to etch photoresist resolved 

areas (see Figure 3.4c). 

 
Figure 3.4 Device fabrication process flow: a) Deposition of epitaxial layers on cleaned Si wafers by RPCVD; 

b) Lithography; c) Dry etching of the mesa; d) Photoresist removal; e) Deposition of SiO2 insulation layer; f) 

Lithography and dry etching of the contact; g) Ni silicidation and metal deposition; h) Lithography and dry 

etching of the contact pads; i) schematic illustration of where probes connect to the pads. 
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The standard oxide surface passivation (100nm SiO2) is used as the 

thermal/electrical insulation layer of the device (see Figure 3.4e). This oxide layer 

isolates the contacts electrically and decreases the heat loss of the devices. The 

contact openings are fabricated using the second optical lithography and a dry 

etching step using CHF3, CF4 and Ar gases by reactive ion etching (RIE) (see Figure 

3.4f). The Ni salicidation step was performed at 450 °C followed by TiW/Al 

metallization (see Figure 3.4g, 3.4h & 3.5). The metallization or Ni silicidation for 

the pixels have been performed on the highly B–doped top and bottom layers. 

Formal gas annealing is the final step of the process flow (H2 anneal at 450C for 

30min). 

 
Figure 3.5 Final view of the device 

For the modeling of the selective epitaxy growth of Si and SiGe, chips with different 

patterns were fabricated on the oxide mask. The exposed silicon coverage of these 

chips ranged from 0.01 to 37 % made from openings with different shapes and 

densities. The oxide openings in the pattern were formed by dry etching of the oxide 

mask of the wafers (100 to 400nm) using CHF3, CF4 and Ar gases. To form recessed 

openings CF4, HBr, and Cl2 gases were used to etch Si through the oxide mask. The 

epi–layers were grown at 625-725°C in the ASM 2000 RPCVD reactor with total 

pressure of 10–40 torr. Dichlorosilane (SiH2Cl2), 10% germane (GeH4), 1% 

methylsilane (CH3SiH3) and 1% diborane (B2H6) in H2 were used as Si, Ge, C and B 

precursors, respectively. 
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1. Introduction 

SiGe epitaxy growth has attracted attention in both micro– [1-3] and opto–

electronics due to its low cost and feasibility. Achieving a very high quality epitaxial 

SiGe is crucial for CMOS application. Tremendous experimental results have been 

presented on the growth and integration of SiGe layers for different applications, 

meanwhile, remarkably fewer reports are available about the modeling of the 

growth [4-6]. This point is highlighted when selective epitaxial growth (SEG) faces 

pattern dependency in which the SiGe layer profile is affected by the pattern layout 

[7-14]. During recent years, various methods have been proposed to decrease the 

pattern dependency in SEG of SiGe layers but an effective method which completely 

eliminates this problem has not yet been presented [14]. 

Bodnar et al. [7] suggested that increasing the HCl partial pressure can improve the 

uniformity of the growth. According to his group, the growth rate is dependent on 

the size of the opening. Figure 4.1 demonstrates that the Si deposition rate is 

independent of the window size. However, the SiGe growth rate without HCl 

increases strongly with decreasing the exposed window areas. This non–uniformity 

can be minimized by adding HCl to the gas mixture. 

 
Figure 4.1 Variation in SiGe growth rate at 750 °C on 80% oxide covered wafers, as a function of exposed 

area. Gas conditions: (Ge/Si)g=0.0125, HCl=0, 50, and 100sccm for SiGe growth and DCS=200 sccm for Si [7]. 

Another report [8] stated that the “pattern sensitivity” decreases as the pressure 

reduces. They have attributed this behavior to the longer diffusion lengths of the 

incoming molecules at lower pressures (see Figure 4.2).  For this experiment, a chip 

composed of 216×250 openings of 3×18 μm2 had been used. Position 1 was measured 

on the opening at the chip edge (close to unpatterned oxide), whereas, position 5 was 

located at the chip center.  
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Figure 4.2 Normalized deposition rate at different pressures. SiH2Cl2 mole fraction=10-3; HCl mole 

fraction=10-3. (a) Constant GeH4 mole fraction=1.3× 10-5. (b) GeH4 mole fractions were varied to obtain 

approximately constant Ge content in large area; GeH4 mole fractions: 9×10-6 (80 Torr); 1.5× 10-5 (40 Torr); 2.6 × 

10-5 (20 Torr); 4.9× 10-5 (10 Torr) [8]. 

 

Loo et al. [11] suggested the combination of low growth pressure (10 torr) and high 

H2 carrier gas (40 slm) to tackle the pattern dependency problem. However, high H2 

flux makes it difficult to grow SiGe layers with either high Ge content or high 

doping level. Subsequent publications from various groups manifested these 

conclusions [15-21]. 

This chapter introduces an empirical model for the selective epitaxial growth of SiGe 

layers in a reduced pressure chemical vapor deposition (RPCVD) reactor. The model 

takes into account gas and surface kinetics and reactions for the growth rate and Ge 

composition calculation. Pattern dependency has also been evaluated through the 

modeling of gas consumption in a certain chip and the interaction between chips on 

the wafer. Since SEG of SiGe suffers from point defects [22] and relaxation [23] at 

respectively low (<625˚C) and high (>725˚C) temperatures, the model is developed 

for the temperature range between 625 and 725˚C.  

2. Experimental Details 

 The epitaxial layers were grown on blanket or patterned Si(100) substrates in an 

ASM Epsilon 2000 RPCVD reactor at different temperatures and pressures. 

Dichlorosilane (SiH2Cl2) and 10% germane (GeH4) in H2 were used as Si and Ge 

sources, respectively. HCl was utilized as the etchant to obtain selectivity during the 

epitaxy. In order to verify the model, different partial pressures of SiH2Cl2 (PDCS), 

GeH4 (PGeH4) and HCl (PHCl) were applied while 150nm oxide layer was used as the 

mask against Si. The hydrogen partial pressure has been considered as an 

important point for the gas kinetics in the reactor. This parameter has been altered 

to achieve different partial pressures of the precursors. 

The substitutional Ge content and the thickness of SiGe layers were measured 

directly by high resolution x–ray diffraction (HRXRD) for the blanket wafers. For 
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the measurements on the pattern substrates, the x–ray beam was focused on arrays 

of openings with the same size. In order to obtain adequate beam intensity, a mirror 

was applied in the primary optics and long acquisitions were performed to generate 

high quality rocking curves. Nevertheless, no thickness fringes were observed in the 

rocking curves to estimate the layer thickness in the small openings. The Ge content 

was obtained from simulation of the rocking curves using the Takagi–Taupin 

equations. Atomic force microscopy (AFM) and cross–sectional high resolution 

scanning electron microscopy (HRSEM) were employed to measure the layer 

thickness of the grown SiGe layers inside the oxide openings.  

In this study, the PHOENICS-CVD simulation program has been used to determine 

the gas kinetics in the CVD chambers for different total pressures (10, 20 and 40 

torr) and temperature distribution during epitaxy. The simulation provided 

essential information about the gas boundaries, which is a very important 

parameter for the modeling of the epitaxy process.   

3. Results 

3.1. Theory of selective epitaxy growth of SiGe layers 

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

theory assuming a laminar gas flow over the wafer. Figure 4.3 illustrates a 

schematic view of the gas kinetics. 

 

 
Figure 4.3 Schematic illustration of how a classical boundary layer is produced from laminar gas stream 

flowing over the wafer in SEG during the CVD process. In this figure, black arrows demonstrate different ways 

through which diffused molecules from the boundary reach the dangling bonds. 

Due to the frictional force between the gas stream and the stationary 

susceptor/substrate, a stagnant boundary layer is established during the gas flow 

(see Figure 4.3). Beyond this boundary layer, the gas is assumed to be well–mixed 

and moving at a constant speed. Gas molecules which have diffused through the gas 

boundary layer, eventually reach the substrate surface. They are attracted towards 

the dangling bonds and are then consumed. The vertical diffusion path of the gas 

molecules was 10–15 mm for the total pressure of 20–40 torr in the ASM Epsilon 

2000 reactor [24]. In the case of a chip with opening arrays, a virtual volume 

(depletion volume) is established as shown in Figure 4.3. The radius of this volume 

above a chip is related to the boundary layer thickness. The migration length of the 

species on the oxide (or nitride) controls this radius on the surface.  
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The gas–phase depletion for the patterned substrate occurs both vertically and 

laterally around a single chip. Inside the chip depletion volume, there are four 

different sources of species which contribute to selective epitaxy growth: 

a) Vertical gas–phase diffusion 

b) Lateral gas–phase diffusion 

c) Surface diffusion from the oxide (or nitride) surrounding the chip 

d) Surface diffusion from the oxide (or nitride) within the chip 

For each of the inlet sources, the identified components contribute to the total 

growth rate (Rtot) in the following expression: 

        
     

      
      

      
     

      
      

     
    

     
     

   (1) 

RV and RLG refer to the incoming SiH2Cl2, GeH4 and HCl molecules in vertical and 

lateral direction (see Figure 4.3). These molecules are drawn toward the dangling 

bonds due to the lower gas pressure at the bottom. The chip openings are actually 

acting like a sinkhole for the coming molecules in the gas–phase. RSS and RSC 

represent the atoms from the dissociated reactant molecules diffusing on the 

insulator surface either surrounding a chip or within a chip. RE is the etch rate of 

the etchant species. 

3.1.1. Temperature distribution 

The kinetics of the gas molecules is dependent on both temperature and growth 

pressure. Therefore, the temperature distribution for an ASM Epsilon 2000 RPCVD 

reactor was simulated using PHOENICS–CVD software at three different growth 

pressures: 10, 20 and 40 torr.  

The main gas transport mechanism through the boundary layer (as shown in Figure 

4.3) is diffusion. During a fast deposition process, the boundary layer will become 

depleted (from gas molecules). The velocity of a well–mixed stream of gas molecules 

(V) is an important factor to predict the boundary layer thickness which has been 

obtained by simulation at those conditions. The boundary layer thickness (δ) as a 

function of the position over the susceptor/substrate (x) is derived from 

δ(x)=A(μx/ρV)1/2 [25] where μ is the gas kinematical viscosity, ρ is the gas density 

and A is a constant. In this equation, several unknown parameters are involved; for 

example, kinematical viscosity and gas velocity are highly dependent on the actual 

gas temperature, which can be significantly different from the susceptor 

temperature. 

In order to simplify the process, hydrogen was considered as the main gas stream 

passing above the susceptor (and wafer). According to the deposition recipe, a 20 slm 

(standard litter per minute) H2 inlet flow was applied. In Epsilon 2000 reactor, 

growth temperature is controlled through the assembly of lamps which heat up the 

susceptor; this heat is then transferred to the flowing gas (650°C). Figure 4.4 

demonstrates the temperature distribution in the flow direction at the center of the 

reactor for 10, 20 and 40 torr total pressures.  
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Figure 4.4 Side view illustration of the temperature profile simulated at a) 40 torr, b) 10 torr and c) cross-

sectional view of the chamber at 20torr. The purple, grey and orange colors represent the inlet, outlet and the 

susceptor areas, respectively. 

It can be observed from the figures that by decreasing the growth pressure, the 

velocity of the gas increases and this affects the temperature distribution inside the 

chamber. Moreover, by decreasing the growth pressure the formed gas boundary 

moves closer to the substrate and subsequently the number of diffusing molecules 

decreases [14]. As it is shown in Figure 4.4c, the temperature deviation is less than 

2% at 1.5 cm above the susceptor which means that using susceptor temperature 

(recipe temperature) as the depletion volume temperature can be a good estimation.  

3.1.2. Gas distribution  

In CVD process, the partial pressure of the reactant gas is adjusted by varying the 

gas flow rates. Since most of the introduced gases flow over the substrate, the gas 

flow which reaches the substrate is not the same as the input value. Therefore, only 

a fraction of the total gas flow diffuses downwards to the dangling bonds (FF in unit 

volume/min)). In this case, for a Si opening in a chip, the following fluxes are 

defined:   

                        
       (2) 

         
  (3) 

where Fs is the gas flow per unit area per min (flux) (see Figure 4.5) on the 

depletion volume of each opening and CP is the concentration of gas species in the 

flux. FF is the real (final) flow reaches to the dangling bonds in the opening. Since 

(c) 
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the radius of the depletion volume in the gas phase and on the oxide surface are 

found to be in mm range [13], spherical estimation is not far from the reality. The 

species concentration as a function of distance from the opening can be obtained by 

combining Eq.2 and Eq.3 which leads to:   

       ∞  
 

 
                         

   
   

 
(4) 

 
Figure 4.5 A schematic sketch of the flux of molecules over an opening in a spherical symmetric 

where    is the specie concentration in the inlet gas. This can be applied to define a 

function for the depletion power of an opening on the coming molecules. It can be 

concluded from Eq. 4 that by moving closer to the openings, the species 

concentration decreases. This reduction, which originates from the opening 

depletion power, is the main reason for the movement of species inside the 

stationary region.  

3.2. Modeling of the SEG of SiGe on non–patterned substrate 

3.2.1. Vertical growth components  

The vertical parameters in eq. 1 are identified with the growth on the blanket wafer 

where no lateral diffusion exists. There are a series of publications about the 

epitaxial growth of SiGe layers using the CVD technique. The Meng Tao approach 

[26] is presented here as a basis for the upcoming model regarding the growth rate 

in SEG of SiGe. In Tao‟s model, the impinging reactant molecules on the Si surface 

are incorporated to the dangling bonds. By applying the Maxwell distribution 

function in unit time, the number of the reactant molecules ( d ) which interact with 

a unit area of the substrate with kinetic energy between EK and EK + dEK can be 

thus estimated: 

        
 

       
 
 
          

  
   

     (5) 

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

mR is the mass of a reactant molecule. Integrating the formula from EA (deposition 

activation energy) to + ∞, the number of the activated reactant molecules which 

strike a unit area of the substrate in a unit time is given by: 

  
  

         
 
 

             
  
   

  (6) 
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The deposition of Si layers on a Si surface is notably the simplest case of epitaxial 

growth. The main contributing specie in this case is dichlorosilelyne (SiCl2) which 

has a unity sticking coefficient on the dangling bonds according to the previous 

reports [5]. The growth rate for Si deposition can be calculated as follows: 

  
 

  
  

                  

  

        

               
 
 

 
        
   

        
        
   

  (7) 

 where β, θ, P, m, N0 and E are respectively: unit–less tooling factor, surface 

coverage of hydrogen or chlorine, partial pressure of DCS, molecular mass of DCS, 

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

which is required for deposition. The constant β is considered as a tooling factor 

which is reactor– and gas–dependant. This constant must be calibrated for each 

CVD reactor. 

At temperatures lower than 900 °C, a high percentage of surface sites are blocked by 

Cl(s) and H(s); whereas at temperatures above 900 °C almost all sites become 

available [27]. Hydrogen desorbs at a much lower temperature than does chlorine; 

this explains the smaller growth rates achieved in chlorine–based Si epitaxy 

compared to that of hydrogen.  

