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Abstract 

There is an ambition of continuously decreasing thermal budget in CMOS and BiCMOS 

processing, thus low temperature epitaxy (LTE) (350-650°C) with chemical vapor deposition 

(CVD) technique in order to have faster process with low cost. One of the growth issues at low 

temperatures is gas quality where the oxygen and moisture contamination becomes critical for 

the epilayers quality. If the level amount of contamination is not controlled, the silicon dioxide 

islands are formed and the oxygen level in the film will be high. This thesis is focused on two 

different aspects of “LTE”. 

The first focus of this thesis was to identify the effect of contamination on the strain and 

quality of the SiGe epilayers (prior and during epitaxy). The samples in this study were exposed 

to different oxygen and moisture partial pressures (2ppb-250 ppm range) at different exposure 

temperatures (350-650°C).  

The results revealed that presence of contamination even at low ranges (2-100 ppb) is not 

negligible and affects the strain. Parameters such as O2 exposure temperature and partial 

pressure, and SiGe layer’s growth temperature impacted the oxygen level and strain in the films. 

For oxygen levels below 100 ppb, High Resolution Scanning Microscopy (HRSEM) could not 

detect very small oxide island. By increasing the O2 partial pressure well above 100 ppb, the 

oxide islands are saturated at 0.08 µm
2
. 

The second focus of this thesis was to model the Si2H6/Ge2H6-based epitaxial growth of SiGe. 

The model can predict the number of free sites on Si surface, growth rate of Si and SiGe, and the 

Ge content at low temperature. A good agreement between the model and the experimental data 

is found. This model can provide the required growth parameters for certain layer profile which 

is vital to decrease the total number of growth runs for calibration and cause to reduce the total 

fabrication cost.  
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1.1 Introduction 

 

Today’s concepts such as storage and transmission of information have made a communication 

revolution on global scale [1]. Semiconductor devices have a golden role in this revolution and 

Si technology is glory. The speed of carriers through the device biased during their transportation 

defines the speed of a transistor. The carrier mobility for electrons and holes in the III-V 

compound semiconductors is higher than Si. However III-V compound semiconductors have 

some difficulties such as more difficult fabrication, lower yield, lower levels of integration, and 

ultimately higher cost. These reasons cause to raise the role of Si in device technology. 

Improving the performance of Si transistors makes it compatible with the III-V devices. Si 

heterostructures field can help us to attain this purpose which can be seen in the SiGe HBT and 

strained Si CMOS nowadays. Application of SiGe has not been limited on the heterojunction 

bipolar transistor. It is expanded to other fields such as quantum well infrared detectors, 

optoelectronics and causes to widen the range of the electronic devices fabricated on Si substrate 

[2]. Figure 1 depicts that, the number of industrial SiGe and strained fabrication facilities in SiGe 

HBT BiCMOS is 25 times higher in 2005 compared to 1993. 
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Figure 1 Number of industrial SiGe and strained fabrication facilities up to 2005[1] 

The first report for BICMOS technology (SiGe HBT + Si CMOS) was in December 1992 [1]. 

CMOS technology has some advantages compare to bipolar technology such as: power 

dissipation, packing density, and noise margins. Vice versa bipolar technology also has some 

advantages compare to CMOS technology such as: switching speed, noise performance, current 

drive per unit area, analogue capability, and I/O speed. This combination (BICMOS) gives some 

important advantages [3]:  

1. Lower power dissipation than Bipolar 

2. Better speed than CMOS 

3. Flexible I/Os 

4. High performance analogue 

5. Latchup immunity 

In CMOS and BiCMOS structures, low temperature epitaxy, LTE (350-650°C) with chemical 

vapor deposition (CVD) technique is an attracted subject because there is the interest of 

continuously decreasing thermal budget. One of the most important problems in this temperature 

range is high oxygen (or moisture) level, which has enormous effect on the layer quality. If the 

amount of oxygen (or moisture) in the epi-films or on the starting surface is not controlled, then 

defects or silicon dioxide islands may be formed.  

This thesis is focused on SiGe epitaxial layers grown at low temperature, and investigating the 

effect of oxygen and moisture on the quality of the epilayers and the strain amount. The kinetics 

of epitaxial growth is discussed in chapter 2. Two different cases were experienced; prior and 

during epitaxy, which are discussed on chapter 3. Chapter 4 proposed a kinetic model for 

Si2H6/Ge2H6 - based epitaxy growth of SiGe. Finally, conclusions are presented in chapter 5. 
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Chapter 2 

 

 

 

 

 

 

 

 

 

 

 

2.1 Chemical Vapor deposition (CVD) 

 

The basis of the chemical vapor deposition or CVD technique is the reaction of gases at an 

applied temperature and pressure to form a layer on a substrate. One can classify CVD technique 

based on pressure level as follows: Atomic Pressure Chemical Vapor deposition (APCVD), low 

Pressure Chemical Vapor deposition (LPCVD), Reduced Pressure Chemical Vapor deposition 

(RPCVD), and Ultra High Vacuum Chemical Vapor deposition (UHVCVD). RPCVD is the most 

widespread epitaxy technique due to its high feasibility and throughput [4,5].  

Different steps of the CVD process are illustrated on figure 2: 

 

1. Transport of reactants into the deposition chamber by forced conversion. 

2. Transport of reactants from the gas stream to the wafer surface by diffusion. 

3. Reactants adsorption on the wafer surface. 

4. Surface reaction (chemical decomposition, surface migration, recombination and so on). 

5. By-products desorption from the wafer surface. 

6. Transport of byproducts to the gas stream by diffusion. 

7. Transport of byproducts away from the deposition chamber by forced conversion. 
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Figure 2 Different steps in CVD process [4]  

 

2.2 Si-SiGe Strained Layer Epitaxy  

 

The term epitaxy was used by Royer for the first time in 1928 and the word has Greek root; “επι” 

or epi that means “ordered on” and “ταδισ” or taxis which means “in ordered manner”, and is 

defined by growth of the monocrystalline layer on a monocrystalline substrate in a particular 

crystallographic orientation [7, 8]. There are two different epitaxy; homoepitaxy and 

heteroepitaxy. The homoepitaxy is the depositing a film on a substrate with the same material for 

example Si on Si (100). Its application is depositing very pure material on substrate or depositing 

with different doping levels. The heteroepitaxy is defined by depositing a film on a substrate 

with different material for example SiGe on Si (100) that has a lot of application in CMOS and 

HBT technologies. 

