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ABSTRACT 
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SUPPRESSION OF BORON TRANSIENT ENHANCED AND THERMAL 
DIFFUSION IN SILICON AND SILICON GERMANIUM BY FLUORINE 

IMPLANTATION 
By Huda Abdel Wahab Abdel Rahim El Mubarek 

In this thesis a study is made of the growth of buried boron marker layers with 
sharp and narrow boron profiles and of the effect of fluorine implantation on the 
diffusion of boron in buried marker layers in silicon and silicon germanium. 

Initial experiments investigate the effect of varying F^ implantation energy on 
boron thermal diffusion and boron transient enhanced diffusion (TED) in Sii-xGe*. In 
samples implanted with 185keV F^, the fluorine suppresses boron transient enhanced 
diffusion completely and suppresses thermal diffusion, whereas in samples implanted 
with 42keV F^, the fluorine does not reduce boron transient enhanced diffusion. These 
results indicate that a high energy F^ implant is much more effective than a low 
energy implant for suppressing boron diffusion. 

The effect of F^ implantation dose on the diffusion of boron in silicon and silicon 
germanium is then studied. In silicon samples implanted with P^ and 2.3xl0'^cm"^ F^, 
the fluorine completely suppresses boron transient enhanced diffusion. Reduction of 
boron thermal diffusion is observed for F"̂  doses at and above a dose of 1.4x10'^cm'^. 
In Sii-xGcx a reduction of boron thermal diffusion is observed for F^ doses at and 
above a dose of 9xl0'''cm"^, whereas a suppression of boron transient enhanced 
diffusion is observed for all F"̂  doses. For F"̂  doses of 1.4xlO'^cm'^ and 2.3xl0'^cm'^ 
the fluorine reduces the boron thermal diffusion coefficient by factors of 1.9 and 3.7 
in silicon and factors of 2.5 and 3.5 in Sii-xGe* respectively. The reduction of boron 
thermal diffusion correlates with the appearance of shallow fluorine peaks in the 
silicon and Sii-xGe* layers at and above the critical doses of 1.4xlO'^cm"^ and 
9xl0^^cm'^ respectively. These shallow fluorine peaks are present in samples with and 
without boron marker layers in both silicon and Sii-xGcx and hence are not due to a 
chemical interaction between the fluorine and boron. 

Transmission electron microscopy (TEM) micrographs show that there are no 
extended defects in both the silicon and Sii-xGe* layers, and hence it is proposed that 
the shallow fluorine peaks are due to vacancy-fluorine clusters. The reduction in 
boron thermal diffusion above the critical F^ dose is then explained by the presence of 
the vacancy-fluorine clusters, which suppress the interstitial concentration in the 
silicon and Sii-xGcx layers. The suppression of boron transient enhanced diffusion 
correlates with a deep fluorine peak around the range of the fluorine implant and TEM 
micrographs show that this peak is due to a band of dislocation loops. The 
suppression of TED by fluorine is then explained by the influence of the loops in 
suppressing the backflow of interstitials to the surface. Analysis of the SIMS profiles 
shows that fluorine is transported from the adjacent silicon into the Sii-xGcx layer 
during anneal, and reaches concentrations that are much higher than observed after 
implant. This mechanism would give benefits in devices like Sii-xGcx heterojunction 
bipolar transistors (HBTs), since a high fluorine concentration is automatically 
obtained in the vicinity of the boron profile, which maximises the effect of fluorine in 
suppressing boron diffusion. 