The surface coverage temperature dependency of an adsorbed gas can be obtained 

through the Langmuir isotherm. For Si deposition, the dominant reactions occur 

through a series of Cl dissociation but ultimately the following chemical reactions 

and adsorption can be written: 

SiH2Cl2(g)+_→ SiCl2  + H2(g) (R1) 

SiCl2+_→ SiCl  + Cl (R2) 

The Langmuir isotherm for an equilibrium case can be written as: 

     
   
 

        
 
 (8) 

where B is the reaction constant and P is DCS partial pressure. However, epitaxy is 

a non–equilibrium process on account of which the above expression must be thus 

modified: 

    
 

             
 (9) 

This expression provides the chlorine coverage on the Si surface for different 

temperatures during the growth of Si from the DCS source. According to previous 

reports in the temperature range used for SEG of SiGe layers (600–725˚C), hydrogen 

occupies less than 5% of the surface sites. This value (   = 5%) has been applied to 

the whole deposition range in the model [27].  

3.2.2. HCl–etching of silicon  

HCl has been used as the Si etchant in two applications; in SEG to obtain selectivity 

against oxide (or nitride) and in the direct etch of exposed Si materials [28]. The 

latter application is called chemical vapor etch (CVE), and has been used in 

combination with SEG of B–doped Si1-xGex (or As–doped Si1-yCy) to form recessed 
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junctions [29]. The primary benefit of HCl CVE is avoidance of complex defects 

which are normally introduced during RF–plasma etching techniques [30]. 

The presence of HCl molecules during SEG is necessary to remove formed nuclei on 

the oxide (or nitride) surface. At the same time, HCl etches away part of the 

deposited Si material in the exposed Si areas. Presence of this gas has also a strong 

effect on the layer profile and defect density of the epitaxial layers.   

Previous studies have demonstrated that HCl CVE is anisotropic and results in 

formation of (311) and (111) facets [31]. For process temperatures less than 800°C, 

rough surfaces with etch–pits are obtained. When the temperature exceeds 1000°C, 

the SiO2 mask is damaged. A temperature range of 850–950°C is found to result in 

the most reliable etch process.  

Figure 4.6 illustrates the Arrhenius plots of the Si etch process on blanket samples 

at HCl partial pressures of 50, 100 and 200 mtorr. The thickness of etched Si in 

these samples was determined from the weight difference of the wafer pre– to post–

etch. The etching is characterized by a mass–controlled regime from 900 to 1000°C 

with a small dependence on temperature.  

 
Figure 4.6 Etch rate of silicon as a function of the reciprocal temperature for three different HCl partial 

pressures. 

For lower temperatures, the etching is reaction–controlled showing the activation 

energy of 67 Kcal/mol. This value corresponds to the Si–Cl bond energy [32]. The 

minor variations in the slope for 1000/T > 0.92 K-1 (<~800 C) are due to 

uncertainties in the thickness estimation technique. 

3.2.3. HCl–etching during selective epitaxy growth  

The etch rate during selective epitaxy of Si is defined from the following general 

equation:  
Etch rate (HCl) = Growth rate (DCS) – Growth rate (DCS+HCl) (10) 

Figure 4.7 shows the growth rate of silicon, and demonstrates two well–known 

regimes in CVD.  At low temperatures, epitaxy is limited by kinetic reactions, while 

at high temperatures, deposition is controlled by mass transfer of the reactant 

species to the surface. Since the growth of SiGe layers for recessed S/D application is 



M. Kolahdouz 2011 

 

32 

 

limited to low temperatures to avoid strain relaxation, only the kinetic–controlled 

regime is highlighted in this work.  

 
Figure 4.7 Silicon growth rate in the absence and presence of different HCl inlet flows at different 

temperatures. DCS partial pressure is 60 mtorr. 

Figure 4.8 illustrates the etch rate of silicon during silicon epitaxy for HCl partial 

pressures between 20–60 mtorr. This data is extracted using eq. 10. In this figure, 

the curves are parallel to each other, and their slope indicates the activation energy 

of 37.5 Kcal/mol. This value is between the 22 and 44 Kcal/mol needed to break one 

and two Si–Si bonds [33]. The value is notably lower than the energy required for 

breaking three bonds of Si atoms at a crystalline site. This proves that compared to 

bulk Si atoms, Cl is able to remove adsorbed Si atoms (before they become 

incorporated in the Si lattice) more easily. 

 
Figure 4.8 HCl etch rate vs. temperature during Si epitaxy for different HCl partial pressures. DCS partial 

pressure is 120 mtorr. 

The growth rate equation for Si deposition in presence of HCl is given by: 
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(12) 

where γ is another unit–less constant which includes the gas properties and gas 

distribution in a CVD chamber. The HCl etching of Cl atoms can happen through 

adsorption to Si or SiCl which removes the     parameter from the pre–exponential 

of the etch part of eq.11. Experimental results show that the dependency of etch rate 

on PHCl is actually not linear.  Instead, a sublinear relationship (PHCl
0.596) is 

observed. This discrepancy is caused by the migration of Cl atoms on the Si surface. 

 For the SEG of SiGe layers, GeH4 precursor has been added to the reactant gases. 

In this case, eq.1 changes as follows: 
      

     
    

  (13) 

The presence of Ge atoms on the surface enhances the growth rate for two reasons; 

first, they require lower activation energy for deposition than do Si (0.61 eV for Ge 

compared to 2.08 eV for Si); and second, the desorption energy of other species (e.g. 

H and Cl) from these atoms is also lower than Si which makes them favorable 

desorption sites for undesired atoms on the surface. Thus, Si atom binding becomes 

easier in the presence of Ge atoms. This can emerge through the coefficient “m” in 

the total growth rate equation. 

Therefore, eq.13 can be modified for SiGe growth in presence of HCl as: 

         
        

        
    

        
        

         
    

  (14) 

where m is called the substitution coefficient. Theory must now be added in the form 

of effective reaction rate constants. In this way growth rates are related to chemical 

reaction kinetics: 

    
                  

  

     

               
 
 

 
             

   
        

              

   
  

  
                       

  

     

            
 
 

 
          

   
        

          

   
  

 
           

  

    
     

           
 
 

 
        

   
        

        

   
  

(15) 

where χ is a unit–less constant which is dependent on the gas properties. The m 

coefficient is suggested to be the number of silyl groups which have been substituted 

for hydrogen atoms in germane molecules by a chemical gas reaction (0 ≤ m ≤ 4). In 

the range 600°C≤ T ≤725°C, it is reported [34] that the deposition degree of 

germane–hydrogen substitution is fixed by m = 2. 

Using eq. 10, it is also possible to determine etch rates during SiGe epitaxy. In 

Figure 4.9, the activation energy has been calculated from Arrhenius curves of 

experimental data for various Ge partial pressures. The curve reveals that the 
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activation energy decreases with increasing Ge partial pressure. This behavior can 

be explained by the effect of strain which weakens the atomic bonds.  

 
Figure 4.9 Variation of the activation energy for different Ge partial pressures. 

Since the SiGe layers contain a compressive strain, the bonding energy becomes 

weaker. As a result, the activation energy of the etching will decrease by increasing 

the Ge content (or strain). The experimental data demonstrate the following 

expression for etching activation energy: 

                        
             (16) 

where Ea,Etching(Si) is the etching activation energy. The practical minimum value for 

this activation energy in this temperature regime (>600˚C) is 7 Kcal/mol [35] which 

is the required energy to etch the bulk Ge. The dependency of activation energy on 

Ge content has been confirmed by the previous reports [35]. Meanwhile there is a 

discrepancy between the extracted value in this study with the reported value in 

reference [35]. This difference in activation energies is explained by the fact that the 

required energy to etch the bulk SiGe (after epitaxy) and a SiGe bond on the surface 

during the epitaxy are very different. Although an increase in the etch rate is 

observed in SiGe epitaxy, its growth rate is still higher compared to that of Si.  

The Ge content in SiGe layers is also an important factor which is obtained from the 

flux/partial pressure ratio between Ge and Si [36] as shown in the following 

equation: 

  

   
   

               

              
  

(17) 

where x is the Ge content. λ is a reaction fraction of Cl which indicates the 

interaction amount of Cl with Si ((1–λ) with Ge). In the presence of HCl during 

selective epitaxy, Cl atoms preferably remove Si atoms rather than Ge ones. This 

parameter (λ) is in a range between 0.9 and 1 depending on the HCl amount during 

epitaxy.  The results of this study show that λ is close to 1 when the partial pressure 

of HCl is low (less than the Si source) and close to 0.9 for high HCl amount. α is the 

result of adsorption and desorption of the main species involved in the deposition: 
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(18) 

The adsorption energy difference in eq.18 (Ea,SiCl2–Ea,GeH2) is about 0.1eV [37] and 

the desorption energy difference is 0.48 eV [38]. Thus, the overall activation energy 

is estimated to 0.58 eV which is close to the extracted energy (0.697 eV) in this 

study. 

3.3. Modeling of the SEG on the fully–patterned substrate 

3.3.1. Pattern dependency of selective SiGe epitaxial growth  

The selective epitaxy growth (SEG) of Si and Si–based group IV materials is very 

attractive especially for MOSFET application. The main issue for SEG arises when a 

non–uniform patterned wafer is used as the substrate. It is so–called the “pattern 

dependency” of the growth which causes a variation of the layer profile (growth rate, 

composition and doping concentration) in chips either on the same wafer (local 

effect) or different wafers (global effect). This is related to the difference in the 

layout and architecture of the wafers. The layout concerns size, shape, and density 

of the openings over a chip, whereas the wafer architecture refers to the isolation 

material (SiO2 or nitride) and its thickness.    

As discussed earlier in this chapter, many reports have proposed methods to 

improve the layer profile uniformity over the wafer but so far there is no remedy to 

completely eliminate this issue. Recently it has been reported that a better 

illustration for pattern dependency of the layout is the chip exposed Si coverage (not 

the size of the openings) [15,16]. 

3.3.2. The influence of opening size or Si coverage of the chips  

Gas depletion theory indicates that chip exposed Si coverage has a direct relation 

with the amount of gas consumption over a chip. Even if two chips on a wafer have 

openings with different densities and sizes, they should have a similar layer profile 

if they have the same area of exposed silicon. In other word, similar exposed Si 

coverage of two chips with the same size can be written as: 

   

 

   

    

 

   

 
where n and m are the number of 

the openings in chips with opening 

areas (shapes) ai and bj  

In this part of the study, the geometry and the density of chip openings were 

changed, but the Si coverage of the chip was kept constant. Wafers were processed 

using a mask design containing three pairs of chips with identical coverage (0.83, 

2.8 and 8.2 %) but different geometry (see Figure 4.10).  

Each chip pair (A and G, B and F, C and E) has one chip with quadratic openings 

(22 μm2) and one chip with rectangular openings (14 μm2). Epitaxy growth was 

performed at a total pressure of 20 torr with partial pressure of 60mtorr for SiH2Cl2, 

20mtorr for HCl and 0.9mtorr for GeH4. Thickness and Ge content results on these 
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chips are summarized in Table I. In this table, chips with similar Si coverage show 

the same Ge content and thickness regardless of geometry.  

 

 
Figure 4.10 Mask design to study the effect of exposed Si coverage of the chip 

 

TABLE I. DEPENDENCY OF THE LAYER PROFILE OF INTRINSIC SIGE ON CHIP COVERAGE 

(ALL OF THE CHIPS ARE ON THE SAME WAFER) 

Chip Geometry 
Coverage 

(%) 
Composition (%) Growth rate (Å/min) 

A 22 µm2-20 μm 
0.83 

26.08 95 

G 14 µm2-19.5 μm 26.16 96 

B 22 µm2-10 μm 
2.8 

24.33 60 

F 14 µm2-9.5 μm 24.32 63 

C 22 µm2-5 μm 
8.2 

22.23 33 

E 14 µm2-4.5 μm 22.2 32 

 

B incorporation into SiGe is mainly controlled by strain (Ge content) and epitaxial 

growth rate [39]. B concentration can be maximized by decreasing the growth rate 

and increasing the Ge content of the layer.  

In this study, if the SiGe layers are doped with boron, the amount of incorporated B 

in SiGe should correlate to the exposed Si coverage of the chip. Values for 

substitutional B concentration were obtained from the shift of the rocking curve 

layer peak position of intrinsic and doped layers in x–ray results.  

The results from wafers with B–doping are summarized in Table II. As predicted, 

chip pairs with the same exposed Si area show the same Ge%, growth rate, and B 

concentration.  
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TABLE II. DEPENDENCY OF THE LAYER PROFILE OF DOPED SIGE ON CHIP COVERAGE. 

ALL OF THE CHIPS ARE ON THE SAME WAFER 

Chip Geometry Coverage (%) 
Composition 

(%) 

Growth rate 

(Å/min) 
Active B conc.(cm-3) 

A 22 µm2-20 μm 
0.83 

22.5 144 2.381020 

G 14 µm2-19.5 μm 22.5 144 2.421020 

B 22 µm2-10 μm 
2.8 

21 102 2.21020 

F 14 µm2-9.5 μm 21 102 2.21020 

C 22 µm2-5 μm 
8.2 

19.4 73 1.881020 

E 14 µm2-4.5 μm 19.3 73 1.921020 

 

The other factor from gas depletion theory that impacts SiGe growth is the diffusion 

term. This term is related to how the gas flows and forms boundaries over the wafer 

and the number of molecules available over the chip which is not derived exactly 

from the partial pressure in the chamber. These factors are determined by growth 

pressure during epitaxy. 

 

 
 

To examine the impact of diffusion, three samples were processed using a mask 

design (mask (A) in Figure 4.11) which creates nine chips on a wafer (5×5 mm2), 

where each chip contains only one size Si opening. The openings in the chips are 

either 11, 22, 44, 88, 1010, 2020, 4040, 8080, or 160160 µm2 and openings 

within each chip are spaced 100 µm apart. This mask design creates chips with a 

wide range of exposed Si coverage that vary between 0.01% and 37.95%. In this test, 

total pressure was varied from 10 to 40 torr and SiGe layers were deposited with the 

same dichlorosilane (SiH2Cl2) and germane (GeH4) partial pressure on all wafers. 

This was performed by compensating the flux of precursors for each total pressure 

where the carrier gas flow (H2) was kept constant. Both the Ge content and the 

growth rate were measured and compared as shown in Figures 4.12a and 4.12b. 

Figure 4.11 Wafer pattern designs used in this study 
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There are some missing data in the Figure 4.12b on the sample grown at 40 torr due 

to strain relaxation. 

 

 
Figure 4.12 a) Growth rate and b) Ge content of intrinsic SiGe selective epitaxy at 650 °C vs. the exposed Si 

coverage for different total growth pressures but similar precursor partial pressures. (The applied PDCS, PHCl and 

PGeH4 are 60, 20 and 0.9 mtorr, respectively). 

The three curves in Figure 4.12a demonstrate that the growth rate increases with 

increasing growth pressure. For example, for the chip with 1% Si coverage 

(containing opening sizes of 10×10 µm2) growth rate values of 50, 160 and 350 Å/min 

were measured at 10, 20 and 40 torr, respectively. Lowering the pressure leads to 

slower growth rate because of the relationship between pressure, gas velocity, 

depletion volume, and the number of molecules diffusing to the wafer surface. By 

decreasing the growth pressure, the velocity of the gas increases, the formed gas 

boundary moves closer to the substrate, and the depletion volume becomes smaller. 