The lattice constant of the Si is around 5.530 Å while for Ge is around 5.658 Å which shows 

that Ge atoms are bigger than the Si atoms (4.19%). So the bandgap of Ge is smaller (0.66 eV for 

Ge and 1.12 eV for Si). Bandgap of the compound of these atoms which forms an alloy as Si1-

xGex ( 10 x ), is between them and is suitable candidate for bandgap engineering in Si. It was 

proved that, by increasing 10% Ge content in the alloy, the bandgap will decrease around 75 

meV [8]. Figure 3 shows dependency of the bandgap on Ge content. The HH and LH lines depict 

the bandgap for heavy and light hole respectively.  
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Figure 3 Dependency of bandgap on Ge content in Si1-xGex [9] 

One of the most important factors in CMOS technology is the mobility which can limits the 

performance. The mobility of the p-channel is 2.5 times lower than n-channel, so mobility 

enhancement for balancing is necessary, and SiGe can solve this problem by introducing strain in 

the channel region [10]. SiGe bandgap engineering and strain have increased the potential for the 

SiGe heterojunction bipolar transistors (SiGe HBT). Smaller bandgap in SiGe rather than Si 

make smaller barrier for electron injection into the base. In this way the resistivity of the base 

will decrease without any changing in the current gain [11]. Figure 4 depicts SiGe layers in 

different parts of the IBM SiGe HBT in a BiCMOS. Due to B out-diffusion in the various steps 

in the fabrication processing by thermal treatment, which causes to reduce the transistor’s gain 

and speed, one can introduce C to SiGe (SiGe:C) to prevent this unaccepted diffusion. The 

carbon atoms do not have any negative effect on the device parameters [11]. This technique was 

used in 1999 by IHP [1].  

 

 

Figure 4 Schematic of cross section view of the IBM SiGe HBT in a BiCMOS process [10] 
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The lattice constant of an alloy obtains by using of Vegard’s law (Equ. 1), but because of the 

presence of strain in the Si1-xGex alloy, its lattice constant does not follow the Vegard’s law 

exactly, and instead follows Equ. 2, in which ε is the strain. 

GeSiSiGe xaaxa )1(  (1) 

xx
a

aa

Si

SiSiGe 03675.000501.0 2  
(2) 

where aSiGe, aSi, aGe, x, and ℇ are lattice constant of Si1-xGex, lattice constant of Si, lattice constant 

of Ge, content of Ge in alloy, and strain respectively.  

It is clear that the lattice constant of Si1-xGex is greater than of Si atoms so the layer on the 

substrate will be under compressive strain (figure 5). When there is no dislocation 

(pesudomorphic), lattice constant of Si1-xGex in plane (a║) and perpendicular (a┴) in the figure 

5.a are not the same and given by: 

a║ = aSi,  and a┴ = aSi(1+kε)           (3) 

 

with [1] 

75.1k . 

The Ge content can be calculated by XRD method [16]: 

Si

II

ka

aak
x

0418.0

)1(
 

(4) 

 

 

with  

SiIIII aaa
 

(5) 

 

Siaaa
 

(6) 

                

After a partial relaxation, the lattice constant of Si1-xGex in plane (a║) and perpendicular (a┴) 

in the figure 5.b is the same and given by: 

 

a║ = a┴ = aSi(1+ε)           (7) 
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Figure 5 Scheme of a) pseudomorphic (dislocation-free) and b) fully relaxed SiGe layer grown on Si substrate 

[1]. 

 

There is a critical thickness hc in epitaxy of heterostructures, which over that, misfit 

dislocations are generated and cause to relax the strain partially [12,13]. We have the possibility 

to grow layers within a region so-called meta-stable where no relaxation occurs (see figure 6) 

[14,15]. 

 

 

Figure 6 Dependency of the critical thickness as a function of Ge content for epitaxy a layer Si1-xGex on Si (001) 

[14]. 

2.3 Heteroepitaxy Modes  

 

Figure 7 depicts, heteroepitaxy has different growth modes depend on the growth conditions and 

the strain in the heteroepitaxial film. Figure 7.a shows the island or Volmer-Weber growth that 

adatoms like to bond to themselves than to substrate atoms. Figure 7.c depicts the layer-by-layer 

or Frank-van der Merwe growth in which adatoms like to bond with the substrate atoms than to 

themselves. There is a model called layer-plus-island or Stranski-Krastanov growth, between 
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previous models that can be seen in the figure 7.b. In this model firstly layers are deposited, but 

after a while the growth mode shifts to island mode because of some factors such as the 

increasing the strain, high deposition temperature or the orientation of the over layers respect to 

the substrate [7,17].  In general lattice mismatch of the heteroepitaxial and the free energy of the 

interfaces cause to occur these different modes.  

 

 

Figure 7 Different growth modes as a function of the coverage θ in ML [7] 

 

2.4 Low Temperature SiGe Epitaxy  

 

The first investigation of the bandgap of unstrained SiGe alloy was done by the Bell laboratories 

transistor team in 1958. After two years, it was recognized that semiconductor epitaxy can make 

the transistor fabrication more controllable. To obtain an acceptable and good interface on the 

substrate, a high temperature around 1100°C was needed to Si epitaxy. Although high 

temperature Si epitaxy is still used for some types of devices such as high-speed bipolar 

transistors and several power devices, Si device fabrication is going to decrease temperature for 

reaching pesudomorphic SiGe layers [1].  