Contents 

Abstract 

Contents n 

Acknowledgements v 

Chapter 1 Introduction 1 

BbAmoMes 8 

Chapter 2 Theory 16 

2.1 Material Properties of Sii-xGe* Layers: Lattice Constant and Critical 

Thickness 16 

2.2 Basic Diffusion Theory 17 

2.2.1 Pick's First Law 18 

2.2.2 Pick's Second Law 19 

2.2.3 Delta Layer Solution of Pick's Second Law 19 

2.3 Atomistic Diffusion Mechanisms 21 

2.3.1 Direct Diffusion Mechanisms 22 

2.3.2 Indirect Diffusion Mechanisms 23 

2.4 Boron Transient Enhanced Diffusion in Silicon 26 

2.5 Boron Diffusion in Sii-xGe* and Sii-x-yGcxCy 29 

2.6 Athena Diffusion Models 33 

2.6.1 Permi Diffusion Model 33 

2.6.2 Two Dimensional Diffusion Model 35 

2.6.3 Pully Coupled Diffusion Model 35 

n 



36 

Chapter 3 Growth of Sharp Boron Profiles in n-type Si, p-type Sij-x Ge* and 

n-type Si Layers at 700°C with Dual Control of n and p-type 

Dopants 41 

3.1 Introduction 41 

3.2 Experimental Procedure 42 

3.3 Results and Discussion 48 

3.4 Conclusions 56 

References 57 

Chapter 4 The Effect of Fluorine Implantation Energy on Boron Diffusion in 

Sii.xGe, 59 

4.1 Introduction 59 

4.2 Experimental Procedure 60 

4.3 Results 62 

4.4 Discussion 68 

4.5 Conclusions 72 

References 73 

Chapter 5 Reduction of Boron Thermal Diffusion in Silicon by High Energy 

Fluorine Implantation 75 

5.1 Introduction 75 

5.2 Experimental Procedure 76 

5.3 Results 77 

5.3.1 The Effect of a High Energy Fluorine Implant on Boron 

Diffusion in Silicon 77 

ni 



5.3.2 The Effect of Fluorine Implantation Dose on Boron Thermal 

Diffusion in Silicon 87 

5.4 Discussion 97 

5.5 Conclusions 104 

References 106 

Chapter 6 The Effect of Fluorine Implantation Dose on Boron Transient 

Enhanced Diffusion and Boron Thermal Diffusion in Sii-xGe, 111 

6.1 Introduction I l l 

6.2 Experimental Procedure 112 

6.3 Results 114 

6.4 Discussion 142 

6.5 Conclusions 150 

References 152 

Chapter 7 Conclusions and Future work 156 

Appendices 161 

Appendix A Athena Input file: B diffusion in Silicon: Pre-processing 162 

Appendix B Athena Input file: B diffusion in Silicon: Optimisation 163 

Appendix C Sii-xGcx HBT device layers epitaxy batch (K2157) process listing 164 

Appendix D Sii-xGcx HBT device layers epitaxy batch (K2414) process listing 165 

Appendix E Sii-xGe* HBTs with F"̂  implantation batch (K2649) process listing 166 

Appendix F List of Publications 168 

IV 



Acknowledgements 

This work wouldn't have been possible without the help of numerous people. I 
hope that in these few lines I am able to thank them all. 

The greatest contribution by far is from my supervisor and teacher Professor 
Peter Ashbum. My journey with him started many years ago; starting from first year 
circuit theory through to my final year project and finally to Ph.D. I have learnt a lot 
from you throughout the years, more than I can list in these lines, but I hope this 
thesis is a small manifestation of that. Thank you for everything; for giving me this 
wonderful opportunity of learning and for your support and encouragement 
throughout its duration. Most of all thank you for teaching me one very important 
lesson: ^'Engineers Must WriteV 

Thank you to Dr. Janet Bonar for teaching me many things and most 
importantly the running of Epi 1! Thank you to Professor Arthur Willoughby for 
many useful and enlightening discussions. Thank you to Dr. Mudith Karunaratne for 
teaching me the ins and out of modelling. Thank you to Dr. Michele Mitchell who 
helped me settle in and get started in my first year of Ph. D. Thank you to all the 
cleanroom staff from whom I learnt a lot about processing. Thank you to Jean for 
being the first to suggest that I should do a Ph. D. Thank you to all my fellow research 
students and to all the academic staff and to our wonderful secretaries for providing a 
great working atmosphere. 

Thank you to all my friends for being my family away from my family and 
making me feel home away from home. Thank you for being there at all times; 
supporting me, feeding me, encouraging me, believing in me and keeping my 
company in the long working nights. Without all of you I could have never reached 
this stage. Thank you all very much indeed. 