This reduces the number of diffusing molecules.  

The curves in Figures 4.12a and 4.12b have two distinguishable regions: a linear 

region where growth rate and Ge content increase with decreasing exposed Si 

coverage, and a saturation region where the layer profile is constant. The saturation 

region shifts to smaller exposed Si coverage for higher growth pressures. For 

instance, saturation at 20 torr occurs for chips with exposed silicon coverage below 

1%, while at 40 torr, it occurs for chips with exposed silicon coverage below 0.65%. 

0

50

100

150

200

250

300

350

400

450

0.00 0.01 0.10 1.00 10.00 100.00

Exposed Si coverage [%]

G
ro

w
th

 r
a

te
 [

Å
/m

in
]

10 torr

20 torr

40 torr

(A)

15

17

19

21

23

25

27

29

31

0.01 0.10 1.00 10.00 100.00

Exposed Si coverage [%]

G
e

 c
o

n
te

n
t 

[%
]

10 torr

20 torr

40 torr

(B)



Kinetic model of SiGe selective epitaxial growth using RPCVD  

 

39 

 

Depicted saturation region is due to very small gas consumption (small as compared 

to the gas flow). 

3.3.3. Interaction among the chips during epitaxy  

Testing to this point has revolved around the idealized situation where chips are 

isolated from one another. In practice, a patterned wafer contains many close–

packed chips, and the depletion volume of a chip may overlap and interact with 

neighboring chips.   

A test was performed to estimate the interaction radius around a chip versus its 

exposed Si coverage. For this study, a wafer was processed with a 55 mm2 chip in 

the center of the wafer. This center chip had 20% Si coverage and was considered as 

the „trap–chip‟ which depletes reactants from the depletion volume. The center chip 

(trap–chip) was surrounded by test chips on four sides extending towards the wafer 

edge. The surrounding chips had 0.83 % exposed Si coverage (mask (B) in Figure 

4.11). Figure 4.13a and 4.13b show the impact of the center trap chip on growth rate 

and Ge content in the surrounding chips. Growth rate was determined with AFM, 

and Ge content was defined with HRXRD data. In Figure 4.13b, there is no data 

recorded for Ge content at 40 torr due to strain relaxation. 

 
Figure 4.13 Illustration of a) growth rate, and b) composition variation through chips with 20% Si coverage 

trap-chip in the middle and 2×2 μm2 openings with 20μm distance (0.83% exposed Si coverage) in the 

surrounding chips for different growth pressures. 

The curves in Figure 4.13 reveal three distinct regions. Within 12 mm of the trap–

chip, there is a linear increase in growth rate and Ge content as distance from the 

trap–chip increases.  From 12 mm to 40 mm, the growth rate is saturated and does 

not vary with distance.  Finally, towards the wafer edge, growth rate decreases as 

distance from the wafer center increases.   

The first region involves openings which are impacted by the depletion volume of the 

trap–chip. In this volume, a significant part of the gas molecules are consumed by 

the trap–chip and the molecules available for surrounding chips are reduced. When 

the openings are far enough away from the trap–chip, they are not influenced by the 

trap; this corresponds to the second region in this figure. Finally, as the edge of the 

patterned wafer approaches, the susceptor has a chance to deplete reactants. The 

uniformity of the deposition over a blanket wafer was checked and non–uniformity 
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was less than 5%. The distribution of layer profile over this wafer reveals a unique 

picture of the growth and an understanding of pattern dependency of SEG.  

Figure 4.13a indicates that the shape of the growth rate curves does not change with 

decreasing growth pressure, but the width of the linear portion (which determines 

the radius of depletion volume) becomes smaller. An observation on data points in 

Figure 4.13 provides a rough estimation for depletion volume radius. This was 

performed when the relative variation of the growth rate is less than 5% of the 

saturation value. The extracted radii are approximately 10, 12, and 14 mm for 10, 

20 and 40 torr, respectively. These results indicate that the growth kinetics of the 

gas flux over the chips has been changed, and as a result the depletion volume is 

decreased. HRXRD results in Figure 4.13b illustrate similar features to 4.13a. Note 

that the data for Ge content is a mean value over an entire chip. In Figure 4.13b, the 

layers grown at 40 torr were partially relaxed due to the growth above the critical 

thickness and were omitted.  

In follow–up studies, more complicated cases were tested in which a chip can be 

impacted by two or more surrounding chips. On the mask for this study, the exposed 

Si coverages of the surrounding chips (19.75% and 37.85% silicon coverage) were 

larger than the central chip (0.83% silicon coverage). Four cases were studied as 

demonstrated in Figure 4.14.  

 

 

CENTRAL WHITE CHIP (0.83% SILICON COVERAGE). 

 

 

A wafer was patterned such that four independent tests could be conducted 

simultaneously.  Each test pattern was more than 15 mm from the wafer edge and 

from the other test patterns so that results of each pattern can be investigated 

separately. A reference chip is included (see Figure 4.14a) to determine SiGe growth 

when there is no interaction with other features. In all cases, the growth rate and 

Ge content in the central chip were measured. The change of the growth rate in the 

central chip relative to the reference chip is shown in Figure 4.15. These results 

reveal that the effects of chips on the central chip are additive. This means that by 

(D) 

Figure 4.14 Mask design to study the interaction among the chips in a wafer. Surrounding dark blue 

chips (with exposed Si coverage of 37.85% or 19.75%) are located at 5 mm distance from the central chip 

(with 0.83% silicon coverage). 

(A) 

(B) 

(C) 
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knowing the impact of one chip, it is possible to estimate the growth rate in a central 

chip for any number of surrounding chips.  

The above results suggest methods of designing chips with a more uniform layer 

profile. One approach would be to introduce dummy features on chips to maintain 

the same exposed Si coverage over the entire wafer. SIMS squares (160160 µm2) 

would be able to deplete all small openings over the chip and lead to more uniform 

chips over the whole wafer. A second approach would be to calibrate the layer profile 

by using a calibration sample which contains chips with various Si coverages 

(similar to Figures 4.12a and 12b). Data from these calibration samples would 

enable the development of a strategy for chips with complicated layouts (different 

opening sizes). Each chip can be divided into sub–regions where the Si coverage is 

kept constant by modifying the density of the openings. This strategy has to be 

repeated for all the chips of the wafer.   

 
Figure 4.15 Illustration of growth rate reduction compared to the reference opening growth rate on the wafer 

caused by different numbers of surrounding chips.  (The applied PDCS, PHCl and PGeH4 are 60, 20 and 0.9 mtorr, 

respectively) 

3.3.4. Global pattern dependency  

To examine wafer–to–wafer pattern dependency, two different wafers were 

processed. The chips on each wafer had the same exposed Si coverage, but the 

layouts (size and the density of the openings) were different on these wafer. Both 

patterned Si wafers had an oxide thickness of 0.18 μm, and all chips were positioned 

in the way to avoid being impacted by other chips and the susceptor. The results are 

illustrated in Table III. In this table, chips 1, 3 and 5 were located on wafer 1 while 

chips 2, 4, and 6 were located on wafer 2. The layer profile is unchanged for all chip 

pairs with the same exposed Si coverage. It means that our results demonstrate a 

way to control the global pattern dependency by choosing the same chip exposed Si 

coverage.  

The architecture of the samples was studied by evaluating patterned Si wafers with 

oxide thicknesses of 73, 140, 235 and 340 nm. The variation of the layer profile over 

different exposed Si coverages and oxide thicknesses is illustrated in Figures 4.16a 

and 4.16b. 
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TABLE III. DEPENDENCY OF THE LAYER PROFILE OF SIGE ON CHIP EXPOSED SI 

COVERAGE WAS INVESTIGATED ON TWO WAFERS WITH SIMILAR GLOBAL AND LOCAL 

COVERAGES. CHIPS WITH ODD AND EVEN NUMBERS ARE LOCATED ON DIFFERENT WAFERS. 

Chip No. Geometry Coverage Composition (%) Growth rate (Å/min) 

1 22 µm2-20 μm 
0.83 

25.46 112 

2 14 µm2-19.5 μm 25.36 118 

3 22 µm2-10 μm 
2.8 

24.22 94 

4 14 µm2-9.5 μm 24.16 97 

5 22 µm2-5 μm 
8.2 

22 46 

6 14 µm2-4.5 μm 22.2 49 

 

Figure 4.16 can be considered as an illustration of global vs. local emissivity. Ge 

content decreases with increasing the oxide thickness while the growth rate shows a 

minor fluctuation. The reason of Ge content variation for different oxide thicknesses 

is not known yet, however, it may relates to the properties of oxide surface.  

 
Figure 4.16 Illustration of a) Ge content and b) growth rate variation vs. exposed Si coverage in four different 

wafers with different oxide thicknesses (The applied PDCS, PHCl and PGeH4 are 60, 20 and 0.9 mtorr, respectively) 

3.3.5. Pattern dependency of dopant (B and C) concentration  

In pMOSFETs, the SiGe layers in S/D regions create uniaxial strain in the channel 

which improves the hole mobility. Since this improvement depends directly on strain 

amount, high Ge content SiGe layers are desired. In these transistors, the pattern 

dependency of the epitaxy growth has a large impact on the amount of strain (and 

the device performance) but there are also other concerns about these devices as 

follows: low sheet resistance in S/D junctions, high thermal stability of the silicide 

layers (formed for low contact resistance) and low dopant out–diffusion from S/D to 

the channel region [40]. The first two issues can be solved by high boron doping in 

SiGe epi–layers. Since the presence of boron compensates the compressive strain in 

SiGe layers [39], high level of both boron and germanium are necessary for such 

transistors.  

An antidote for the out–diffusion of boron in MOSFETs is to implement carbon in 

S/D junctions. Since the pattern dependency of the growth may result in different 
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doping profiles in the SiGe layers, having both carbon and boron in S/D regions 

makes the device process more complicated. 

On the other hand, as MOSFET devices are scaled down, the source/drain extension 

junction depth must be reduced in order to suppress the short–channel effect. 

However, extremely shallow junctions require a resistivity corresponding to doping 

levels exceeding the doping atom solid–solubility level in Si. This fundamental limit 

is connected to ion implantation followed by thermal activation or solid phase 

epitaxy of amorphous silicon. While ago, Gannavaram et al. proposed a novel 

method to deceive these issues [41]. It is literally based on forming a recess by 

selective Si etching and subsequently filling it by in–situ doped epitaxial Si1−xGex 
layers. In this case, the surface solubility governs the dopant incorporation which is 

several orders of magnitude larger than that of the equilibrium solid solubility. 

A more controlled and uniform layer profile enables a more aggressive device design. 

The original work on pattern dependency mainly focused on selective SiGe epitaxy 

at rather high temperatures to achieve reasonable growth rates with medium Ge 

concentrations (i.e., 10%–15% Ge). Advanced devices now require broader 

composition ranges and in–situ doping to enhance their performance. Therefore, 

more recent publications focus on higher Ge amounts at lower temperatures [42]. 

Among dopants only B (also C) and Sb have significantly different atomic sizes from 

Si and induce a measurable strain in the lattice [43]. As mentioned so far in this 

chapter when dopant atoms are introduced in SiGe matrix, the growth kinetics can 

be varied and the Ge content in the SiGe layers can be affected.  

Figure 4.17 shows the secondary ion mass spectrometry (SIMS) measurement 

reported by Ghandi et al. [39]. It is clear that the presence of B in SiGe has no effect 

on the Ge content in these layers. This was a rather surprising result since a 

significant variation in the growth rate was observed for high B partial pressures. It 

is usually thought that the change of growth rate affects the Ge content but this is 

not the case here. This is the validity of the calculated substitutional atomic 

concentration by measuring the strain compensated amount (comparing the 

intrinsic and B–doped SiGe layers). In this way, HRXRD can be used also as a 

feedback to optimize the growth parameters to incorporate maximum boron content 

in SiGe layers grown in the S/D openings. 

It was reported by J. Hallstedt et al. [12] that 1×1021 cm−3 was the maximum B 

active concentration in the epitaxially grown layers at 650˚C in the device openings. 

In this article, SiGe layers with P(B2H6) > 0.1 mtorr became amorphous in the small 

openings and the HRXRD layer peak disappeared. It was announced in this article 

that the maximum active concentration is size dependent so the process has to be 

calibrated for the opening sizes of interest. 

Incorporation of dopants in SiGe is an issue where an accurate estimation of the 

substitutional dopant concentration is critical. The atomic dopant concentration 

obtained by SIMS may differ from substitutional (active or incorporated) dopant 

concentration in the lattice. In case of SiGe, performing the electrical measurements 

to obtain active dopant concentration of p–type dopant is not quite straight forward 
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since the induced strain by Ge in Si crystal causes variation in both the hole mass 

and the warping of the valence band. 

 

 
Figure 4.17 SIMS profile for a SiGeC:B multilayer structure capped with 300 Å intrinsic Si layers showing 

Ge, C and B amount versus depth. The boron partial pressure varied in the range of 5.3 ×10–5 – 4.8×10–2 mtorr 

meanwhile for carbon was 0.5 mtorr [39]. 

The SiGe film composition can be calculated from the mismatch values obtained 

from ω–2θ rocking curves (ω and 2θ are incident and diffracted angles, respectively) 

by scanning a focused x–ray beam on a specific chip in high resolution x-ray 

diffraction (HRXRD) mode. In these rocking curves, the position of the layer relative 

to the substrate peak provides the lattice mismatch perpendicular to the surface. 

The Ge content was obtained from simulation of the rocking curves by using the 

Takagi-Taupin equations. This type of measurement is one dimensional analysis; 

however, the lattice mismatch parameters can be measured by high–resolution 

reciprocal lattice maps (HRRLM) around (113) reflection. The low angle of the 

incident beam in this reflection is about 2.8˚ which makes this method extra 

sensitive for revealing the defects in the SiGe layers. The mismatch parameters 

perpendicular and parallel to the surface are obtained from the following equations:  

   
               

               
   

   
               

               
   

where the indices s and l stand for the substrate and the layer, respectively. The 

lattice mismatch can be written as: 
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where υ is the Poisson ratio (υ = 0.278) for Si1−xGex/Si and the incorporation of B or 

C in these heterostructures is believed to have only a minor effect on the Poisson 

value [44]. 

When the SiGe crystal is doped with B (substitutional dopant concentration), strain 

compensation occurs since the size of the dopants is smaller than Si and Ge atoms. 

As a result, a shift of the layer peak towards the substrate peak occurs in ω–2θ 

rocking curve. The substitutional dopant concentration can be calculated as follows: 

        
  

 
 

where, Δf  is the compensated mismatch (between the intrinsic and doped SiGe) and 

β is the lattice contraction coefficient which is given by: 

  
 

   
   

       

   
  

where NSi is the density of Si atoms in a unit volume and r is the atomic radius. In 

these calculations, the Ge content is assumed to be constant [39].  In selective 

epitaxial growth, the doped SiGe layers are fully–strained, thus, f║ is negligible. 