New performance devices such as Si/Si1-xGex channel Metal-Oxide-Semiconductor Field- 

Effect Transistors (MOSFETs), and Si/Si1-xGex Heterojunction Bipolar Transistors (HBTs) lead 

to reduce the thermal budget (low temperature growth) in order to have precise control of alloy 

composition and layer thickness, to attain arbitrary dopant profiles, and also to prevent affecting 

pre-deposition dopant profile of the substrate. Moreover, it can prevent roughening due to 

reduced adatom’s diffusion length [18]. Also abrupt doping transitions requiers low process 

temperature [19].  

Low temperature epitaxy (LTE) in CVD (350-650 ºC) has different aspects: 
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1. By decreasing temperature, the quality issue of the reactant and pilot gases becomes a 

critical point to obtain high quality epilayers. In this case, the partial pressure of oxygen 

and water has to be kept at very low levels, in order the defect density is suppressed.     

2. Growth rate at high temperature (roughly greater than 850°C) is limited by mass 

transport. In this case, most of the surface sites are free and the deposition is limited by 

adsorption. However, at low temperature regime the growth is limited by hydrogen 

desorption which is strongly dependent on temperature (figure 8) [1,20]. 

3. Low temperature epitaxy is controlled by kinetics, so some parameters such as 

temperature and partial pressures of the gases are very important. 

4. Cleaning is one of the most important parameters to remove the native oxide from the 

surface. Pre-bake of the sample in hydrogen at high temperature (around 1000°C) before 

of the deposition is necessary to avoid the interfacial defects. 

 

Figure 8 Arrhenius plot for Si growth rate for silane and dichlorosilane in similar conditions [1].  

In general, different parameters affect the growth rate: temperature, flow rate, geometry, 

deposition pressure, gas source, and contents. There are different sources for Si in the epitaxy 

process such as SiCl4 (sil tet), SiHCl3 (TCS), SiH2Cl2 (DCS), SiH4 (Silane), Si2H6 (Disilane) and 

Si3H8 (Trisilane), while the sources for Ge are GeH4 (Germane) and Ge2H6 (Digermane). It is 

proved that by decreasing the Cl atoms and increasing the Si atoms in the source gas, the 

deposition kinetics increases. Chlorides are used for thick epi at high temperatures (above 

1000°C) and hydrides for thin epi at lower temperatures [1]. Figure 8 illustrates silane has 

smaller activation energy rather than dichlorosilane and more growth rate.    

 

2.5 Kinetics of Silane, Disilane, Germane, and Digermane 

2.5.1 The Silane 
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At low temperatures the silicon growth is determined by the hydrogen desorption [21]. During 

low temperature epitaxy, hydrogen coverage of the silicon surface affects the some epitaxy 

characteristics such as: film morphology, dopant incorporation, and the quality (see figure 9) [1]. 

Figure 9 shows the equilibrium of the hydrogen surface coverage affects on the growth kinetics. 

Silane molecules are absorbed by two Si sites, and two H atoms in this process passivate the 

surface. The balances between hydrogen desorption and silane adsorption defines the growth 

kinetics.    

 

Figure 9 Schematic of epitaxy in low temperature based on silane [1]. 

A reaction pathway of the silane on surface can be written [1]: 

24 2_2 HHSiSiH  (8) 

_22

* HHH  (9) 

HH 2_22  (10) 

where _ is available site for adsorption, X depicts the atom which adsorbed, H
*
 is an excited state 

of hydrogen.  

2.5.2 The Disilane 

 

Disilane has higher growth rate than silane at low temperature, because the the Si-Si bond energy 

is weaker than Si-H bond energy (lower activation energy for breaking the bonds), so new 

sources such as disilane and trisilane are better candidates for LTE [2,20]. Disilane has also 

higher reactivity on Si surface and lower decomposition activation energy for both surface 

processes and gas phase than silane [22].  

 One can write reaction pathway of the disilane on surface by [23]: 

)(2)(2)(2)( 362 bSisSiHsSigHSi  (11) 

)()()()( 23 sSiHsSiHsSisSiH  (12) 

)(2)()(2 sSiHsSisSiH  (13) 

)()(2)(2 2 gHsSisSiH  (14) 

where Si(s) and Si(b) depict silicon atoms for surface and bulk. 
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2.5.3 The Germane and Digermane 

 

The Germane and Digermane are considered similar to silane and disilane, respectively. The 

Ge-H bond energy is weaker than the Si-H bond energy, so decomposition is occurs at lower 

temperatures [2]. By adding 10% germane to the gas source one can enhance a factor of 25 upon 

in heterogeneous silane pyrolysis. Hee-chuen Cho et al.  showed that “digermane was 

chemisorbed on the Ge/Si(100) surface at 120 K, subsequent heating in vacuum with a linear 

ramp has the effect of thermally decomposing the surface hydrides sequentially, and gradually 

liberating all adsorbed hydrogen, leaving only Ge atoms on the surface” [24].  

2.6 Hydrogen Coverage 

 

Hydrogen coverage on the surface is the result of some chemical reactions between the surface 

sites and the hydride gas molecules e.g silanes and germanes. The sites with hydrogen coverage 

are inactive to further chemisorptions and for becoming active again they have to be release. 

Knowing the kinetics of hydrogen coverage is useful to have a better control on growth rate [25].  

2.7 Wafer Cleaning 

 

Wafer’s surface should be clean before any process due to presence of contaminations such as: 

particles, organic films (photoresists), heavy metals and alkali ions [4]. For obtaining very high 

quality epilayer, the wafers must be cleaned in two steps; ex-situ and in-situ cleaning. The ex-situ 

cleaning has different steps. In the first step, wafers are rinsed in HF 5% (wet-etch cleaning) for 

10 seconds to remove the native oxide layer on the surface. Secondly, they are rinsed in the N2 

bobbled di-ionized water (DI H2O) for 5 minutes. Then they are inserted in a chemical solution 

containing H2SO4:H2O2 (3:1) at 120°C for 5 minutes to remove the organic contaminations. 

After this step, the wafers are put in the N2 bobbled DI H2O for 5 minutes, HF 5% for 10 

seconds, and again the N2 bobbled DI H2O for 5 minutes respectively. Finally they are loaded in 

the load-locks after a drying process. In the in-situ cleaning, the wafers are baked at 1050°C for 2 

minutes to remove the native oxides that are made after cleaning (during the loading).  