Thank you to all my family back home and to all my brothers and sisters for 
believing in me and for being there for me. Thank you for your prayers and for your 
unfailing support and encouragement. Thank you to my elder sister for walking this 
marathon first with great stride and resilience, I am but only trying to follow in your 
path. 

Last but not least, all gratitude to my first teachers ever; my beloved parents. 
Thank you for believing in me and having such great hopes and dreams for me and for 
helping me reach these goals throughout the years with your everlasting care and 
support and prayers. It is for you that this thesis is dedicated, for it is the fruit of your 
nourishment through out the years. 



For my beloved parents 

VI 



67/26/ if f j " f o v4Z/6zA 

6/zW A72OI4;. 

7 » ^ / ze M a m g q / ^ v 4 / / a / z M 9 . y / G m c z o w ^ " , 

A / o ^ ^ A / e r c z / w Z 

j f f z f/fzig' / L o f i d f 

)?%(;&!? (:vr'6)(3rf6!(3f ( jfy). /?2<2fZ 

df (C/?;). jf?6?(3r<3f 6Z]M(3f JI/CMYf jZLojr'Caf Zj? f /Zi : ; 

/zczjf 

( ' ' i f ) . jfi/iE? jfziSfjf /Y:(ZY,g;jfzjf fT^zfjffz jf/ziaif jfzt? 

fZOif ( j ) / ) . " 

7 % e T i Z o / y g w m M / v 4 ( Z - ^ / a ^ 

(^7%g c / o ( ) v e r ^ - e j " 7 - j . 

VII 



Chapter 1 

Introduction 

The growth of n-type Si, p-type Sii-xGe* and n-type Si layers is needed for the 

formation of NPN Sii-xGe^ heterojunction bipolar transistor layers. The growth of 

these three layers in the same epitaxial step has two main advantages for devices. 

First, eliminating the requirement for a separate collector epitaxy step and hence 

reducing the cost and time of processing. Second, the growth interface is buried deep 

in the collector layer away from the base depletion regions. The dual control of n- and 

p-type dopants in the same growth step is challenging and requires careful control of 

the growth parameters in order to control the dopant profiles. 

In this thesis (chapter 3) describes the growth of n-type Si, p-type Sii-xGcx and 

n-type Si layers in a single epitaxy step for use in a non-selective Sii-xGcx 

heteroj unction bipolar transistor growth process at 700°C. A process is developed to 

eliminate the edge fi-om the boron profile in the Sii-xGcx layer by interrupting the 

growth with a hydrogen anneal in between the growth of the Sii.% Ge* and the Si cap 

layers. This process gives very sharp and narrow boron profiles suitable for the base 

of a heteroj unction bipolar transistor or boron marker layers for diffusion studies. 

The minimisation of boron diffusion is vitally important in all types of Si and 

Sii-xGcx devices [1-3]. In NPN Si bipolar transistors and Sii-xGe* hetrojunction 

bipolar transistors (HBTs) the reduced boron diffusion in the base is needed to give 

narrow base widths and thus high cut off frequencies needed for wireless and optical 

communications applications [1]. 



In metal oxide semiconductor field effect transistors (MOSFETs) the 

minimisation of device dimensions in order to increase the operation speed and the 

component density results in undesirable effects, referred to as short channel effects. 

As the channel length L is reduced, the depletion layer widths of the source and drain 

junctions become comparable to the channel length. When the sum of the depletion 

layer widths of the source and drain junctions becomes equal to the channel length, 

punch through occurs. At punch through the two depletion layers merge and the gate 

loses control of the current. This effect causes a major limitation of short channel 

MOSFETs. Hence, it is essential to reduce the depletion layer widths of the source 

and drain junctions and the junction depth in short channel devices in order to reduce 

short channel effects and improve device performance [4], hi PMOSFETs reduced 

boron diffusion is required to obtain shallow source and drain junctions as well as 

sharp halo profiles and hence smaller geometry devices with improved short channel 

effects required for high density memory applications [3]. 