This method (HRXRD) has been recognized as a fast, easy and indestructible 

technique which measures the induced strain in Si or SiGe layers. 

Radamson et al. [45] published the feature of B concentration in SiGe layers (shown 

in Figure 4.18). Since the incorporation of B in SiGe depends strongly on the growth 

rate and Ge content (or strain), any increase (or saturation) of these parameters 

may influence the B content in the layers. 

 
Figure 4.18 Growth rate and active boron concentration for B–doped SiGe layers grown at 650 °C depending 

on the local exposed Si coverage. (PDCS, PHCl and PGeH4 are 60, 20 and 0.5 mtorr, respectively) [45]. 

All the curves in Figures 4.12, 4.16 and 4.18 illustrate a linear increase of growth 

rate with decreasing the exposed Si coverage until a saturation region is reached. In 

epitaxy, the growth rate amount relates to the availability of the molecules and gas 

consumption rate over a chip [14]. This becomes insensible for low exposed Si 

coverage which corresponds to values below 1%.   

According to the previous report [46], the B–doped SiGe layers have higher growth 

rate compared to intrinsic layers. The presence of B atoms on the Si surface 

enhances the growth rate by acting as desorption sites for Cl and H. This increase in 
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the growth rate of B–doped layers is diminished when carbon is also introduced in 

SiGe layers.  

It is illustrated in Figure 4.19 that carbon doping level follows inversely the Ge 

content (see also Figure 4.16). C concentration monotonically decreases in SiGe 

layers grown in smaller exposed Si coverage. 

 
Figure 4.19 Dopant concentration calculated from the shift in the layer peak of HRXRD rocking curves. 

Identical dots were measures on different chips (different exposed Si coverage) of one wafer. Dichlorosilane, 

germane, methylsilane, HCl and diborane partial pressures were 60, 1.2, 0.3, 20 and 3.6 mtorr, respectively. 

Meanwhile, the boron doping level follows the Ge content and growth rate as 

expected. The results of this study indicate that the measured strain compensation 

amount of these dopants (B or C) in SiGe layers are additive. This has been 

concluded under the assumptions of high epitaxial quality and epi–layers with no 

strain relaxation. 

3.4. Modeling of the SEG of SiGe on the fully–patterned substrate 

3.4.1. Lateral components  

As mentioned earlier, in selective epitaxy growth there are four different sources 

which depending on the layout, are either active or not. In order to evaluate a fully–

patterned chip design, wafers were processed with a single chip repeatedly 

patterned over the whole wafer.  Nine different fully–patterned wafers were 

processed; one wafer for each exposed Si coverage ranging from 0.01% to 37.85%. 

The openings inside chips were either 11, 22, 44, 88, 1010, 2020, 4040, 

8080 or 160160 µm2 which were spaced 100 µm apart. In these patterns, source c 

of section 3.1 (surface diffusion from the surrounding oxide) can be excluded from 

the deposition sources cited before. Thus, for each atom, three sources are available 

for deposition. For Si selective epitaxy, eq.1 can be rewritten as: 

      
     

      
     

    
     

   (19) 

LG and SC refer to the lateral gas and surface diffusion from oxide within the chip. 

In fully–patterned substrates, depletion volumes of the chips are overlapped. 

However, for a fully–patterned substrate with identical chips, the depletion power of 

the chips is similar; therefore, in this pattern, the lateral gas–phase diffusion 
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contribution does not exist (see Figure 4.20). In this case, due to presence of Cl 

atoms on the oxide, the surface diffusion of Si atoms to the openings is negligible. 

 
 

 
Figure 4.20 Schematic cross-sectional view of the boundary theory and gas diffusion in a fully–patterned 

substrate; the sources available for deposition are “vertical component” and “diffusion from the oxide within the 

chip”. 

The total growth rate equation for a fully–patterned mask is then: 

      
    

    
   (20) 

This equation is describing a condition in which the selectivity of the growth is 

guaranteed; which means the HCl partial pressure is high enough to obtain total 

selectivity against the patterned mask. It has also been reported [47] that migration 

length of Si on the oxide is very short which may explain the non–selective nature of 

Si epitaxy from non–chlorine sources. In this case, Si nucleation on the oxide surface 

is removed by part of the chlorine atoms and the rest migrate towards the openings. 

Since SiH2Cl2 has been used as the Si source and HCl as the etchant, the number of 

Cl atoms is enough to perform etch both on the oxide surface (to achieve selectivity) 

and inside the openings. Figure 4.21 illustrates the growth rate results obtained by 

AFM and the model on five different wafers. Pattern dependency in Si deposition 

follows the inverse order of SiGe [45,46]. The last point in the chart with 100% 

exposed Si coverage is in fact the result of the same growth recipe on a blanket 

substrate (which follows the similar order). As illustrated in the figure, growth rate 

rises when the exposed Si coverage increases. This is due to the decrease of the third 

term in eq.20. By decreasing the exposed Si coverage of the chip, which also means 

increasing its oxide coverage, the number of Cl atoms on the oxide surface increases. 

This enhances the etch rate inside the opening. 

In SEG of Si,     
   is provided through the diffusion of Cl atoms on the oxide surface 

and has an inverse relation with the exposed Si coverage of the chip. This can be 

shown as: 

     
         

  

 
 

(21) 

where c is the exposed Si coverage of the chip and A is a layout factor which can 

vary depending on the mask type used for isolation. By integrating eq. 21 and using 

a boundary condition the following equation is achieved: 

    
            

 

 
  (22) 
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Figure 4.21 Illustration of the growth rate vs. exposed Si coverage of the chip for five different fully–

patterned wafers at 20torr total pressure. The applied PDCS and PHCl partial pressures were 120 and 20 mtorr, 

respectively. The dots are experimental points 

Therefore, Eq 20 can be rewritten as follows: 

    
                  

  

        

               
 
 

 
              

   
        

             

   
  

 
           

  

    
     

           
 
 

 
        

   
        

        

   
  

 
           

  

         
 
       

     

           
 
 

 
        

   
        

        

   
  

(23) 

3.4.2. SEG of SiGe on a fully–patterned substrate 

In this part of the experiment, DCS, GeH4 and HCl have been introduced for 

deposition on the patterned wafer. Thus, eq.1 can be rewritten as: 

      
     

      
      

     
      

     
    

     
   (24) 

In fully–patterned masks with identical chips, lateral gas–phase diffusion of Si, Ge 

and Cl atoms are vanished (see Figure 4.20). Due to the presence of Ge atoms on the 

surface of the oxide, Cl desorption occurs from Ge atoms on the oxide surface and 

therefore, the surface diffusion of Cl becomes insignificant. This has been reported 

[48] for the epitaxy process and also can be valid for desorption of chlorine from the 

oxide surface. Eq. 24 can then be rewritten as: 

      
     

     
     

    
           

   (25) 

The Ge surface diffusion from the oxide surface has been written in the same form 

as that of Cl (eq.22). This can be referred to as the oxide surface contribution in Ge 

partial pressure (   
  ): 
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where B is a unit–less constant dependent on the architecture of the mask (oxide or 

nitride) and c is the exposed Si coverage of the chip. The activation energy for Ge 

atoms to migrate on the oxide surface is 0.1 eV and must be added to the activation 

energy of the growth.  

Thus, the total growth rate equation will be: 

 

    
                  

  

     

               
 
 

 
             

   
        

              

   
  

  
                       

  

     

            
 
 

 
          

   
        

          

   
  

 
                        

  

          
 
    

            
 
 

 
                

   
        

                

   
  

 
           

  

    
     

           
 
 

 
        

   
        

        

   
  

(27) 

The Ge partial pressure from the oxide surface should be added to the vertical Ge 

partial pressure to extract the Ge composition. Eq. 17 can then be rewritten as: 

  

   
      

     

   
  
                

 
              

              
  

(28) 

In Figure 4.22, model and experiment results are shown for the proof of sanity. As it 

is perceived there is a good agreement between the model and the experiment for 

fully–patterned wafers.   

 
Figure 4.22 a) Growth rate vs. chip exposed Si coverage and b) Ge content vs. chip exposed Si coverage for 

different fully–patterned wafers at 20torr total pressure. The applied PDCS and PHCl partial pressures were 60 

and 20 mtorr, respectively. 

As mentioned earlier, the SEG of SiGe has been used recently in the Si industry at 

32/20 nm CMOS technologies. In this application, high exposed Si coverage (~10%) 

with submicron openings has been employed as the substrate [49]. Therefore, in this 

part of the study a fully–patterned substrate with 10% exposed Si coverage (see 

Figure 4.23) using 100nm opening was fabricated. Hole Colloidal Lithography (HCL) 
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was employed to produce a uniform pattern all over the wafer. The experimental 

and calculated growth rates were 51 and 46 Å/min, respectively. This can simply 

benchmark the model for 32/20 nm node technology. 

 

Figure 4.23 The cross-sectional high resolution scanning electron microscopy picture of SiGe epitaxy inside 

100nm openings. The applied PDCS, PGeH4 and PHCl partial pressures were 60, 0.9 and 20 mtorr, respectively. 

3.5. Modeling of SEG of SiGe on a non-uniform pattern 

So far in this study, wafers have been uniformly patterned with same chip repeated 

all over the wafer. But in reality, the fabrication dies include chips with different 

exposed Si coverage (different opening sizes and densities). In order to develop the 

model for a real pattern, the interaction between the openings and chips must be 

taken into account. 

As discussed earlier, there is a driving force f, for the species to be attracted to the 

dangling bonds inside the openings. This attraction force is strong close to an 

opening and decays gradually further away as an inverse function of distance 

(estimated by K/r where r is distance and K is a constant). Since a chip contains 

many openings then the driving force over species will be exerted non–linearly 

depending on the exposed silicon coverage of the chip, c. In this case, the driving 

force equation for an array opening in a chip can be expressed by: 

                     (29) 

where the linear and non–linear terms are calculated as α = 0.24649 and β = 1.1186. 

Using this equation, one can calculate the effects of chips on the diffused molecule 

from the boundary layer. By increasing the exposed Si coverage of the chip, the 

lateral gas–phase attraction of the diffused molecules increases. These molecules 

coming laterally in the gas–phase will be consumed by openings located along a 

distance of 5τ from the edge of the chip. As the exposed Si coverage of the chip 

increases, the τ value decreases. The chip consumption length (τ) is defined as 

follows:  
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 (30) 

where δ is added to consider the collisions between the species before arriving at the 

consumption sites. The above equation demonstrates that by increasing the exposed 

Si coverage on chips with uniform patterns, the migration length of the gas 

molecules above the chip decreases. These molecules are mostly consumed in 

openings closer to the edge of the chip. Empirical calculations showed that with the 

following numbers the best results were achieved for this model: 

                                                  

In order to finalize the model for SEG of SiGe, another mask was designed and 

utilized to establish a model for interaction between the chips (see Figure 4.24). The 

main idea of the modeling is based on the non–uniform gas consumption among the 

chips. During growth, the chip with more exposed Si coverage (so–called a trap–

chip) attracts the gas molecules from the vertical component of the surrounding 

chips. On the mask for this study, the Si coverage of the surrounding chips (1%, 

2.7% and 8% exposed Si coverage) were smaller than that of the central chip (2.7%, 

8%, 19.75% and 37.85% exposed Si coverage). 

 
Figure 4.24 The mask design used to establish the interaction model between the chips 

The trap–chip has a strong influence on the surrounding chips; however, the chips 

which are positioned far enough do not feel the presence of the trap. Thus, the 

growth rate as a function of distance from the trap (RT(d)) is expressed in the 

following manner: 

                             
  

          (31) 

where d is the distance from the trap-chip and cSurr is the exposed Si coverage of the 

surrounding chips. In this equation, the exponential function determines the 

interaction between the chips; the variable τ is a function of exposed Si coverage (see 

eq. 30). The input parameters RTrap and RSurr can be obtained from eq. 27 in different 

cases. The growth rate results of the experiment and the interaction model are 

demonstrated in Figure 4.25. As it has been shown in Figure 24, the trap-chip is 

surrounded by chips on the right and by oxide on other directions. Openings close to 

the trap are significantly impacted by the depletion volume of the trap-chip. In this 

volume, many of the gas molecules either in the gas-phase or on the surface are 

consumed by the trap-chip and thus the number of molecules available for the 
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surrounding chips is reduced considerably. The trap-chip has no influence on the 

growth rate of openings positioned far away from it.  

 
Figure 4.25 The measured (dots) and calculated (lines) growth rate of an array of openings along five chips. a) 

The trap–chip (first chip from left) has an exposed Si coverage of 2.7, 8, 19.75 and 37.85% where this value is 

about 1% for the surrounding chips. b) The trap has an exposed Si coverage of 8, 19.75 and 37.85% where this 

value is 2.7% for the surrounding chips. The applied PDCS, PGeH4and PHCl partial pressures were 60, 0.9 and 20 

mtorr, respectively. 

3.6. Model description 

In this part, a guideline to apply the model for advanced designs is presented. This 

can provide the process designers with the required information to implement this 

model in a real fabrication line. In most of the chips in production, there are 

different opening sizes and densities. First step is to spot different exposed Si 

coverages which are repeated over the wafer. As an example, Figure 4.26a shows an 

example of a mask with three sub–divisions. The exposed Si coverage, “c”, of these 

sub–divisions are assumed to be 3, 8 and 20% (see Figure 4.26a). In this example, 

the applied PDCS, PGeH4 and PHCl partial pressures were respectively 40, 1.5 and 60 

mtorr and the epitaxy growth was performed at 685˚C and 10 torr.  

Next step is to calculate the growth rate, Ge content and consumption length (τ) for 

each sub–division individually using Eq. 27, 28 and 30, respectively (these 

calculated data are displayed in Figure 4.26a). In this figure, the sub–division with 

highest exposed Si coverage (20%) is the dominant sinkhole, i.e. most of the coming 

gas molecules are consumed in this part. In this example, sub–division 1 (20%) does 

not affect sub–division 2 since they are placed far enough from each other (1 cm 

which is larger than 5τ for these sub–divisions). Thus, using Eq. 31, one can 

estimate the interaction of both sub–divisions 1 and 2 with sub–division 3.  

As cited before, the interaction model determines the influence of sub–divisions on 

each other as a function of distance (see Figure 4.26b). Due to the additive nature of 

these interactions, the final growth rate profile of sub–division 3 can be predicted 

(shown in red color curve in Figure 4.26b). In this way, this model not only provides 

the layer profile for specific area, but also calculates the pattern dependency of the 

epitaxy growth.   
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Figure 4.26 Simple demonstration of applying the model for a “real chip”; a) an illustration of a “real chip” 

layout and b) the instruction of how the interaction model can be used 

3.7. Modeling of the SEG of SiGe for recessed openings 

In order to prepare samples with recessed openings, reactive ion etching (RIE) was 

used to create recess inside the fully–patterned oxide mask. CF4, HBr, and Cl2 gases 

were applied to etch Si through the oxide mask.  