2.8 Oxygen and Moisture Contamination  

 

One of the main problems in low temperature epitaxy is a high oxygen and water level in the 

chamber [26]. In order to attain high quality, the background water and oxygen partial pressure 

must be kept at very low ranges. There is a critical pressure for oxygen and water, which above 

that, oxidation process occurs which affects the quality of the epilayer degrades quickly (figure 

10) [5,19]. Sedgewick et al. showed that when there is O2 and H2O in the H2 carrier gas, the 
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epitaxy is blocked effectively and the quality and quantity of deposition will be degraded 

because of the formation of amorphous oxide [26].  

 

Figure 10 Critical pressure of oxygen and water for oxygen free silicon surface [5]. 

 

Gruhle et al showed that the amount of O2 in the layers is not correlative to the partial 

pressure of O2, and quality of the epilayer will decrease above the threshold oxygen in the 

epilayer [19]. Leys et al presented that the main factor responsible for the moisture content is 

outgassing inside the chamber and this can be enhanced by decreasing reactor pressure. They 

also demonstrated that baking in H2 is more effective than in N2 [5]. The rate of outgassing 

increases by increasing the rate of chemical reaction and the vapor pressure at higher 

temperatures. 
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Chapter 3 

 

 

 

 

 

 

 

 

 

 

 

3.1 Result and Discussion  

 

In this project, the epilayers were deposited on blanket Si (100) substrate in an ASM Epsilon 

2000 RPCVD reactor at different temperatures and partial pressures. Dichlorosilane (SiH2Cl2), 

silane (SiH4), disilane (Si2H6), and 10% Germane (GeH4) and digermane (Ge2H6) in H2 were 

used as Si and Ge sources respectively in different experiments. The Ge content and the 

thickness of the SiGe layer were measured by high resolution x-ray diffraction (HRXRD). 

3.2 Effect of temperature on SiGe Epitaxy  

 

In this part, different partial pressures (60 and 4.9 mtorr for disilane and digermane respectively) 

were used, and SiGe layers were deposited at different temperatures (400 to 550°C). The Ge 

content was in range of 23-47.4% at 400°C while its growth rate was 24.4-342.5 Å/min. The 

results show that by decreasing the temperature, the growth rate decreases but the Ge content 

increase (figure 11, 12, 13 and table 1) because of the lower deposition activation energy of 

digermane than disilane. By decreasing the temperature, digermane molecules can split while it 

is difficult for disilane molecules, so the number of Si atoms will decrease rather than Ge atoms 

(i.e. increasing the Ge content). Reduction of Si atoms causes a decrease in the growth rate.   



14 

 

 

Figure 11 HRXRD rocking curves of SiGe on Si (100) substrate at different temperatures. 

 

 

Figure 12 The Ge content at different temperatures for constant partial pressures.   

 

 

Figure 13 Growth rate of SiGe at different temperatures for constant partial pressures.   
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Table 1 Ge content and Growth rate of SiGe at different temperatures for constant partial pressures for DiSiGe6049. 

Temperature (°C) Ge (%) Growth rate (Å/min) 

550 23.1 342.5 

525 29.76 263.33 

500 36.9 205 

475 40.7 142.86 

450 44.5 92.86 

425 46.6 48.125 

400 47.4 24.375 

 

3.3 Oxygen Contamination 

 

Oxygen contamination was introduced by either exposing oxygen prior to or during the epitaxy 

SiGe. The first one is for simulating contamination leakage prior to epitaxy (when the wafer 

transfers to the chamber from the load lock), and the second one is for simulating low gas purity 

phase during the epitaxy. The ASM Epsilon 2000 CVD uses a Pd- purifier, so the oxygen level is 

normally in ppt range. This provides the opportunity to perform the oxygen studies in ppb range.  

3.4 Exposing O2 prior to the SiGe Epitaxy  

 

In this part, 10 ppb oxygen was exposed for 7 minutes at different temperatures (350-650°C), 

and after that a SiGe cap layer was grown at 600°C (see figure 14). The HRXRD results (figure 

15) show that by decreasing the O2 exposing temperature, strain relaxation takes place. In other 

words, by lowering the O2 exposing temperature, higher amount of oxygen is adsorbed and 

affects the SiGe layer quality. This shows that the O2 exposing temperature is a factor which 

affects the strain. We have also investigated the growth temperature effect on the layer quality.  

The effect of cap layer temperature on the strain was also investigated. Table 2 depicts the 

results for two different temperatures of cap layer 550 and 650°C. Comparing series 1 and 2 

shows that temperature of the cap layer also has a role to affect the strain. At 550°C (series 2) the 

strain and apparent Ge are constant while the O2 exposing temperature is not. When the 

temperature of cap layer increases to 650°C (series 2) the strain and apparent Ge will change by 

changing the O2 exposing temperature. There is outgassing of O2 at 650˚C and this results in 

lower growth rate. The strain in cap layer increases when the growth rate is decreased by 

outgassing of oxygen.  

When the exposure temperature of O2 decreases, oxygen level increases and degrades the 

surface quality. It is clear that there are more defects by decreasing the surface quality, so the 
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growth rate will increase (for example poly crystalline growth rate is higher than single growth 

rate). 

 

      O2 exposure, 7 min 10 ppb  

  

 

 

 

 

Figure 15 HRXRD rocking curves of SiGe with prior exposing O2 condition at (cap layer temperature=600°C). 

 

Table 2 Results of the prior exposing O2 condition for two cap layer temperature: 550 and 650°C 

Series 1 (Cap Layer Temperature=650°C) 

Sample Temperature (°C) Strain (ppm) Growth Rate (Å/min) Ge (%) 

O35010ppbxrd 350 7436 208.5 19.78 

O45010ppbxrd 450 7475 201.25 19.88 

O55010ppbxrd 550 7545 191.25 20.06 

O65010ppbxrd 650 7618 182.5 20.25 

DCSSGreft4 ---- 7754 175 20.6 

Series 2 (Cap Layer Temperature =550°C) 

O35010ppbxrd2(1) 350 9545 7.18 25.2 

O55010ppbxrd2(1) 550 9545 7 25.2 

SiGe 

Si 

Figure 14 Schematically view of depositing SiGe after exposing O2 
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Note, since there is O2 in the SiGe layer and this causes strain relaxation, the value of Ge 

content are not accurate and “apparent Ge” has been stated in the table.  