When annealing a boron implanted silicon sample at —SOCC, the boron in the 

tail diffuses very fast =100x faster than normal thermal diffusion [5]. This enhanced 

diffusion lasts a while after which the boron diffusion returns to its normal rate and is 

thus referred to as transient enhanced diffusion (TED) [5], Boron transient enhanced 

diffusion has detrimental effects on devices. For example, in Sii-xGe* HBTs transient 

enhanced diffusion of boron from the Sii.xGe* base creates parasitic energy barriers 

[2] that degrade the current gain and limit the value of cut-off frequency that can be 

achieved. Similarly, in MOSFETs diffusion of boron in the pocket or halo [3] has 

detrimental consequences on short channel effects and hence limits the scaling of 

MOSFETs to smaller geometries. 



At high aimeal temperatures TED lasts a short time and the displacement 

during TED is small, which implies that if very short (with high ramp rates) high 

temperature anneals are used TED should be suppressed [5], The effect of high ramp 

rates in suppressing boron TED has been studied and shown to be largest for low 

energy implants [6]. However, it has been reported that this approach is only effective 

for low implant doses, for which most of the diffusion occurs in the ramp up stage, as 

the ramp down rate is limited in practice, and that for high doses high ramp up rates 

reduce TED in the ramp up stage but not in the ramp down stage [6], This approach is 

also ineffective for high energy implants, where even when TED is reduced due to 

high ramp up rates the large as implanted depth obscures the effect [6], 

Another approach reported to reduce TED is the use of silicon implantation, 

which was reported to reduce boron TED significantly both in bulk [7, 8] and SOI [7], 

Almost complete suppression of boron TED in SOI substrates was reported and was 

attributed to the buried oxide isolation of the end of range (EOR) point defects created 

by the Si^ implant from the boron layer near the surface [7], However, this approach 

also has its disadvantages. Increased boron inactivity in SOI layers compared to bulk 

silicon has been reported recently [9]. 

Carbon implantation to reduce TED has been reported in the literature [10-15]. 

This suppression in TED was attributed to the formation of carbon related damage, 

which acts as a trap for silicon interstitials [11]. However, this approach also has its 

disadvantages. It has been reported that for carbon implanted silicon, most of the 

carbon atoms were not in substitutional lattice sites but formed C-Si self interstitial 

type complexes. These defects are neutral and reduced electron mobility through 

scattering mechanisms. They also introduced a band of deep donor levels (electron 

donating energy levels deep in the band gap further away from the conduction band) 



in the band gap with ionization energies in the 0-0.3eV range, which increase leakage 

by acting as an intermediate electron donating level reducing the thermal energy 

required for electrons to jump from the valence band to the conduction band. These 

effects resulted in degradation of p^-n diodes characteristics [12]. Carbon implantation 

resulting in enhanced carbon levels inhibiting defect dissolution and degrading 

electrical properties of junctions has been reported [13]. Incorporation of a buried 

carbon layer by carbon implantation prior to epitaxy of the Sii-xGex/Si base layer has 

been reported to reduce B TED in the extrinsic base region of Sii-xGe* HBTs [14]. 

Carbon implantation has also been reported to reduce boron TED in Ge^ 

preamorphised Si bipolar junction transistors [15] resulting in a steeper base profile 

and a higher fp. However, the carbon implantation also resulted in an increase in 

collector-base and emitter-base leakage currents and a decrease in the transistor 

breakdown voltage [15]. 

Substitutional carbon incorporation into silicon by molecular beam epitaxy 

was reported to suppress boron transient enhanced diffusion caused by a silicon 

implant fully [16]. Incorporation of a carbon rich buried layer by molecular beam 

epitaxy has been reported to reduce the TED of boron implanted into preamorphised 

silicon [17]. Incorporation of substitutional carbon by molecular beam epitaxy into 

Sii-xGcx layers, hence growing Sii-x-yGcxCy layers, has been reported to suppress 

boron out diffusion significantly and has been used in Sii-x-yGcxCy HBTs and shown 

to improve fx and fmax by a factor of 2 compared to control Sii-xGcx HBTs [18]. The 

suppression of boron TED and the reduction in boron thermal diffusion in SiC layers 

compared to Si layers was attributed to the combination of carbon with Si interstitials 

in preference to boron and hence creating an undersaturation in silicon interstitials and 

suppressing boron diffusion [19, 20]. A similar explanation was also given to the 



suppression of B TED and reduction in boron thermal diffusion in Sii-x-yGcxCy layers 

compared to Si].xGex layers [21]. However, carbon incorporation into the base of Si,.*. 

yGê Cy HBTs is not without disadvantages, for example increased base leakage at 

higher carbon concentrations [22]. 