In order to conform to the empirical model, two different recess depths (100 and 

200nm) were examined for this study. A fully–patterned substrate with 8% exposed 

Si coverage uniformly distributed over the whole wafer (1×1 μm2 openings placed 2.5 

μm from each other) was used for this experiment.  

The layer thickness was measured at the center of the openings due to the facets at 

the edges. These data demonstrate that the growth rate is affected by the recess 

depth, where deeper openings acquire moderately lower growth rates. An 

explanation for the growth rate behavior is that the number of dangling bonds on 

the inclined facets e.g. (113) is more (11.8×1014 atom/cm2) than the facet (100) with 

6.8×1014 atom/cm2 available sites.  

Another reason can be related to the influence of facets formed at the edges by the 

recessed etch. The atoms may diffuse from these facets towards the center of the 

opening. Previous theoretical studies have demonstrated this atomic theory of 

migration from the inclined planes towards (100) plane [50-52]. As a result, the 

growth rate of the inclined planes becomes lower than the center. 

In principle, the growth rate behavior depends on the gas consumption where the 

diffusion of the adatoms, chemical reactions and the dangling bonds are the main 

parameters. For different recessed depths, the number of dangling bonds varies; but 

since the ratio of Si to Ge flux is still constant, the Ge content is expected to be 

constant. This means that the recessed depth will not have impact on the Ge 
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content. Figure 4.27 illustrates the Ge content for the recessed and unprocessed 

openings.   

 
Figure 4.27 The measured and calculated growth rates and Ge contents on fully–patterned wafers with 

either recessed or unprocessed openings all acquiring 8% exposed Si coverage. The applied PDCS, PGeH4and PHCl 

partial pressures were 60, 0.9 and 20 mtorr, respectively. 

The Ge contents are the same for both recessed depths, but are less than the 

unprocessed openings. This difference of Ge content can be connected to the 

diffusion of Ge from the oxide surface towards the exposed Si area. Inside the recess, 

the diffused Ge atoms are engaged with the dangling bonds on the recess walls; this 

reduces the ratio of the atoms available for incorporation on (100) plane. Therefore, 

to extract the Ge content value for a recessed opening, one must only change B in eq. 

28 to B/2: 

  

   
      

     

   
  
       

 
 
        

 
              

              
  

(32) 

This change can directly be exerted unto eq.27 for the growth rate calculation. The 

results of the growth rate model and experiment for selective epitaxy growth on 

recessed and unprocessed openings are also illustrated in Figure 4.27. 

3.8. Time dependency of the growth 

More study on the growth rate behavior has been performed by investigating 

deposition behavior versus time and recess depth. Two different recess depths of 100 

and 200nm were considered in this experiment. SiH2Cl2, GeH4 and HCl partial 

pressures were 60, 0.9 and 20 mtorr, respectively. Figure 4.28 shows the growth rate 

of SiGe layers in the recessed and unprocessed openings. Since there are facets at 

the edges, then the layer thickness was measured by AFM at the center of the 

openings.  
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Figure 4.28 Illustrates the momentary growth rate of the recessed and unprocessed openings with 8% 

exposed Si coverage using 1×1 μm2 openings. 

Each point in this figure is calculated from the layer thickness divided by the growth 

time. The growth rate is almost constant for unprocessed openings whereas it 

increases for recessed ones. These data demonstrate that the growth rate is also 

affected by the recess depth and lower for deeper one.  

This behavior is expected since the number of dangling bonds decreases 

continuously during the epitaxy. Another reason can be related to the influence of 

facets formed at the edges by the recess etch. During the epitaxy, the incoming 

atoms may diffuse from these facets towards the center of the opening. Previous 

theoretical studies have demonstrated this atomic diffusion theory from the inclined 

planes towards (100) direction [50-52].  

Another explanation for the growth rate behavior is that the number of dangling 

bonds on the inclined facets e.g. (113) and (111) is higher than the facet (100). As a 

result, the growth rate on the inclined planes becomes lower than the center.  

This theory is difficult to be proved directly, but the layer profiles in the cross–

sectional HRSEM micrographs in Figure 4.29 show some evidence about how an 

opening is filled for different deposition times. During the growth in the unprocessed 

openings, edge–facets are formed at the initial stage but it becomes flattened 

afterwards. However, for the recessed openings, the facets have already existed from 

the beginning and the growth occurs on the facets where the surface recovers after 

longer time.  

Another important issue for the growth of recessed openings is that the SiGe layers 

exceed the critical thickness earlier than the unprocessed openings [53]. This can be 

argued when the growth occurs on Si inclined walls (recessed opening) compared to 

unprocessed openings surrounded with oxide. In the latter case, there is no 

deposition on the oxide wall and the SiGe grows isolatedly on the center of the 

opening, however, in the recessed growth, the relaxed SiGe from the surroundings 

has strong influence on the strain amount in the center. The role of strain relaxation 

on the growth kinetics is unknown and more investigations are necessary to be 

executed, but it is predicated that it will increase the growth rate. 
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Figure 4.29 Cross–sectional view of SiGe layers inside recessed and unprocessed openings. 

        

As mentioned earlier, for different recessed depths, the number of dangling bonds is 

varied, but since the ratio of Si to Ge flux is still constant then a constant Ge content 

for the samples is expected. This means that the recess depth will not have any 

impact on the Ge content. Figure 4.30 illustrates the Ge content for two recess 

depths and unprocessed openings shown in Figure 4.28. The Ge contents for the 

both recess depths are similar, but lower than the unprocessed openings. This 

difference of Ge content can be related to the diffusion of Ge from the oxide surface 

towards the exposed Si area. Inside recess, the diffused Ge atoms are engaged with 

the dangling bonds on the recess walls which results in lower ratio of these atoms 

available for incorporation on (100) plane. This amount of Ge atoms on the wall 

leads to even higher etch rate of Si atoms and faster relaxation of these layers. 
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Figure 4.30 Illustrates the Ge content of the recessed and unprocessed openings with 8% exposed Si coverage 

using 1×1 μm2 openings. 

Another important issue in this figure is the grading of Ge content (or strain). It was 

predicated since the SiGe layers experience a strain relaxation during epitaxy when 

the grown layer becomes thicker. The previous results have reported that the 

incorporation of dopant depends on the strain and the growth rate [54,55]. Both the 

higher growth rate and the strain reduction versus time may result in a grading 

dopant concentration in SiGe layers. The pattern dependency, dopant interaction 

and non–uniform growth behavior result in a very complicated scenario for the 

kinetics of selective epitaxy of SiGe layers. 

4. Summary 

In this chapter, an empirical model to predict the growth rates and compositions of 

Si1-xGex layers grown on patterned substrates by RPCVD was presented. The model 

explains the growth kinetics through gas phase processes and related surface 

reactions. 

A good agreement between the model and the experimental data of the growth 

profile has been achieved. This model can be utilized in its current form in the 

manufacturing line to predict the pattern dependency and layer profile of CVD 

deposited layers. It is also capable of providing a 2D layer growth simulation for any 

provided pattern (deposition mask). This model is based on different input 

parameters, such as dichlorosilane, germane, hydrochloric acid partial pressures, 

growth temperature and mask layout. The output parameters consist of the growth 

rate and Ge content. The interaction between chips (sub–chips) on a wafer was 

modeled using a new approach. 

The pattern dependency of selective epitaxial growth of B– and/or C–doped SiGe 

layers in recessed and unprocessed openings has been presented. The profile of the 

grown SiGe layers appeared to be non–uniform versus deposition time in recessed 
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openings. The Ge content of the SiGe layers grown in the recessed openings is 

independent of the recess depth when the gas ratio is expected to be consumed 

constantly. The Ge content or strain is graded vertically due to the fact that the 

layer thickness usually exceeds above the critical thickness. Finally, the strain 

compensation amounts due to the C– and B–doping in SiGe matrix are additive. 
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1. Introduction 

1.1. Infrared spectra 

Infrared (IR) radiation is a part of electromagnetic spectra with a wavelength 

between 0.7 and 300 μm, corresponding to a frequency range of ~1 and 430 THz. 

There is a special division of the IR spectra which distinguish the region and the 

application of the radiation.  Here are more details on abbreviations for IR spectra:   

Near–infrared (NIR) relates to wavelengths of 0.75–1.4 µm and can be absorbed by 

water and shows low attenuation losses in the SiO2 glass (silica) medium. The main 

application appears in fiber optic telecommunication.  

Short–wavelength infrared (SWIR) indicates an interval of 1.4–3 µm where the 

water absorption is significantly observed at 1450 nm. In this range, wavelengths of 

1530 to 1560 nm are dominant for long–distance telecommunications. 

Mid–wavelength infrared (MWIR) refers to 3–8 µm wavelengths and has a strong 

military application in 'heat seeking' in missile‟s head.  The IR signature seeks the 

exhaust plume of the target aircraft jet engine. 

Long–wavelength infrared (LWIR) is 8–15 µm part of the spectra which is used for 

"thermal imaging”. This concept has been employed in night vision cameras 

especially for the car industry.  

Far–infrared (FIR) is a region of the electromagnetic spectra with a wavelengths in 

range of 15–1000 µm. This group of waves has a close application with THz region. 

A highly demanded application for this wavelength interval concerns FIR lasers 

which are used for THz imaging and THz time–domain spectroscopy. The main 

purpose of manufacturing these equipments is to detect explosive materials and 

chemical warfare agents for future security applications. 

1.2. A Brief overview of thermal detectors  

Early 1950s was a period when the first extrinsic photoconductive IR detector using 

impure Ge was manufactured. The impurity level in Ge material determined the IR 

spectral window at that time, but a full control of operating wavelength was not 

fulfilled [1]. The extrinsic Si was the next candidate as an alternative material after 

about 10 years. A tremendous development towards advanced design detectors was 

taken in 1973 when both detection and read–out circuit were implemented using the 

Si platform. The Schottky barrier height in metal/silicide–Si system was used for IR 

detection by Shepherd and Yang [2]. Simultaneously, narrow bandgap material 

platform was being developed to extend the detection wavelength range and 

sensitivity. In 1982, the first thin film–based bolometer with the objectives of robust, 

low cost, uncooled thermal detection, small element size ( < 0.1 mm), fast speed of 

response (1.0 msec) and a detectivity exceeding 1×108 cmHz1/2W–1 was manufactured 

[3,4]. Bolometer is a sensitive thermistor to measure the energy of incident 

electromagnetic radiation. 

http://en.wikipedia.org/wiki/Micrometre
http://en.wikipedia.org/wiki/Silica
http://en.wikipedia.org/wiki/Fiber_optic
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Since 1950, many materials have been examined for sensing different IR ranges. 

The uncooled bolometers have become the technology of choice for LWIR detection. 

The detector operates through the response of thermistor material to temperature 

variations. These bolometers are preferred nowadays since they are smaller and 

cheaper to use. The figure of merit for the thermistor in such devices is that it 

simultaneously acquires high temperature coefficient of resistance (TCR) and high 

signal–to–noise (SNR) ratio.  

The most widely used approach today for thermal detection is to implement 

microbolometers using surface micromachined bridges on CMOS read–out processed 

wafers [5-17]. Currently, there are microbolometer arrays with high performance 

similar to the cooled photon detectors [5,6]. However, there are issues concerning 

the fabrication process of these detectors. After CMOS fabrication, thermistor 

material should be deposited which is followed by a complicated post–CMOS surface 

micromachining. This consequently limits the use of such detectors for commercial 

applications. Today‟s mostly known and widely used thermistor material is 

vanadium oxide (VOx) with a high TCR of about 2–3%/K [7] but incompatible with 

standard Si fabrication and toxic material. The integration of VOx requires a 

dedicated expensive process line to prevent contamination of the CMOS fabrication 

line.  

The IC compatible thermistor materials are amorphous phase of silicon [8-11], 

silicon–germanium [12], silicon carbide [13] and poly– [14] or single–crystalline 

silicon–germanium [15-19] which have also exhibited high TCR values (2–5%/K).  

The poly–crystalline materials require a thermal annealing treatment to reduce 

their residual stress. This step is necessary otherwise the micro–machined 

membrane of such materials bends up or down depending on the stress type. It is 

worth mentioning here that any thermal treatment is not suitable for post–CMOS 

processing. The poly–based thermistor materials exhibit also higher 1/f noise due to 

defects and their non–crystalline structure. For high performance bolometers, high 

signal–to–noise ratio is an important parameter in order to obtain an accurate 

signal for sensitive IR imaging. For these reasons, the single–crystalline thermistor 

material is an excellent alternative for high performance thermal detectors [15]. 

Another high TCR material in the market is YBaCuO which requires complicated 

and expensive post–CMOS surface micromachining processes [20,21]. The other IC 

compatible thermistor materials are metal films [22,23] which suffer from low TCR 

and post–thermistor deposition steps.  

1.3. IR detector categories 

The research funding has been mainly focused on two IR ranges: MWIR (3–5 μm) 

and LWIR (8–14 μm). Nowadays, the development in IR detectors has changed its 

orientation towards semiconductor IR detectors. The IR detectors are categorized in 

two classes; photon detectors and thermal detectors. In the first class, the electrons‟ 

band transition is the result of the radiation absorption. These electrons may be free 

electrons or bound to a lattice atom or impurity.  The observed output signal will be 
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magnified in a complementary read–out integrated circuit (ROIC). One important 

issue in these detectors is their selective wavelength response which complicates the 

design of these detectors. However, high signal–to–noise performance and very fast 

response are the main advantages of these detectors. A drawback of photon 

detectors is that their functionality depends on the cryogenic cooling. This is due to 

the thermal generation of charge carriers which makes the non–cooled devices very 

noisy. The cryogenic cooler makes them heavy, expensive and inconvenient to use 

for civil applications. The photon detectors are sub–divided into different groups 

depending on the nature of the interaction. The most important ones are:  intrinsic, 

extrinsic, photoemissive (metal/silicide Schottky barriers), and quantum well 

detectors. 

In contrast to photon detectors, thermal detectors typically operate at room 

temperature. This class of detectors has had modest sensitivity and slow response 

but they are cheap and easy to use. This could be the reason why recently, they have 

attracted attention for both military and civil applications, especially for car 

industries. The thermal detectors are also sub–divided to three major categories: 

bolometers, pyroelectric and thermoelectric detectors. A change in the internal 

electrical polarization is the physical phenomenon in pyroelectric detectors which 

converts into an output signal. But in bolometers, the thermistor material absorbs 

infrared radiation. This changes the resistivity of these pixels which finally turns to 

an electric signal. The fact that the signal is not dependent on the photonic nature of 

the radiation makes the thermal detectors generally wavelength independent. 

However, the output signal depends upon the radiant power or its rate of change.  