 

The critical size for the formed oxide islands have been estimated from HRSEM micrographs 

as shown in figure 16.  

 

Figure 16 Formation island areas (µm
2
) as a function of O2 partial pressure for different expose temperature and 

constant cap layer temperature (550°C). 

 

The results show that: 

1. In 2-100 ppb of O2 exposure no oxide islands were observed. 

2. The critical area of the oxide islands depends on the temperature of the O2 exposure. 

3. The island area saturates at 0.08 µm
2
 for 2.5 ppm O2 regardless of the exposure 

temperature.  

The level of the oxygen in these samples was estimated by SIMS as shown in Figure 17. The 

interfacial O2 peak at the interface at 550˚C is quite visible meanwhile it is difficult to resolve at 

450˚C.  

 

Figure 17 SIMS results for O2 exposure (10 ppb, 7 min at 450 and 550˚C), with 120 nm Si0.85Ge0.15 cap layer 

(temperature 550°C). 
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             O2 exposure, 7 min 10 ppb  

 

 

 

Because of the difficulty to resolve the interfacial O2 peak, a new set of samples were grown, 

where a Si layer was added in between the O2 exposing and the SiGe layers (figure 18). The 

SIMS results show the interfacial O2 peak at interfaces. In general there are three different 

parameters after O2 exposing which should be considered:  

1. Out-gassing: by decreasing the expose temperature will increase.  

2. Auto- doping: by decreasing the expose temperature will increase. 

3. Incorporation: by decreasing the expose temperature will decrease. 

 Figure 19 illustrates that by increasing the O2 exposing temperature from 550 to 650°C, the 

interfacial O2 peak at the interface increases because of higher incorporation. Since O2 has lower 

incorporation in Si than SiGe, the amount of O2 in Si is lower than in SiGe. Since the amount of 

O2 in the chamber for both conditions is the same, oxygen concentration is lower in the SiGe 

layer at 650°C (≈ 4×1017  atom/cm3 ) than at 550°C (≈1018  atom/cm3 ), because it has been 

consumed at interface. 

 

Figure 19 SIMS results for O2 exposure (10 ppb, 7 min at 550 and 650˚C), with 50 nm Si intermediate and 1200 

nm Si0.79Ge0.21 cap layers (temperature 650°C). 

SiGe 

Si 

Substrate 

Figure 18 Schematically view of depositing SiGe/Si/Si (Sub) 
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The SIMS analysis for sample with O2 exposure at 350°C shows that the amount of O2 at the 

interface and in the SiGe layer is roughly equal. It means that the out-gassing in this case is the 

highest (figure 20). SIMS results depict that the oxygen contamination in the SiGe layer will 

increase when the O2 exposure temperature decreases.  

 

Figure 20 SIMS results for O2 exposure (10 ppb, 7 min at 350˚C), with 50 nm Si intermediate and 1200 nm 

Si0.79Ge0.21 cap layers (temperature 650°C). 

 

The experiments in this part show that, three parameters can affect the SiGe epilayers in 

presence of O2 prior to the epitaxy: 

1. Partial pressure of O2. 

2. Temperature of O2 exposing. 

3. Temperature of the cap layer.   

 

3.5 Exposing O2 during the SiGe Epitaxy  

 

In this part, different O2 partial pressures (10, 20, 40, 80, and 160 ppb) were used during SiGe 

epitaxy at different temperatures (450, 500, 550, 600, and 650°C). An indicator for defect density 

in the rocking curves is FWHW but our data has only a minor fluctuation which makes it 

difficult to determine the layer quality.  The results (figures 21 to 25) depict that the strain 

changes by increasing the amount of oxygen level for each temperature. At high temperature 

(650°C) the strain in SiGe layer decreases very slightly in presence of oxygen.  
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When temperature is decreased the strain in the epi-layers increases by increasing the amount 

of O2. At lower temperatures, there is more moisture and O2 inside the chamber. In other words 

there is a stronger source of O2 inside the chamber which can interact with Si(i.e. makes the 

interstitial defect). In this way the number of Ge atoms in the lattice will be felt higher and cause 

to increase the strain. In other words, at low temperature, the strain will increase by increasing 

contamination.  

One may conclude that at higher temperatures, O2 can interact with both Si and Ge atoms and 

causes strain relaxation, while at lower temperatures it can more interact with Si. Note that there 

is a strain relaxation in the epi-layers for all temperatures because of presence of O2, so the value 

of Ge content which obtains by the HRXRD is not accurate, and “apparent Ge” is expressed 

here. 

  

 

 

Figure 21 HRXRD rocking curves of SiGe with during exposing O2 condition at (T=650°C). The strain in SiGe 

layer has decreased slightly in presence of oxygen.  
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Figure 22 HRXRD rocking curves of SiGe with during exposing O2 condition at (T=600°C). The strain in SiGe 

layer has increased firstly, and then it is decreased for higher amount of O2. 

 

 

 

 

Figure 23 HRXRD rocking curves of SiGe with during exposing O2 condition at (T=550°C). The strain in SiGe 

layer has increased in presence of oxygen. 
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Figure 24 HRXRD rocking curves of SiGe with during exposing O2 condition at (T=500°C). The strain in SiGe 

layer has increased in presence of oxygen. 