One interesting and simple approach to boron TED suppression is the use of a 

BF2^ implant or a separate implant. Work on the effects of fluorine from a 

implant showed that shallower junctions could be obtained when BFg^ was implanted 

instead of B^ [23-25]. In later work [26-43] fluorine was implanted separately to the 

boron to characterise the effect of the fluorine on boron diffusion. This reported work 

showed that fluorine implantation reduced boron transient enhanced diffusion [26-29, 

31, 33, 35, 36, 38, 40-44] and increased boron activity [26]. However, there have also 

been contradictory reports in the literature, which showed that fluorine implants had 

little or no effect on boron transient enhanced diffusion [32] and that fluorine 

enhanced boron diffusion in pre-amorphised silicon [37]. It is clear therefore, that 

further experimental work is needed to define the conditions under which a F^ implant 

suppresses boron TED. 

Recently, the use of a separate F"̂  implant in MOSFETs was reported [39] to 

suppress boron TED and produce super sharp boron halo profiles. It was reported that 

the sharp halo profiles obtained using F^ implantation resulted in lowered junction 

capacitance and improved lon-Ioff characteristics for both NMOS and PMOS 

transistors [39]. 

However, there have been no reports in the literature on the effect of fluorine 

on boron thermal diffusion in silicon or on the effects of fluorine on boron transient 

enhanced or thermal diffusion in Sii-xGe*, which are essential for optimisation of 

boron profiles in both bipolar and MOS transistors. In this thesis the effect of fluorine 



implantation energy on boron dif&sion in Sii_xGe% is studied and results showing that 

a high energy is more effective in the suppression of boron diffusion are shown in 

chapter 4. The effect of fluorine implantation dose on boron thermal diffusion in 

silicon is studied in chapter 5. It is shown that a critical fluorine dose exists above 

which fluorine suppresses boron thermal diffusion and below which it has no effect. 

The effect of fluorine implantation dose on boron transient enhanced and thermal 

diffusion in silicon germanium is studied in chapter 6 and it is shown that fluorine 

suppresses boron transient enhanced diffusion at all doses and that a critical dose 

exists above which fluorine suppresses boron thermal diffusion and below which it 

has no effect; this dose is lower than that in silicon. 

Several alternative mechanisms have been proposed in the literature to explain 

the effect of the fluorine on boron transient enhanced diffusion in silicon [23-38, 44]. 

A chemical interaction between boron and fluorine has been proposed to explain the 

suppression of boron transient enhanced diffusion by fluorine [28, 31, 33, 36, 44], in 

which the fluorine combines with interstitial boron reducing its mobility [28, 33, 36, 

44] or reduces the probability of formation of a boron interstitial pair [31, 33]. 

Alternatively, the formation of vacancy-fluorine clusters has been proposed [35, 38, 

40, 45-48], which act as a barrier for boron diffusion [35], or suppress the interstitial 

concentration and hence reduce boron transient enhanced diffusion in silicon [38]. 

Finally the interaction of fluorine with silicon interstitials has been widely proposed 

as a mechanism of suppressing boron transient enhanced diffusion in silicon [24-26, 

28-32, 40, 43]. 