2. Thermal detection concept 

As discussed earlier, thermal detection can be performed through variation of a 

temperature–dependent mechanism e.g. thermoelectric voltage, resistance, 

pyroelectric voltage. The detector may be simply represented by a thermal 

capacitance Cth coupled via the thermal conductance Gth to a heat sink at the 

constant temperature T. When the detector is exposed to radiation, the temperature 

variation can be calculated through the heat balance equation. For any thermistor 

assuming periodic radiant power, temperature variation is given by [24,25]: 

   
   

    
       

  
 
  
 (1) 

where ΔT is the optically induced temperature variation due to the incident 

radiation   ( 0exp(iωt)) and ε is the emissivity of the detector. The usual procedure 

employed in bolometer detectors to achieve a good IR absorption is depositing a 

transparent thin metallic film on top of the device. Free electron absorption in metal 

films guarantees the absorption of about 50% of the incident IR radiation [4]. In 

order to further enhance infrared absorbance, the detector architecture employs a 

resonant cavity. The resonant cavity involves an absorbing membrane suspended at 

a distance “d” above the cavity reflector metal. The resonant absorbance peaks 
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correspond to the condition for minimum reflectance. Figure 5.1 [26] shows the first 

three resonance absorbance peaks including the fundamental λ/4–, 3λ/4– and 5λ/4–

resonance spanning the LWIR spectral band. 
 

 
Figure 5.1 Resonant absorbance of a–Si/a–SiGe quarter–wave resonant cavity pixel design exhibiting λ/4–

resonance; 3λ/4–resonance; and 5λ/4–resonance [26]. 

Exploiting this resonant cavity in the detector design allows substantial reduction in 

the amount of absorbing material to reduce the mass of the pixel [24].  

In order to increase the temperature response of the detector, the thermal capacity 

of the detector (Cth) and the thermal coupling to its surroundings (Gth) must be as 

small as possible. The thermal contacts of the detector with surroundings should be 

reduced while the interaction with the incident beam must be optimized.  Thus, the 

thermal response time (τth), another important feature of the thermal detection, can 

be written as: 

    
   
   

        (2) 

The typical response time for a thermal detector is in millisecond range which is 

longer than that of photon detectors (microsecond range). Eq.1 can then be rewritten 

as: 

   
      

        
  

 
  
 (3) 

It can be concluded that there is always a compromise between the working 

frequency range and the sensitivity of the detector. This means that the detector 

sensitivity is higher for lower frequency range.  

The voltage responsivity of the detector is given by the ratio of the output voltage 

signal (Vs) to the input radiation power ( 0): 

   
  
  

 
   

  
 (4) 

where the generated output voltage is assumed to be linearly proportional to the 

temperature difference and K is linearly dependent on the thermistor TCR value. 

Substituting eq.3 in eq.4 results in the following equation [4]: 

   
  
  

 
            

       
         

  
 
  
 (5) 



M. Kolahdouz 2011 

 

68 

 

It can be deduced from the final expression that at low frequencies (ω<<1/τ), the 

responsivity is proportional to the thermal resistance of the detector (Rth) and not 

the thermal capacitance. This is exactly the opposite at high frequencies. As the 

operating frequency increases beyond the cut–off frequency (f = 1/2πτ) the 

responsivity of the detector rapidly declines. Thus, good responsivity can be achieved 

by using a high TCR thermistor which is a characteristic of semiconductors rather 

than metals, and by minimizing Gth through a good thermal isolation of the 

bolometer.  

Noise is a stochastic random process which limits the IR detectivity of the devices. 

Noise voltage or noise current of a device is the summation of many contributions 

from different sources. Noise sources in electronic devices can be divided into two 

main groups; a) external or extrinsic sources which are in the surrounding of the 

device and b) Internal or intrinsic sources which generate noise through random 

fluctuation in the carrier transport. 

The thermal noise, so–called Nyquist or Johnson noise, is caused by random thermal 

motions of the charged carriers in a material which is similar to the Brownian 

motion of particles. In a conductor material, at non–zero temperature T, electrons 

vibrate randomly depending on T. This noise in a Δf bandwidth for a resistor R is 

expressed by: 
  
      Δ  (6) 

where k is the Boltzmann constant. Since Johnson noise is proportional to (TRΔf)1/2 , 

it can be minimized by the use of lower resistance bolometers, lower operating 

temperature and narrower bandwidth. However, the actual bolometer application 

requires a finite limit to the bandwidth through the scanning and read–out of the 

detectors and ambient operation temperature. This suggests preferred use of low 

resistance bolometers; however such a solution may not always be the case 

depending on the bandwidth and the TCR value.  

Thermal or temperature fluctuation noise is another source of noise which must be 

discussed to evaluate the detectivity of the device. An exchange of the heat between 

the sensitive area of the detector and the surrounding substrate (which is in thermal 

contact with the detector) introduces a random fluctuation in the temperature and 

this will transform in the form of an electric noise because of the coupling between 

the temperature and the resistance. Temperature fluctuation is expressed as follows 

[24,25]: 

   
  

      

        
  

 
  
      (7) 

The other important source of noise for IR detection is the “background noise”. Heat 

exchange due to radiation between the detector at temperature Td and the 

environment at temperature Tb generates voltage noise which is so–called 

“background noise”. The expression is given by [24,25]: 

  
  

        
    

  

       
      

  (8) 

However, 1/f noise or Flicker Noise is the most predominant noise at low frequency 

in semiconductor thermal detectors. 1/f noise can be evaluated by the noise 
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constant: K1/f = γ/N where N is the total number of free charges and γ is known as the 

Hooge's constant [27]. There is no unique and exhaustive theory to justify the 

presence of 1/f noise; nevertheless, the interactions of carriers with defects, surface 

states and other events (e.g. recombination and trapping–detrapping) are the major 

causes of 1/f noise in semiconductors. Because of its uncertain origin, particularly in 

the bolometer case, a simple expression for voltage power spectrum density (PSD) is 

as follows: 

   
         

 

  
 (9) 

where K1/f is a noise constant, which is generally smaller for single–crystalline (sc) 

materials in comparison to polycrystalline or amorphous ones. The frequency 

exponent  is close to 1. The 1/f noise voltage can be demonstrated as: 

    
  

     
 

  
   (10) 

The parameters γ, β and K1/f are dependent on the material, processing, metal 

contacts and surfaces. Thus, it is very difficult to calculate them analytically. The 

square of total noise voltage (Vn) may be written as: 
  
    

     
    

      
  (11) 

When a thermal detector absorbs the electromagnetic radiation, both output signal 

and noise will be generated. High amplitude output signal and low noise level (high 

signal–to–noise ratio) are desired in IR detectors. To evaluate the performance of 

the detector, “Detectivity” may be defined as follows: 

  
  
   

 
  

     
 (12) 

The detectivity is proportional to square root of active area and frequency 

bandwidth. Therefore, the normalized detectivity D* is given by: 

                (13) 

In a thermal detector, D* can be expressed as:  

   
      

   

        
  

 
     

     
    

      
  

 
  
 (14) 

where A is the pixel area. It can be concluded from eq.14 that the detectivity may be 

enhanced by increasing the responsivity and/or decreasing the noise. The 

responsivity, like the Flicker noise, increases linearly with voltage, while the 

Johnson noise is independent of voltage. At small voltages, the noise is mainly 

Johnson noise. But, at sufficiently high V, noise is dominated by the Flicker noise 

and thus D* becomes independent of voltage. According to the previous calculations, 

while viewing a room temperature background, the highest detectivity for a thermal 

detector at room temperature is about 2×1010 cmHz1/2W–1; which can be referred to 

as the thermal detectors theoretical limitation. The published photon detectors have 

shown higher detectivities as a result of their limited spectral responses. Another 

fundamental limitation to the sensitivity of a bolometer is determined by 

fluctuations in the energy transport between the bolometer (with temperature Td) 

and the heat sink (with temperature Ts), and is given by [1]: 
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   (15) 

The sensitivity of the bolometer can be maximized when Td rises to 2Ts in which the 

sensitivity can be rewritten as: 

       
      

 
          (16) 

where γ is determined from choice of material and thermistor (Mather 1984) and η  

is the optical absorptivity.  

3. General theory of thermistor material 

Since the birth of thermal bolometers, particular attention has been given to 

materials and their growth techniques which can maximize the thermal responsivity 

and minimize the electronic excess noise. As mentioned previously, the main focus of 

this chapter is on the thermal detectors. Among this class of detectors, the 

bolometers are chosen to be the technology for low cost IR imaging system. The 

heart of a bolometer is the “thermistor” material or structure. The word “thermistor” 

is actually a contraction of “thermal resistor”. It is sensitive to temperature 

variations which result in resistivity changes; in particular, increasing the 

temperature decreases the resistivity of the thermistor material. The thermistor 

material can be chosen by several items [26]: 1) a high temperature coefficient of 

resistance (TCR); 2) a high signal–to–noise ratio (SNR); 3) a sufficiently low thermal 

response time constant which leads to a high responsivity; 4) the ability to form a 

thermally isolated optical cavity from the material; 5) the mature material growth 

technology that is compatible with integration on a substrate containing the VLSI 

signal processing functions; and 6) the possibility to manipulate a wide range of 

bolometer resistance. 

Temperature Coefficient of Resistance (TCR), a figure of merit for thermal detection, 

is the parameter used to quantify the temperature sensitivity and is defined as [19]: 

  
 

 

     

  
      (17) 

The resistivity is the exponential function of thermal activation energy which is 

expressed by: 

         
  
  
  (18) 

where ρ, ρ0, Ea and k are the resistivity, measured pre–factor, activation energy and 

the Boltzmann‟s constant. In semiconductors, α can be expressed by the activation 

energy derived from Arrhenius plot: 

   
  
   

      (19) 

The thermistors must have either large positive temperature coefficient of 

resistance (PTC thermistors) or large negative temperature coefficient of resistance 

(NTC thermistors). The first group includes materials like metals in which the 

resistance increases with increasing the temperature; whereas, the latter group are 
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composed of semiconductor materials in which the resistance has a negative 

temperature dependence.  

As mentioned earlier, the noise voltage in thermal detector includes Johnson noise 

due to the thermal agitation of charge carriers, 1/f noise due to trapping and de–

trapping mechanisms and surface state scattering, and temperature fluctuation 

noise arising from the fluctuations in the heat exchange between active element and 

heat sink. In thermistor material, 1/f noise is the main source of noise and can be 

quantified by K1/f.  

K1/f is a material parameter that can vary several orders of magnitude for different 

materials and even small variations of the material composition can dramatically 

change the 1/f noise constant [24]. It is well–known that K1/f is generally smaller for 

single–crystalline materials in comparison to polycrystalline or amorphous ones. 

Thus, a solution for increasing the D* of a bolometer is to use mono–crystalline 

temperature sensing materials with a low 1/f noise constant [17]. 

In addition to the parameters involved in the thermal sensitivity, the importance of 

the electrical contacts on thermistor performance needs to be emphasized. The 

current–voltage characteristics of the thermistors are greatly influenced by the 

nature of the metal/silicide–semiconductor interface. Ohmic contact with low 

resistivity and lifetime stability of the device are the requirements for many 

applications. However, when large electrical current is involved, a low sheet 

resistance contact is required to spread the current flow uniformly without localized 

overheating. A metal with low work function forms an ohmic contact with a n–type 

semiconductor with surface states. The reverse story is true for a p–type 

semiconductor. In these cases, introducing higher doping concentration reduces the 

contact resistance near the contact surface (barrier thinning).  

4. Fabrication process flow 

Resistive bolometers are mainly composed of a temperature sensing resistor and an 

IR absorber. A good thermal isolation is the requirement to increase the sensitivity 

of these detectors. This can be achieved by suspending the bolometer structure in 

the air through either membrane or bridge support as shown in Figure 5.2. 

It was reported in 2004 [12] that noise current of the bridge–supported structures is 

one order magnitude higher than that of the membrane–supported structure. 

However, the bridge–supported structure process flow enables a precise control on 

the resonant cavity length which makes it the dominant design for microbolometers. 

The process flow of fabricating a bolometer is very dependent on the thermistor 

material. For thermistors which can be deposited at low temperatures, there is a 

possibility to directly integrate on the readout integrated circuit (ROIC) without 

harming its elements. Amorphous Si, SiGe, Ge, GexSi1-xOy and VOx are a few 

examples of such thermistors in the market. 
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Figure 5.2 Cross-section of a) the membrane-supported and b) the bridge-supported microbolometer [12]. 

The advantage of mentioned group IV–based materials in this list is the absolute 

compatibility with the silicon processing line. The process flow is described in Figure 

5.3 [28].  The first step is deposition of a thin reflective layer directly on top of the 

ROIC. A thick sacrificial layer is then spun and cured to form the resonant cavity at 

the end of the process. The thermistor material is deposited over the sacrificial layer 

and covered by metallic contact electrodes. The metallic contact deposition and 

etching enable electrical continuity between the underlying substrate and 

thermistor on the surface of the sacrificial layer. Finally, the micro–bridge arrays 

are released by removing the sacrificial layer.   

 
Figure 5.3 Process flow of a bridge–supported microbolometer technology [28]. 

Another process flow for fabrication of bolometers is through wafer bonding process. 

Heterogeneous three–dimensional (3D) bolometer integration has been proposed for 

the integration of high performance mono–crystalline thermistor materials on 

ROICs [29-31]. In this method, the thermistor material is deposited on a separate 

carrier wafer. The materials are then transferred from the carrier wafer to the ROIC 

wafer using low temperature adhesive wafer bonding in combination with sacrificial 

removing of the carrier wafer as shown in Figure 5.4 [32]. The advantage of 3D 

bolometer integration is that it allows application of high TCR and SNR mono–

crystalline thermistor for imaging application.  
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Figure 5.4 Heterogeneous 3D integration for uncooled infrared bolometer arrays: (a) separate fabrication of 

ROIC wafer and carrier wafer with resistive bolometer material; (b) adhesive wafer bonding; (c) thinning of 

carrier wafer; (d) bolometer definition; (e) via formation; (f) sacrificial etching of polymer adhesive [32]. 

5. Thermistor materials 

5.1. Amorphous Silicon 

In this part, the advantages and drawbacks of bolometers using amorphous Si (a_Si) 

are presented. The mechanism and characterization results are illustrated and 

compared to the existing thermistors. This material possesses a number of 

properties that make it an attractive thermistor material for bolometer application. 

High TCR values (1.8 <β < 5.5%K–1) [33,34] depending on the material growth 

technique can be achieved (see Figure 5.5 [33]). High TCR comes with high 

resistance which can be adjusted by doping concentration or hydrogenating the 

layer. Decreasing the resistance of the thermistor material increases the current 

and hence the responsivity of the detector. It should be noted here that two–fold 

extension of TCR from –2.5 %K–1 to –5 %K–1 is accompanied by over almost two 

decades increase in the resistance of the thermistor material. Thus, an appropriate 

compromise to gain a better responsivity would be the lowest achievable resistivity 

despite a lesser TCR. Low processing temperature and well–known 

deposition/etching technologies make this material a competitor for monolithic 

implementation in bolometers. Its high resistance minimizes pixel array Joule 

power dissipation and permits continuous sampling/integration of all pixels in the 

focal plane array (FPA). This can be done using a constant detector bias [26] on the 

one hand; and decreasing the signal–to–noise ratio on the other.   
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Figure 5.5 Evolution of the TCR as function of the electrical resistivity of amorphous silicon [33]. 

Amorphous Si can be deposited using either plasma enhanced chemical vapor 

deposition (PECVD) or sputtering. Amorphous Si deposition can be performed under 

a high control by PECVD and the layer acquires high uniformity and low stress. 