 

 

 

Figure 25 HRXRD rocking curves of SiGe with during exposing O2 condition at (T=450°C). The strain in SiGe 

layer has increased in presence of oxygen. 
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Chapter 4 

 

 

 

 

 

 

 

 

 

 

 

4.1 Kinetic Model for Si2H6/Ge2H6 Based Epitaxy Growth of SiGe  

 

Epitaxial growth of Si1-xGex is in meta-stable region due to the lattice mismatch between Si and 

Ge. In order to grow strained films beyond the well-known critical thickness, non-equilibrium 

growth conditions (low growth temperature, high growth rate) are necessary. At first glance, 

these requirements seem to be contradictory. According to the reports about the commonly used 

precursors in CVD (SiCl3H, SiCl2H2 and SiH4), growth rate decreases drastically with decreasing 

the growth temperature. However, in higher order silicon sources in the market (with 2 or more 

Si atoms, e.g. Si2H6, Si3H8), thermal decomposition can occur at lower temperatures. This 

enhances the growth rate and improves the situation. It can be explained by the fact that larger 

molecules are thermodynamically unstable and the decomposition is only kinetically hindered. 

The other point which is worth mentioning here is non-selective nature of the growth that is due 

to the rapid nucleation on dielectrics as well as silicon surfaces. 

In this chapter, SiGe epitaxy growth at low temperature using disilane and digermane as Si 

and Ge sources was studied. This model is based on the Kolahdouz et al. approach “Kinetic 

Model of SiGe Selective Epitaxial Growth using RPCVD Technique” [27]. As expected, the 

estimated deposition activation energies are found to be less than those for silane and germane. 

This model enables prediction of the layer profile (i.e. growth rate and Ge content) for Si and 

SiGe epi-layers at low temperatures (400-600˚C).  
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4.2 Adsorption Kinetics 

 

One of the most important parts in epitaxy is adsorption of molecules and their kinetics before 

incorporation in the lattice. This process involves some forces that can be considered by 

chemical bonding and described by quantum mechanical theory [17]. Adsorption process can be 

classified into physisorption and chemisorption. 

In physisorption process, the characteristic force is van del Waals and the electronic structure 

of the atom or molecule is perturbed upon adsorption. In chemisorption (nucleation) process, 

chemical reactions such as covalence and ionic bonds can be made a new formation of new 

molecules.  

All molecules or atoms which impinge to surface cannot stick. In other words some of them 

desorbs after adsorption.  In this way, sticking coefficient is defined.  

4.3 Sticking Coefficient 

 

Sticking coefficient is the number of atoms (molecules) that adsorb, or "stick", to a surface 

divided by the total number of atoms (molecules) that impinge and defines by a number between 

0.00 (without any stick) to 1 (all atoms stick). In other words, it is the probability that an 

impinging atom sticks to the surface. Table 4 shows the Sticking coefficient of disilane and 

digermane on Si (001) and Ge (001) surfaces [28,29].  

 

 

Table 3 Sticking coefficient of disilane and digermane on Si (001) and Ge (001) surfaces [28,29] 

 Si Ge 

Disilane 0.036 0.0068 

Digermane 0.28 0.52 

 

4.4 Surface coverage 

 

Surface coverage is defined by the number of adsorbed atoms or molecules per unit area and can 

be calculated by [17]: 

dt
dt

dN
S  (15) 

where θ, S, and dN/dt are surface coverage, sticking coefficient, and rate of particles impinge on 

a surface respectively. 
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4.5 The Langmuir Isotherm 

 

When the “isotherm” word is used, it shows that there is equilibrium. In this case it describes the 

equilibrium between the gas phase and the adsorbate phase. The Langmuir isotherm is derived 

from the adsorption and desorption kinetics [30]. Considering equations (11) to (14) gives the 

Langmuir isotherm for this case: 

2

2

)1(
)(

P
TB  (16) 

where θ, P, and B(T) are surface coverage, partial pressure, and reaction constant respectively. 

4.6 Hydrogen Desorption 

 

Desorption of hydrogen is the limitation of the growth rate at low temperature. In other words, 

deposition is limited by the availability of free surface sites. Hierlemann et al introduce a model 

for Si epitaxial growth with DCS and show that 45% of all free surface sites are blocked with 

hydrogen and chlorine around 700°C (figure 26) [31]. In this model the surface coverage was 

calculated empirically which is illustrated in figure 27. One can understand that around 50% of 

all surface sites are blocked with hydrogen around 373°C. 

 

Figure 26 Surface coverage for DCS as a function of temperature [31]. 
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Figure 27 Surface coverage for Disilane as a function of temperature. 

 

 

4.7 Activation energy  

 

Activation energy of the deposition is defined as the sum of the decomposition, adsorption and 

nucleation energies.  

The first step to obtain activation energy for Si is finding the growth rate of Si from disilane 

on Si(100) substrate. The epilayer thickness that can be measured by: 

2

810
)(

r

m
ÅThickness  (17) 

       

where Δm is the mass difference before and after deposition measured  by the scale with 0.0001 

gr accuracy, ρ is density of silicon, 2.33 gr/cm
3
, and r is the wafer radiance; 5 cm.   

By using the Arrhenius plot, the deposition activation energy for Si is determined. Activation 

energy for two different partial pressures (60 and 100 mtorr) was calculated. The average of the 

results 1.56 eV was assumed as deposition activation energy for Si.  

 The activation energy of 0.29 eV for Ge deposition on Si was calculated from the Arrhenius 

plot similar to Si case. Activation energies for different sources are listed at table 5.  

 

Table 4  Deposition activation energy for different source gases 

Gas DCS Silane Disilane Germane Digermane 

Activation Energy 3 eV
 
*

 
2.1 eV * 1.56 eV 0.61 eV ** 0.29 eV 

* [1] 

**[32] 
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The effect of Ge atoms on growth rate was considered by adding the digermane source to the 

chamber and deposition of SiGe layer on the Si substrate. Four different partial pressures for Ge 

(0.5, 3, 4 and 4.9 mtorr) tested and the activation energy was calculated for all of them while the 

disilane partial pressure was constant (60 mtorr). The results show that adding Ge atoms cause to 

decrease the total deposition activation energy which is shown in figure 28. The activation 

energies were obtained 1.361, 0.810, 0.694 and 0.608 eV respectively which these values are less 

than activation energy for disilane alone (1.56 eV). It is clear that by increasing the digermane 

partial pressure, the growth rate increases. Increasing the amount of Ge atoms cause to increase 

the hydrogen desorption which limits the growth rate. In terms of kinetics, decomposition energy 

of Ge2H6 is lower than Si2H6, and have also more sticking coefficient (table 4). Ge atoms stick to 

H atoms and since Ge-H bond has smaller binding energy than Si-H bond, they can help to H 

desorption [2].  