However, to date there is still a debate over the exact mechanism by which 

fluorine suppresses boron diffusion. In this thesis experiments are performed to 

identify the mechanisms involved in the suppression of both boron TED and thermal 



diffusion in Si and Sii-xGe* by fluorine implantation. It is shown that a fluorine-boron 

chemical interaction can be discounted in both silicon (chapter 5) and silicon 

germanium (chapter 6). Different mechanisms are shown to operate for boron TED 

suppression and thermal diffusion reduction. First fluorine-vacancy clusters are 

formed which suppress the interstitial concentration in the vicinity of the boron 

marker layers and hence suppress boron thermal diffusion both in silicon (chapter 5) 

and silicon germanium (chapter 6). Secondly, stable fluorine interstitial type 

dislocation loops are formed due to F"̂  implantation which trap interstitials and hence 

prevent their back flow to the surface and suppress boron transient enhanced diffusion 

both in silicon and silicon germanium (chapter 6). 
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Chapter 2 

Theory 

2.1 Material Properties of Sii_xGex layers: Lattice 

Constant and Critical thickness 

Sii-xGcx is an alloy of Si and Ge. The material properties of a Sii.xGe* layer, 

such as the lattice constant and bandgap, vary with the germanium content in the 

layer. The lattice constant of germanium is larger than that of silicon by 4.17% [1]. 

When a Sii-xGe* layer is grown over a silicon substrate, which has a smaller lattice 

constant, the two layers adjust to bond together and the deposited Sii.xGe* layer is 

strained. There is considerable elastic strain stored in the deposited Sii-xGe* layer 

which is forced to adopt the lattice constant of the underlying silicon substrate. At a 

characteristic layer thickness termed the critical thickness he it becomes energetically 

favourable for interfacial dislocations to relax towards its bulk lattice parameters [2]. 

If the grown Sii-xGcx layer thickness is less than a critical thickness he, then 

the layers are biaxially compressed, strained, with no defects created as shown in 

figure 2.1(a). The Sii-xGe* layer formed is called a pseudomorphic layer. If the grown 

Sii-xGcx layer thickness is greater than the critical thickness he, then the larger volume 

is accommodated by a slip of the lattice plane as shown in figure 2.1(b). The lattice 

then relaxes and a misfit dislocation is formed as shown in figure 2.1(c). 

The critical thickness of the Sii-xGcx grown layer varies with the germanium 

concentration in the layer. The growth of a Si cap layer above the Sii-xGe* layer 

doubles the critical thickness in comparison with uncapped layers [1], The critical 
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thickness of Sii-xGex super-lattices grown by Ultra High Vacnnm Chemical Vapour 

Deposition (UHV CVD) at 750°C has been measured experimentally by Kasper and 

Herzog [2]. Figure 2.2 shows the critical thickness versus germanium percentage 

graph plotted using the data of Kasper and Herzog [3]. The critical thickness 

decreases as the germanium percentage increases. The critical thickness for a Si].xGe% 

layer with 10% Ge is 60nm 6om this graph. 

(a) h < hg ( b ) h > h , 

GeSi layer 

Interface-*-

Si substrate 

Pseudomorphic 

(c) b > hg 

Dislocated 

Figure 2.1: An Illustration of the lattice structures of Sii.xGcx layers, grown on a Si 

substrate: (a) h<hc a pseudomorphic Sii-xGcx layer, (b) h>hc a slip of the lattice plane 

and (c) h>hc formation of a dislocation, after S.C Jain [1]. 

2.2 Basic Diffusion Theory 

One of the main challenges in designing a semiconductor device is the 

accurate control of active dopants regions. Dopant diffusion is a consequence of 

thermal processing stages used in semiconductor processing. Hence, a good 

understanding of dopant diffusion is needed in order to design &ont-end devices. 
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Figure 2.2: Critical Thickness versus Ge percentage content obtained experimentally 

for Sii-xGex layers grown at 750°C by UHV CVD after Kasper and Herzog [3]. 

2.2.1 Pick's First Law 

One of the simplest theories describing dopant diffusion is Pick's first law 

which is mathematically described in (equation 2.1) [4]. 

8% 
(2 1) 

Where F is the flux (atoms cm'^sec'^), D is the diffusivity (cm'^sec"') and 5C/5x is the 

concentration gradient. This law says that there will be a flow of material due to the 

concentration variation, with material flowing from higher concentration regions to 

low concentration regions. This law also states that the flow is proportional to the 
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concentration gradient, such that if there is no difference in concentration ( — = 0) 

there is no flow ( F = 0). 