Moreover, the resistivity of a–Si can be controlled by the doping level (phosphorous 

or boron). However, in sputtered a–Si, resistivity is governed by the degree of 

dangling bond passivation by hydrogen (hydrogenated amorphous Si, a–Si:H). It 

increases by adding a small portion of H2 to the argon atmosphere of the sputtering 

chamber. Precise control of the hydrogen amount deposited can be very difficult and 

this causes non–uniformity and reproducibility problems [33]. 

As mentioned earlier, 1/f noise is the main source of noise in thermistors. The level 

of 1/f noise found in the sputtered material is up to 3 orders of magnitude lower than 

that found in PECVD material [36]. This is due to the higher hydrogen content 

within PECVD a–Si:H compared to the sputtered one. According to Unewisse et al. 

[33], unhydrogenated materials exhibit the highest detectivity D* in sputter 

deposited a–Si (2.2×108 cmHz1/2W–1 for unhydrogenated compared to 1.08×108 

cmHz1/2W–1 for hydrogenated a–Si), despite lower TCR values (1.8 %K-1 for 

unhydrogenated compared to 2.1 %K-1 for hydrogenated a–Si). It should be 

emphasized here that these results are measured in vacuum using 800˚K source. A 

vacuum packaged sputtered a–Si:H bolometer is found to have performance about 6 

to 10 times higher compared to non–packaged ones. Although vacuum packaging is 

an expensive process, this improvement is essential for imaging applications.    

The other problem with a–Si thermistor is the high level of compressive stress. The 

pixel deformation is a result of significant amount of compressive stress especially in 

large devices which may break the device in some cases [26]. Pixel thickness governs 

the stiffness of the pixel membrane and plays an important role in overcoming 

stress–induced pixel deformation of the suspended microbolometer pixel element 

[35]. 

Creation of defects by extended illumination is another effect of temperature on 

amorphous silicon (a–Si:H) which was discovered in 1977. The solar cell 

performance made of a–Si was found to get degraded as they were exposed to 

sunlight for a long time [36]. Thermal history also impacts the conductivity property 

which is a concern for bolometers as they need to be perfectly adjusted for a given 
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electrical resistance value. Mastering the cooling rate from above equilibrium 

temperature is one possible method which needs further investigation [37].       

5.2. Amorphous Ge 

Another thermistor material with very encouraging results is a–Ge. The detectors 

using this thermistor are reported to have 4.7×108 cmHz1/2W-1 detectivity for the 

standard test [26]. This performance enhancement is attributed to the lower 

resistivity of a–Ge relative to a–Si (22 kΩ for a–Si compared to 1.4 kΩ for a–Ge in a 

70×70 μm2 pixels). The lower resistance offered by Ge allows an increased current to 

flow through the bolometer resulting in a higher responsivity for a given bias [38]. 

Although the thermistor temperature is higher and increases faster, since the 

relative reduction in resistance is much larger than the relative increase in 

temperature, the Johnson noise is reduced. Thus, the SNR and D* are improved for 

a–Ge. 

M. Garcia et al. [12] in 2004 reported 5 %K-1 TCR with 0.4 eV activation energy for 

a–Ge:H,F grown using low frequency plasma enhanced chemical vapor deposition 

((LF)PECVD) with GeF4 and H2 precursors.  

5.3. Amorphous SiGe 

Alloying Si with a material like Ge has also the potential for producing high 

performance detectors. The bolometers made of a–SiGe benefit from a–Si TCR, low 

resistance due to a reduced energy band gap of germanium and hence high SNR. 

Reduction in the intrinsic 1/f noise properties of the a–SiGe material is the key to 

maintain low noise in the small pixel design. 5 %K-1 TCR has been reported [25] for 

a–SiGe compared to 3.3 % K-1 for a–Si manufactured with the similar condition. Yon 

et al. [39] has studied the effect of germanium composition on resistivity and TCR as 

shown in Figure 5.6. 

 
Figure 5.6 a) Thin film resistivity and b) TCR vs. the Ge atomic ratio x of the a–Si1-x Gex alloy [39]. 

They measured the resistivity and TCR at a temperature of 30°C by the direct 

probing of the thin film itself.  This study confirms the relevance of the a–SiGe thin 

film achievement to dramatically reduce the resistance of the amorphous silicon 

based microbolometer detectors (see Figure 5.6a). In Figure 5.6b, TCR is shown to be 

rather constant, close to –2.1 %K-1, for the germanium contents below 25%. For Ge 
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contents over 25%, TCR decreases significantly down to –1.35 %K-1. This group has 

also published the device test data of TCR vs. resistivity by integrating a–Si1-xGex 

with germanium content (x) in the range of 0–25% as shown in Figure 5.7 [39]. 

 
Figure 5.7 TCR vs. resistivity from doped a-Si1-xGex thin films embedded in the test device with x ranging 

from 0% to 25% [39]. 

The film resistivities and TCR values extracted from the test device resistance 

measurements are consistent with the results obtained on the thin film which 

validates the successful integration of the a–SiGe material into a bolometer design. 

The capability of a–SiGe for fabricating a low resistance pixel is fantastic to comply 

with the voltage lowering trend of advanced CMOS processes which is operating on 

the produced signal. By comparing Figure 5.5 with 5.7, one can conclude 

–2 %K–1 can be achieved using a–Si0.75Ge0.25 with almost tenfold reduction in the 

resistance compared to a–Si. The responsivity of the detectors, as mentioned earlier, 

is proportional to TCR divided by resistance. The responsivity enhancement of 50% 

has been reported for introducing only 5% germanium in a–Si [39].  

In this case, by decreasing the resistance the Johnson noise becomes negligible and 

it can be referred to as an improvement in the thermistor statistic. However, the 

predominant 1/f noise and responsivity, which is proportional to the current, 

increase by decreasing resistance value. This will have no harm on the signal–to–

noise ratio. The reported K1/f for a–Si and a–Si0.75Ge0.25 are 4.2×10–6 and 3.6×10–6, 

respectively [39]. Therefore, a–SiGe is preferred over a–Si for its higher sensitivity, 

while preserving, similar signal–to–noise ratio as a–Si. 

5.4. Amorphous Si1-xCx 

This material (a–Si1-xCx:H) was proposed [13] as a thermistor material for its very 

high TCR, good noise property and the fact that although high TCR values can be 

achieved in other amorphous semiconductor films, they have significant electronic 

excess noise problems [27]. The noise properties of this thermistor were investigated 

in 1997–8. The layers were grown by PECVD reactor using SiH4, CH4, B2H6 and H2. 

Ichihara et al. [13] reported that the noise in a–Si1-xCx:H dramatically decreases as 

the number of Si–CH3 and C–Hn bonds in the thin film decrease and as the doping 

level increases. Although hydrocarbon bonds such as Si–CH3, and C–Hn have no 

effect on the activation energy, these bonds degrade the structural uniformity [40] 

and can be expected to affect conduction mechanisms. 
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The noise reduction due to the increased doping level was surprising despite an 

increased structural disorder. Thus, it was concluded that the 1/f noise does not 

originate from neither the structural disorder nor neutral dangling bonds which act 

as recombination centers, but from the structural non–uniformity which causes 

fluctuation in the carrier conduction [41]. In comparing films with the same 

activation energy but different doping levels and CH4/SiH4 ratios, heavily doped 

films showed lower 1/f noise [41]. High doping level reduces the carrier density 

fluctuation and hence, the noise level decreases. They reported TCR increase from 4 

%K-1 to 6.6%K-1 by changing the deposition conditions [13].  

5.5. GexSi1-xO 

As it is known, Si– and Ge–based compounds have proved to be good thermistor 

materials due to simplicity of integration with the driving electronics. Extrinsic 

electrical conduction in amorphous semiconductors is a thermally activated process 

[14] which is due to the activation of carriers from midgap extended levels to the 

conduction band [42]. The activation energy (Ea) is related to the doping 

concentration, grain size, and density of defects at the grain boundaries. High 

activation energies, i.e. high TCR, are achievable for low doping levels which results 

in very high resistivity of the material. Therefore, a trade–off between large TCR 

and large resistivity must be reached.    

If in an amorphous material the carrier concentration in the midgap levels is high, 

the resistivity of the material remains in a useful range. In a–Si, the extrinsic 

conduction mechanism takes place at very low temperatures which is not 

appropriate for a thermistor material. In a–Ge inferior band gap gives low activation 

energies, however, adding oxygen to evaporated a–Ge increases the gap which in 

turn increases TCR form 1.1%K-1 in pure Ge to 4.2%K-1in GeO0.9. 

Addition of oxygen will increase the number of deep donor levels which results in 

moderate resistivity values. Moreover, alloying a–Ge with Si will create an extra 

bonus of higher TCR through increasing the bandgap [43]. 

In this ternary system, oxygen atoms are preferentially bonded to silicon and not to 

germanium atoms [44]. This can be elucidated by the fact that the film is growing in 

a thermodynamic quasi–equilibrium state similar to thermal oxidation [45,46]. 

However, applying the glow discharge in the sputtering process creates a 

thermodynamic non–equilibrium state that allows the formation of both Si–O and 

Ge–O bonds in the growing film [43]. Clement et al. [43] reported that film 

parameters (e.g. electrical resistivity, optical gap and the activation energy) depend 

only on the total oxygen content and not on the particular values of RF power and 

gas composition used to achieve that composition. This feature offers a large 

flexibility to optimize any process parameter. 

In 1971 [42], it was found that the band structure of amorphous semiconductors is 

determined by a smooth variation of the density of states with energy in the band–

edge zones, called band tails, and a high density of states in the midgap region. If 

the mobility of carriers in the band tails is high enough, the conduction mechanism 
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is dominated by carriers activated from the midgap states to these band tails. In this 

case, the activation energy of the electrical resistivity is smaller than half of the 

optical gap (as shown in Figure 5.8 [43]). 

 
Figure 5.8 The activation energy (Ea) and optical gap vs. the oxygen content (y) in films deposited without 

substrate bias at various O2 contents in the gas discharge and various rf power levels, (●) 500 W, (■) 800 W, and 

(▲) 1500 W [43]. 

In 2002, Iborra et al. presented GexSi1-xOy with moderate resistivity (<105 Ω.cm) and 

very high TCR of –4.5 %K-1. The bolometer made of this thermistor illustrated a 

response time of 1.8ms [47]. They claimed that the reproducibility of the electrical 

properties of the GexSi1-xOy resistive layers is very successful. 

5.6. Polycrystalline Si 

Polycrystalline Si as a thermistor material was offered as a response to the demand 

of a sensor which could prevent damage to high speed electronic systems. Supadech 

at al. [48] thermally characterized the LPCVD grown layer after various boron ion 

implantation doses. They have reported a critical point where the polarity of TCR 

changes which is so–called “saturation range” [49,50] (see Figure 5.9).  

At low temperatures, the resistance decreases with increasing temperature because 

the impurity atoms (acceptor atoms) are ionized. The resistance then remains 

constant over the specified temperature range (“saturation range”). After the critical 

temperature, the lattice scatterings have more effect than the acceptor atom 

ionization effect which may explain the resistance rising up in the material [48]. The 

critical point, as it is shown in Figure 5.9, can be tuned by doping concentration. 
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Figure 5.9 Resistance of poly–Si thermistor vs. temperature for different implanted doses [48]. 

5.7. Polycrystalline SiGe 

In this area of electronics, many research groups are devoted to find the material 

with optimum characteristics, but none have yet completely succeeded. Vanadium 

oxide (VOx) suffers the fact that it is not a standard material in IC technology, 

metals have very low TCRs and a–Si (SiGe) has demonstrated a large low frequency 

(1/f) noise [33].  

Although a–SiC with a high TCR of 4–6 %K-1 is an IC compatible material [13], a 

high temperature post–annealing (about 1000 ˚C) is required to obtain stable 

microstructure. This treatment will damage the ROIC. Another candidate is a–Si:B 

which has shown  TCR of 2–8 %K-1 but its excessive 1/f noise badly compromises the 

TCR. This makes it unsuitable to use for high performance thermal detectors [51]. 

 Due to compatibility with standard Si processing and lower 1/f noise compared to 

amorphous prototypes, polycrystalline Si (poly Si) was suggested to become the next 

thermistor for bolometer realization. According to reports [52,53], the concern about 

this material is the mechanical stability of the bolometer. A solution to this problem 
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is a high temperature annealing [54] which can damage the ROIC electronics. 

However, the presence of Ge atoms reduces the deposition temperature which leads 

to a more ordered structure and lower stress in the layer [55,56]. Thus, employing 

polycrystalline SiGe instead of polycrystalline Si with at least a factor of four lower 

thermal conductivity than polycrystalline Si [57,58], easily micromachining property 

and a TCR comparable with other available materials [59] can be a good solution for 

mass production. Altering the growth condition (temperature and pressure) is a way 

to adjust the stress in the grown layer [57]. Reduced pressure chemical vapor 

deposition (RPCVD) and atmospheric pressure chemical vapor deposition (APCVD) 

are tools which have been utilized for the growth of such layers. Stability at high 

temperature annealing and high stress uniformity along the deposited layers are the 

advantages of RPCVD compared to APCVD grown layers [57].  

Due to low resistance of this material, Flicker noise always dominates over the 

Johnson noise; thus, improving the performance of the device depends mainly on 

reducing this noise component. As cited before in other thermistors, the parameters 

such as TCR, resistivity and 1/f noise are dependent and all need to be considered 

for optimizing the processing. Doping level of the thermistor is in charge of the 

resistivity and resistivity determines the TCR and noise level (see Figure 5.10 [14]).  

 
Figure 5.10 dependence of TCR and noise voltage on resistivity of in–situ doped RPCVD polycrystalline SiGe, 

1 μm thick [14]. 

In this case, to obtain the maximum effective detectivity D*, the effect of resistivity 

on D* must be well–understood. At large bias, after linear increase of detectivity 

with bias voltage, it reaches saturation due to linear increase of 1/f noise (D* is the 

product of TCR times (1/V1/f)). As shown in Figure 5.10, TCR and 1/(V1/f) are 

respectively an increasing and decreasing function of resistivity. Therefore, their 

product maximum should be chosen to achieve optimum performance [14]. 

TCR values as large as of –2% and –1% have been reported for polycrystalline SiGe 

grown by APCVD and RPCVD, respectively [14]. Despite lower TCR of RPCVD 

samples, they exhibit smaller resistance and V1/f compared to those grown by 

APCVD which makes them favorable for this application [14]. 

In 2003, d. Liong et al. reported ultra high vacuum chemical vapor deposition grown 

(UHVCVD) polycrystalline SiGe with –1.91%K-1 TCR and 0.145 eV activation 
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energy. This group exhibited that the 1/f noise of polycrystalline SiGe is much lower 

than that of a–Si:B [60].  