 

 

Figure 28 Deposition activation energy as a function of Ge2H6/Si2H6 ratio. 

 

The effect of temperature on SiGe deposition is illustrated by figure 29. As it was expected, 

by decreasing temperature, the growth rate decreases, while the Ge content increases for a 

constant Ge2H6/Si2H6 ratio. At lower temperature the decomposition of Si sources is lower than 

Ge sources, so the number of Si atoms compare to Ge atoms will decrease. In other words the Ge 

content will increase in the epi-layers. But the total growth rate is summation of growth rate of Si 

and Ge separately. By decreasing the number of Si atoms for deposition, the Si growth rate will 

decrease (section 4.8), and it means that the total growth rate will decrease too. 

 

0.4

0.6

0.8

1

1.2

1.4

1.6

0 0.02 0.04 0.06 0.08 0.1

E a
 
(e

V
)

Ge2H6/Si2H6



28 

 

   

Figure 29 Growth rate (left one) and the Ge content (right one) as a function of Ge2H6/Si2H6 ratio for different 

temperatures. 

 

4.8 Modeling of non-selective epitaxy growth of SiGe  

 

The number of the reactant molecules that interact with a unit of substrate’s area can be 

calculated by [27]: 

)exp()(
2 Tk

E
TkE

Tkm

N

B

a
Ba

BR

R  (18) 

where NR, mR, kB, T, and Ea are the number of the reactant molecules; the mass of the reactant 

molecule; Boltzmann constant; temperature; and the activation energy needed for deposition 

respectively. The growth rate is given by: 
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 (19) 

where N0 is the number of atoms in a unit of volume of the substrate layer and is equal to 5×10
28

 

cm
-3

, and P is partial pressure of gas source. For Si deposition the equation will be: 
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where β is the tooling factor.  

By using the surface coverage model in the previous part and equation (20), the growth rate of 

Si can be modeled. The figure 30 depicts the Si growth rate for two different disilane partial 

pressure (60 and 100 mtorr) as a function of temperature. In this case the experimental results are 

added to figure for comparing to the model, and show well confirmation. It shows that by 

increasing the disilane partial pressure from 60 mtorr to 100 mtorr, the growth rate increase. For 

high disilane partial pressures, the number of Si atoms in the chamber will increase and cause to 

increase the probability of deposition. 
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It is clear that by increasing disilane partial pressure the growth rate will increase because of 

increasing the number of Si atoms impinging to the Si surface during deposition.  

 

 

Figure 30 Growth rate of Si for two disilane partial pressure as a function of temperature. 

 

As it mentioned earlier the activation energy will decrease by the presence of Ge atoms and so 

the growth rate will increase. The total growth rate was assumed as a sum of two different layer 

growth rates (figure 31), but for modeling of the growth, phenomenological consideration was 

taken into account.  
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so: 
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where RT, , RGe, and γ are the total growth rate; germanium growth rate, and tooling factor. SiGe 

growth rate was modeled simillar to Si growth rate which is shown in figure 32. As it mentioned 

in section 4.7, by decreasing temperature the growth rate of SiGe will decrease. 

 

 

Figure 32 Growth rate of SiGe for different digermane partial pressure (0.5, 3, 4, and 4.9 mtorr) with constant 

disilane (60 mtorr). 

4.9 Composition Model 

 

An accurate estimation of Ge in the SiGe growth is also an important point for the strain and 

bandgap calculations. At low temperature the hydrogen covers the surface  and can be desrobed 

in two ways; from Si, or desorption from a Ge atom by migrating to the neighboring Ge atom 

and desorption from it. This can be explained by higher activation barrier for desorption from Si 

directly 

The Ge content in the SiGe epilayer is given by [33]:  
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where R(Si) and R(Ge) are growth rate of Si and Ge respectively. One can rewrite this formula 

by using the partial pressures of disilane and digermane [33]: 

)(
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P
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x

x
 (25) 

where α is resulted by adsorption and desorption processes in the deposition: 

)exp(

62

62

,

,

kT

E
A

k

k

HSia

HGea
 (26) 

where ka is the rate constant for adsorption, and E which is equal (Ea,Si2H6-Ea,Ge2H6=1.43 eV) that 

was calculated emperically. The value of α is the result of adsorption and desorption and depends 

to some parameters such as geometry of reactor, combination of sources, etc.  

The value of “n” is interpreted physicaly that one Ge atom is used for H desorption and H 

atoms migrate to the neighboring Ge site for desorption. So “n” can be a value between 0 to 1. 

The previous works showd that the best fit is n=1. Therefore [27,34]:  
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Figure 33 depicts the Ge content in the SiGe epilayer as a function of temperature for three 

different partial pressure of digermane (3, 4, and 4.9 mtorr) with a constant disilane partial 

pressure (60 mtorr). The modeling and experimental parts which are fitted very well. It is clear 

that by decreasing temperature the amount of Ge increases. By increasing the Ge content, 

decreases. If an epi- film grows higher than the critical thickness, it begins to relax and the 

apparent Ge which calcultaed by XRD measurment seems lower than the model. This issue can 

be seen at 773° K for experimental data at 4.9 mtorr which the thickness was 818 Å. 
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Figure 33 Ge content (%) in the SiGe layer as a function of temperature for different digermane partial pressure 

(3, 4, and 4.9 mtorr). 

The Ge content as a function of partial pressure was calculated (figure 34) and illustrates that 

by increasing the partial pressure of digermane, the Ge content increase.  