2.2.2 Pick's Second Law 

A more useful description of dopant diffusion is Pick's second law, which 

relates the concentration to both time and space variables. It is a fundamental 

conservation law for matter, mathematically described in equation 2.2 [4], 

a c 

& cbr \ 
(2.2) 

2.2.3 Delta Layer Solution of Pick's Second Law 

Considering the case where we introduce a dopant marker layer in the centre 

of a lightly doped region, such as obtained via epitaxy, which approximates a delta 

function as shown in figure 2.3 [4]. 

Dose 2 

Figure 2.3: A dopant with a dose Q in the form of a delta function before and after 

diffusion after [4]. 
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Taking the origin at the peak of the delta function, the boundary conditions are: 

C - > 0 a s t - ^ 0 f b r x > 0 

C 00 as t—> 0 for X = 0 (2.3) 

zuid j* = (? (2.4) 

where Q is the total dose of the dopant contained in the profile. The solution of Pick's 

second law which satisfies these boundary conditions is given by equation 2.5. 

C{x, t) = — e x p - —— = C(0, f)exp 
lyjTlDt 4Df 

(2.5) 

This equation describes a Gaussian profile, which is symmetrical about the origin and 

evolves with time retaining the same Gaussian form. The time evolution of a Gaussian 

profile is plotted in figure 2.4 on both linear (a) and logarithmic (b) scales. The point 

at which the surface concentration falls by 1/e is at a distance % = from the 

origin as is easily seen by substituting x = 2Vz^ in equation 2.5. The factor 

X = 2-/d7 is a convenient measure of the extent of diffusion of a profile and is often 

referred to as the diffusion length. Ion implanted profiles are, to the first order, 

Gaussian profiles and dopant marker layers grown by epitaxy can be approximately 

represented by delta functions and hence equation 2.5 can often be used to make 

approximate predictions of the evolution of such profiles during thermal treatment 

cycles. 
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Figure 2.4; Time evolution of a Gaussian diffusion profile (a) linear scale, (b) 

logarithmic scale after [4]. 

2.3 Atomistic Diffusion Mechanisms 

In order to progress further we need to understand more about how dopants 

diffuse in an atomic scale. The understanding of atomic scale diffusion forms the 

physical basis of the models used in most process simulation programs used today. 

Point defects and dopant diffusion are closely linked in an atomic scale. Point 

defects are either intrinsic or extrinsic, hitrinsic point defects occur when the lattice 

atoms leave their regular lattice sites during continuous vibrations around their 

equilibrium lattice positions. An absence of an atom from a regular lattice site is 

called a vacancy (V) and the presence of a self atom out of a regular lattice site is 

called a self interstitial (I) as shown in figure 2.5. A pair of vacancy and self 

interstitial is called a Frenkel pair and can be easily annihilated due to thermally 

activated movement. The intrinsic point defects may also exist in various charge states 

by acquiring or losing electrons. However, the probability of point defects having a 
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charge state higher than two is small. Extrinsic point defects occur when impurities or 

dopants are introduced in the lattice such as by ion implantation. These impurity or 

dopant atoms can occupy either regular lattice sites (substitutional) or interstitial sites. 

They can be easily ionised and can interact with native defects in the lattice, known as 

coloumbic interaction, forming defect-dopant complexes which affect diffusion. 

o o o o 

o o o o 
Interstitial (I) 

o o . o 
O O O O ' VacancyW 

Figure 2.5: Intrinsic point defects in a crystal lattice after [5]. 

2.3.1 Direct Diffusion Mechanisms 

Atomistic diffusion mechanisms have been classified as direct and indirect 

according to whether or not they require intrinsic point defects to diffuse [6]. hi the 

simplest case of an ideal crystal where all the lattice sites are occupied, the only 

method by which they can diffuse is if they exchange their positions. This mechanism 

is referred to as direct exchange mechanism and requires a high energy due to the 

lattice distortion associated with it and is hence less probable. See (1) in figure 2.6 for 

an illustration of this mechanism. 