5.8. Single–crystalline SiGeC 

Single–crystalline SiGeC is claimed to enable better thermal isolation by using 

MEMS technology for health–care applications. This thermistor material offers low 

heat dissipation and results in a high responsivity [61]. The SiGe layers with high 

Ge content usually contain a large amount of strain which deforms the mono–

crystalline structure to polycrystalline. This stored strain reduces the thermal 

stability of the SiGe layers. This limitation mostly belongs to the application of 

binary systems which can be surmounted by using ternary systems (SiGeC). By 

compensating the strain using C atoms, the crystalline SiGeC film can be formed 

directly on the silicon substrate without the concern of the critical thickness. This 

system enables the growth of thermistor at even higher temperature than SiGe [62]. 

In 2006, Hsieh et al. [63] reported a TCR value of –2.74 %K–1 and an activation 

energy of 0.21eV for Si0.68Ge0.31C0.01 ternary system.  

5.9. Hydrogenated nanocrystalline silicon-carbide (p-nc-SiC:H) 

Back in 2002, due to further increase in the demand for optimum thermistors, 

photo–assisted CVD boron–doped hydrogenated nano–crystalline silicon-carbide (p–

nc–SiC:H) films were proposed by H. Lee et al [64]. The p–nc–SiC:H is composed of 

nano–sized crystal silicon (c–Si) grains embedded in amorphous SiC:H (a–SiC:H) 

matrix [65]. The maximum achieved TCR value was 2.3 %K-1. This material is also a 

wide bandgap material and TCR can be determined by controlling the bandgap 

through the carbon content of the deposited layer. What made their work significant 

compared to others was using photo–assisted CVD which can grow films with small 

powers (~10 mW/cm2) at low substrate temperature (≤ 250˚C). This eliminates the 

ion damage during the film deposition using PECVD and thus, the grown films are 

expected to have smaller 1/f noise. 

In p-nc-SiC:H, the correlation between resistivity and TCR is shown in Figure 5.11 

[65-67]. 

As the C2H4/SiH4 increases, TCR and 1/f noise are decreased. High carbon content 

prohibits the nano–crystallization of SiC:H films and decreases the non–uniformity 

of the material structure. This reduces the fluctuation in the carrier concentration 

[41] which decreases TCR and noise level simultaneously [64].   
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Figure 5.11 Correlation between the resistivity and TCR of various p-nc-SiC:H films [65-67]. 

5.10. Schottky-diodes 

Schottky barrier diodes were introduced for the first time as a micro–

electromechanical systems (MEMS) processing method for fabrication of 

microbolometers at Bell Labs for air–bridge isolation in ICs [68]. The thermistor 

element is a differential pair of PtSi/p–Si, NiSi/p–Si and RhSi/p–Si Schottky barrier 

diodes. The operating principle is the log–linear temperature dependence of 

Richardson thermionic emission currents in reverse biased Schottky diodes [69,70]. 

Such designs demonstrate very high TCR values in range of 6–7% [69] and 

independency to Flicker noise proposes them as good candidates for IR detection.  

High resistance due to the potential barrier at the interface of the metal and 

semiconductor (Si) results in low current in these detectors. Since 1/f noise is 

proportional to the current, Johnson noise is the dominant noise source in this case. 

Thus, by optimizing the resistance through improving the contacts, the resistance 

and in turn Johnson noise will be reduced [69]. 

In these detectors, thermal detection occurs through the changes in the emission 

current of a reverse biased Schottky diode. The diode has very high impedance and 

acts as a current source. The magnitude of the saturation current will be 

proportional to the electrically active area of the Schottky junction. For a well–

fabricated diode, thermionic emission is the dominant mechanism in producing the 

saturation current [69]. The saturation current density can be written as: 

      
       

   
  

  (21) 

where Ar is Richardson's constant, k is Boltzmann's constant, and T is the absolute 

temperature. φbn is the Schottky barrier potential which can be calculated by an 

activation energy analysis of the variation of diode current with temperature. Eq.21 

demonstrates the saturation current dependency on the temperature. For bolometer 

application, the variation of the detector temperature changes the total distribution 

of electron energies in the Schottky electrode which in turn changes the detector 

saturation current. The final expression for the temperature coefficient of resistance 

(current) is given by: 
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Thus, the Schottky barrier based thermal emission sensors have the potential (high 

temperature response) to improve significantly for IR applications. 

5.11. Single-crystalline Si/SiGe multilayer structures 

This section briefly reviews our detectors made of single–crystalline material. A 

novel design on the basis of the dark noise in the photon detectors has been 

suggested for the first time in 2001 [71].  The initiative behind this thermistor was 

that the single–crystalline (sc) material exhibits very low 1/f noise which is the main 

source of noise in these detectors [72]. For high performance bolometers, high 

signal–to–noise ratio is an important parameter to obtain accurate signal for 

sensitive IR imaging. The 1/f noise in sc–Si/SiGe (Si barrier layer/SiGe quantum 

well) bolometers is attributed to the quality of epi–layers, interfacial roughness (or 

unevenness) and the contact resistances [17,73]. By optimizing parameters such as 

the barrier height (with changing the Ge content) and the fermi level (Ef)  (by 

variation of the quantum well width and doping level), this system will provide the 

potential to design structures with higher TCR and SNR as compared with today‟s 

thermistor materials. 

According to the reports, the noise level measured in this system was two orders of 

magnitude lower than VOx [5,74]. This thermistor material is therefore very 

promising for future mass market applications.  

Technically, to maximize the thermal response in this system, highest barrier 

potential must be exerted in the valence band to confine holes. This can be achieved 

by introducing highest strain in the quantum wells of the structure through 

increasing the Ge amount. This means that further increase of the Ge content and 

the well thickness leads to higher number of quantized energy levels and enhanced 

temperature response. However, for Ge contents more than 30%, the thermistor will 

strain–relax due to a large lattice mismatch between Si and SiGe. This phenomenon 

generates dislocations in the lattice structure giving rise to the generation–

recombination noise level which in turn reduces the signal–to–noise ratio. This 

happens when a certain critical thickness is reached. Consequently, the possibilities 

to change the composition and thickness of the materials are limited by lattice 

mismatch [17,73]. 

In this case, TCR can be estimated through the difference between the bandgap of Si 

and embedded Si1-xGex [19]. Figure 5.12 illustrates a schematic diagram of the 

valence band in a single quantum well structure. 

In semiconductors, conductance (1/R) is proportional to the amount of free carriers, 

pexc [m-3] (or nexc in case of n–doping), hence eq.17 for TCR can be calculated as [74]: 

   
 

   
 
 

 
          (20) 
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Figure 5.12 Valence band structure of a Si/SiGe/Si quantum well [19]. 

where kB, V and T are Boltzmann‟s constant, barrier height and temperature, 

respectively. When the thermistor material is heated, thermal excitations generate 

carriers (holes in this case) which have energies high enough to overcome the 

potential barrier of the quantum well. If a voltage is applied across the active region, 

these excited carriers move in the direction of the applied field, thus resulting in a 

current (see Figure 5.13). This current will increase at higher temperatures by 

increasing the number of the carriers in the current stream. 

 
Figure 5.13 The tilt of the valence band after applying a biased voltage across the SiGe/Si stack. The 

thermally excited holes move towards the negative potential. 

The thermistor structures in this study consist of an intrinsic stack of multi 

quantum dot (MQD) or well (MQW) structures sandwiched with two highly boron–

doped contact layers both on the top and bottom (see Figure 5.14). 

 
Figure 5.14 The cross–sectional view of the stack and the active area. 

The presence of two intrinsic Si layer at top and bottom of the stack suppress the 

boron auto–doping from the contact layer to quantum wells. B–doping of the active 

area impacts directly on Ef value of the structure which decreases the thermal 

response of the detector [19].  

Thermal excitation 
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We have studied the application of Ge quantum dots instead of quantum wells to 

maximize the barrier height. However, the Ge quantum dots are not pure Ge and 

are in fact SiGe due to the intermixing of Si with Ge at the growth temperature 

range. In this case, ~47% Ge content was achieved which improved the TCR values 

compared to the MQWs (3.4 %K–1 for multi quantum dots compared to 2.7 %K–1 for 

MQWs) [17]. However, a remarkable shift (3 order of magnitude) in the K1/f for 

MQDs compared to MQWs was observed. This shift can be explained through the 

strain fluctuation in the QD structures compared to uniform profile in QWs.  

Integration of C in the Si/SiGe stack [75] (SiGe(C)/Si(C) multi quantum wells) was 

also examined which exhibited an outstanding TCR of 4.5%/K for 100×100µm2 pixel 

sizes and low noise constant (K1/f) value of 4.4×10-15. The outstanding performance of 

the devices was believed to be due to low contact resistance in the presence of Ni 

silicide, smooth interfaces, and high quality multi quantum wells (MQWs) 

containing high Ge content. For these detectors, Ni silicide was used as the 

absorbent [76,77]. This is due to its simple preparation and the fact that it has a 

strong absorption of about 90% in wavelength range between 7–13 μm [78]. The 

main idea is to create SiGe layers through the intermixing of Si into the Ge thin 

layers (grown by introducing GeH4 without SiH4). The intermixing of Si and Ge can 

be controlled by the growth temperature and the carbon doping in the Si barrier 

layer [79]. Thus, growth of the Ge–delta layers at low temperature embedded in Si1-

yCy will be an ideal solution to create SiGe(C) quantum wells with very high TCRs 

and high SNRs. 

The difference in integration of this thermistor material compared to the previously 

mentioned ones is that, this material must be transferred from the carrier wafer to 

the ROIC by wafer bonding. Materials like VOx and a–Si are benefiting from 

simplicity of the monolithic processing but on the other hand, they suffer from the 

limitation of processes which has to be compatible with the ROIC. Temperatures 

above 400–450°C are prohibited and therefore the choices for thermistor material 

are limited to materials that can be optimized by processing at such temperatures. 

After optimization, the sc–SiGe/Si multilayer stack is transferred to the ROIC by 

low temperature adhesive wafer bonding and subsequent removal of the carrier. In 

2010, Lapadatu et al. [80] proposed a novel approach to increase the fill factor. In 

their design the legs, which support the bolometer membrane and connect it to the 

ROIC, are built underneath the membrane as shown in Figure 5.15.  

 
Figure 5.15 Schematic representation of the bolometer pixel illustrating two schemes for electrical connection 

[80]. 
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It was also reported that the detectors composed of Si/SiGe quantum wells have 

presented a TCR around 3.1 %K–1 and 5×10–13 for K1/f  [80]. 
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Heteroepitaxial SiGe(C) has uncovered many exclusive opportunities by enabling 

strain and bandgap engineering. This thesis presents a comprehensive experimental 

and theoretical study of the selective growth of SiGeC layers for CMOS and infrared 

(IR) applications. The CVD deposited layers were analyzed, calibrated and 

subsequently integrated in the devices. Major outcomes of this work are 

summarized below. 

1. Selective epitaxy growth demonstrates a pattern dependency which leads 

to a variation of Ge content and growth rate for chips with different 

exposed Si coverages. This behavior is saturated for chips with exposed Si 

coverage below 1%. On the patterned wafer, the interaction between chips 

originates from the amount of gas consumed by the chips and the distance 

of the chips from each other (radius of gas depletion). An estimation of the 

radius of gas depletion for the chips in this study is 8 mm at 10 torr and 15 

mm at 40 torr. Using thicker oxide in the pattern led to lower Ge content, 

but had no significant influence on the growth rate. The impact of oxide 

thickness originates from less heat conduction for thicker oxides, which 

impacts the kinetics of gases over the chip. 
 

2. The interaction between chips on a patterned wafer was estimated using 

various approaches and mask designs. The effect of neighboring chips on a 

particular chip was found to be independent and additive. This suggests a 

method of designing chips with a more uniform layer profile. One approach 

would be to introduce dummy features to maintain the same exposed Si 

coverage over the entire chip. This will lead to more uniform layer profile 

over the whole wafer. 
 

3. The pattern dependency of the selective epitaxial growth of B_ and 

C_doped SiGe layers in recessed and unprocessed openings has been 

studied. The SiGe layer profile was not constant during deposition in 

recessed openings. The facets have an impact on the growth where the 

diffusion of adatoms toward the center of the opening occurs. The Ge 

content in SiGe layers grown on the recessed openings is independent of 

the recess depth when the gas ratio of Si and Ge is expected to be 

consumed constantly. The Ge content or strain is graded vertically because 

the layer thickness usually exceeds the critical thickness. The strain 

compensation amount due to C and B doping in the SiGe matrix is 

additive. 
 

 

4. The first detailed empirical model to predict the growth rates and 

compositions of Si1-xGex layers grown on patterned substrates by RPCVD 

was developed. This model is published in the Journal of Electrochemical 

Society and received the following comment:”This is a very nice paper, 

which will make an important contribution to the field and it has the 

potential to become a classic”. The model is able to explain the growth 

kinetics through gas phase processes and related surface reactions. The 
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diffusion of reactant molecules from the formed stationary boundary layer 

has been calculated using Fick‟s law. The gas consumption was modeled by 

estimating the available sites on the Si surface. A good agreement between 

the model and the experimental data of the growth profile has been 

achieved. This model can be utilized in its current form in the 

manufacturing line to predict the layer profile on any patterned substrate. 

The input parameters are dichlorosilane, germane, hydrochloric acid 

partial pressures, growth temperature and mask layout. The interaction 

between chips (sub_chips) on a wafer was modeled using a new approach.  
 

5. Carbon was integrated in SiGe/Si multilayer structure for the first time 

and the devices demonstrated a satisfactory thermistor material for future 

thermal detectors. The performance of the detectors has been very 

sensitive to the layer quality and the interfacial roughness. These terms 

are strain_related and become more critical for Ge contents over 30% (SiGe 

grown at 600_650˚C). Multi quantum dots (MQDs) have shown higher TCR 

(3.4 %/K) but also higher K1/f (2×10−9) compared to MQWs. These IR 

detectors have shown low resistance and not very high signal_to_noise 

ratio. Using Ni silicide as an absorber for this thermistor material 

decreases the contact resistance and the noise level in this detector. Due to 

better IR absorption of Ni silicide layers, the thermal response of the 

detectors is slightly improved. The SiGeC/SiC structures with Ni silicide 

contacts demonstrated TCR value of 4.5% and remarkably low K1/f 

(4.4×10−15). In this work, the factorial method has been applied to evaluate 

the effect of each individual factor in the experiment. Statistical analysis 

can quantify the importance of different design parameters for 

improvements in IR detectors. 

In the future, the requirement for strain and bandgap engineering in advanced 

device designs increases and the vitality of alloying group IV_based materials 

reveals itself. Emerging applications of group IV materials in optoelectronics and 

also scalability of CMOS device are examples manifesting the necessity of uniform, 

reproducible and high quality SiGeC(Sn) layers using CVD technique. Successfully 

alloying Si(GeC) with Sn to make direct bandgap materials extends group IV 

application to photonic area. Moreover, epitaxial growth has recently entered a new 

era of low temperature epitaxy (<400˚C) using precursors (e.g. Si2H6, Ge2H6 and 

Si3H8). Therefore, exploring the new precursor generations is required to fully 

understand the kinetics and control the epitaxy growth quality. This is especially 

challenging due to the interest in continuously decreasing the thermal budget of 

advanced epi-processes for CMOS and BiCMOS applications. 

 

 

 