 

 

Figure 34 Ge content (%) in the SiGe layer as a function of Ge2H6/Si2H6 ratio. 
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Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

5.1 Conclusions and Future Outlook 

 

In this study the effect of O2 and moisture levels on the strain and quality of SiGe epilayers have 

been investigated. Contamination was simulated in two ways; prior and during epitaxy. Results 

for the prior case showed that by increasing the O2 exposure temperature, the O2 incorporation 

increases at interface, and it resulted in higher the strain in SiGe layer. HRSEM results illustrate 

that 2-100 ppb of O2 & H2O exposure caused no visual oxide island. The island area saturates at 

0.08 µm
2
 for 2.5 ppm O2 exposure, regardless of the exposure temperature. SIMS results show 

that the oxygen contamination in the SiGe layer will increase when the O2 exposure temperature 

decreases. Exposing O2 during SiGe epitaxy at low temperatures shows that in low range of ppb 

(10 to 160 ppb) strain will increase by increasing contamination.  

A kinetic model for Si2H6/Ge2H6-based epitaxy growth of SiGe was also presented. This 

model can predict the free Si surface coverage, growth rate of Si and SiGe, and the Ge content at 

low temperature. A good agreement between the model and experimental data is found.  

In the future, the effect of exposing O2 during SiGe epitaxy for low range ppb should be 

investigated by electrically e.g. noise measurement or DLTS. Using new sources such as Si3H8 is 

useful for further decreasing thermal budget of advanced epi-processes used in BiCMOS 

processing. In this way the growth rate of SiGe at low temperature will increase, and the cost 

price will decrease. 
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Appendix 

A. ASM Epsilon 2000 CVD reactor 

 

A wide range of epitaxy application, selective or non selective SiGe for transistor strain layer 

formation in high temperature to low temperature can be done by the ASM Epsilon 2000 CVD 

reactor. For heating the wafer to reach a chosen temperature, it uses integrated lamps for 

deposition a layer on the wafer by chemical vapor deposition. The epsilon has some optimized 

performances considerable in industries such as: high velocity, laminar gas flow; sharp dopant 

transition; superior auto-doping control; low metal contamination; high silicon growth rate at low 

temperature; and one piece chamber design enables oxygen free films. Some major applications 

of the Epsilon are: recessed source/drain (SiGe, SiC); elevated source/drain (Si, SiGe); SiGe(C), 

Ge, GaAs thin channel; fully selective collector, base and emitter formation for bipolar; blanket 

epi processing for wafer manufacturing [35] 

The ASM Epsilon 2000 has used for SiGe epitaxy in this project. It contains three main parts 

which are N2 purged loadlocks, wafer handling and process quartz chamber (figure 35). There 

are two cassettes which each one has 26 slots. The right one is for putting the cleaned wafers and 

the left one is for taking the wafers after their processing. It can be use for processing wafer of 

100,125,150 or 200 mm diameter. 

 

 

Figure 35 Schematic view of ASM Epsilon 2000 CVD reactor. 1, cassette load chamber; 2, wafer transfer 

chamber; 3, quartz process chamber; 4, cassette inside load chamber; 5, wafer handle mechanism [2]. 

 

Before of transferring a wafer into the wafer handling chamber, the load-locks are purged 

with N2 for 1000 seconds when the load-locks access door has been opened to avoid 
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contamination from air. The wafers are picked up from the cassette and transferred into the 

quartz process chamber by a quartz wand arm.  A series of halogen tungsten lamps have duty of 

heating the susceptor from up and down and make accurate temperature control during the 

process.  

This instrument has the ability to get a pressure range from atmospheric to 15 Torr. One can 

use SiH4, Si2H6, Si3H8 and SiH2Cl2 as the Si sources; 10% GeH4 and Ge2H6 as the Ge sources; 

1% SiH3CH3 in H2 as C source. The dopant gases that can be used are: 1% of B2H6, AsH3 and 

PH3 diluted in H2 for B, As and P doping, respectively. HCl is used for two purposes; process 

gas in selective epitaxy or as etching gas in the quartz chamber. N2 and H2 are used as purge and 

carrier gases respectively. In order to decrease O2 contamination in the chamber an in-line 

purifier unit is used for HCl and H2 sources. For safety, the exhaust gases from the process 

chamber will be neutralized in a scrubber and choked in a burner.  

 

B. X-Ray Diffraction (XRD) 

 

Crystal structures can be studied by diffraction of photons, electrons and neutrons. X-ray 

diffraction (XRD) is fast, non-destructive, and has ability to determine the strain, quality 

epilayers, and its thickness. This technique is based on the diffracted beams from a crystal. W.L. 

Bragg presented a structure and obtained a simple formula (figure 36): 

2d sin θ = nλ (28) 

 

 

 

 

 

 

 

 

                                        Figure 36 Schematic picture of Bragg diffraction condition  

 

where d, θ, n , and λ are the distance between parallel lattice plane, angle between the incident 

beam and the planes, integer number, and wavelength of beam. There is limitation on the Bragg 

law:  <2d.  
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High Resolution X-Ray Diffraction (HRXED) 

 

In this study a “Philips x’ pert high-resolution XRD system” with a copper target was used in 

which  (Cu kαI = 1.5406 Å) for 45 kV the bias of tungsten filament. Four Ge(220) crystals are 

used in a monochromator (the first and third one is dispersive, while the second and fourth one is 

reflectors) to eliminate the Cu K II x-rays and obtain a beam with only one wavelength. Before 

the monochromator, a mirror provides a high intensity X-ray beam. An aperture is used after the 

monochromator to obtain a spot size varied between 100×100 µm
2
 to 10×10 mm

2
. Finally two 

Ge (220) crystals are used before the detector to decrease the divergency of the diffracted beams. 

 

 

 

 

 

 

 

 

 

 

Figure 37 Schematic picture of HRXRD. ω and 2θ are the incident and diffracted beam angles respectively.  

 

There are different scanning modes [36]: 

1. 1D measurements:  

1.1 ω scan: scanning of incident beam angle 

1.2 2  scan: scanning of the diffracted beam 

1.3 ω-2θ scan: scanning of incident and diffracted beam 

1.4 single φ and ψ -scan (Optimization) 

 

2. 2D measurements:  

2.1  and -2  (reciprocal lattice mapping)  

2.2 ψ - φ (pole figures)  
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