Atoms which have interstitial equilibrium positions can jump from one 

interstice to another this is referred to as an interstitial mechanism. Atoms which 

diffuse via this mechanism diffuse very fast as the process requires small amount of 
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energy and the probabihty of a jump site being empty is very high. See (2) in figure 

2.6 for an illustration of this mechanism. 

Figure 2.6: Direct diffusion mechanisms; (1) direct exchange mechanism, (2) 

interstitial mechanism after [5]. 

2.3.2 Indirect Diffusion Mechanisms 

Indirect diffusion mechanisms require intrinsic defects as vehicles. One of 

these mechanisms is the Vacancy mechanism as illustrated in figure 2.7. A vacancy 

mechanism occurs when a substitutional self or impurity atom jumps to an adjacent 

vacant lattice site. This mechanism involves only one atom and is thus energetically 

favoured to the direct exchange mechanism. 
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Figure 2.7: A Schematic of a vacancy mediated diffusion mechanism after [7]. 

Another is the interstitialcy mechanism, which occurs when a dopant atom and 

a self atom share a lattice site and jump as a pair from one interstitial position to 

another. The difference between this mechanism and the previous interstitial 

mechanism is that this mechanism unlike the previous one involves the pairing of a 

dopant with a self interstitial. This mechanism is illustrated in figure 2.8 (a). 

/ 
(a) (b) 

Figure 2.8: A schematic illustration of the interstitialcy (a) and kick out (b) diffusion 

mechanisms after [4]. 

Finally the kick out mechanism occurs when a self interstitial kicks out a 

dopant from a substitutional lattice site to an interstitial site after which the dopant 

atom diffuses quickly through interstitial sites until it finally resides in a substitutional 

site by kicking out a self atom from its position as illustrated in figure 2.8 (b). 
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A summarised illustration of the possible indirect diffusion mechanisms of an 

impurity atom after [8] is shown in figure 2.9. The mechanism shown in figure 2.9 (a) 

is the vacang/ /MecAanZ:;/?!, when a substitutional impurity atom combines 

with a vacancy forming a pair as described by equation 2.6. 

yd, t r <;> (2.6) 

The mechanism shown in figure 2.9 (b) is the interstitialcy mechanism when a 

substitutional impurity atom combines with a self interstitial forming a pair as 

described by equation 2.7. 

yd, + 7 <:> ylf (2.7) 

The mechanism shown in figure 2.9 (c) is the kick out mechanism in which the 

substitutional impurity atom is kicked out by a self interstitial into an interstitial 

position as described by equation 2.8. 

+ 1 <=> Aĵ  (2.8) 

Finally the mechanism illustrated in figure 2.9(d) is the dissociative or Frank-

Turnbull mechanism in which a substitutional impurity atom dissociates forming a 

vacancy and an interstitial impurity atom as described by equation 2.9 

yd, <=> yd/ + C2 9) 

The diffusion of boron and phosphorus in silicon is believed to be mainly via 

interstitial mediated mechanisms [4]. 
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Figure 2.9: A schematic summarising indirect dopant diffusion mechanisms in silicon 

after [8]: (a) vacancy assisted mechanism, (b) interstitialcy mechanism, (c) kick out 

mechanism and (d) dissociative or Frank-Turnbull mechanism. 

2.4 Boron Transient Enhanced DifAision in Silicon 

If an excess concentration (supersaturation) of Si self-interstitials is present in 

a silicon layer, diffusion of both boron and phosphorus in this layer is enhanced [8]. 

These excess interstitials can be induced by implanting Si with Si^ or with dopant ions 

or by oxidation of the Si surface [8]. A self interstitial I reacts with a substitutional 

boron atom Ag to form a highly mobile complex B-I or to kick out the boron atom to a 

mobile interstitial position Ai [8]. After the interstitial boron atom Ai or the B-I pair 

migrates a few lattice sites the boron becomes substitutional again [8]. This results in 

an enhanced diffusion which lasts for a limited period of time. The enhanced diffusion 

ends as soon as the supersaturation of interstitials decays to its equilibrium thermal 

value and is thus referred to as Transient Enhanced Diffusion (TED) [8]. 
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Typically the displacement in the tail region of a 30keV, IxlO '̂̂ cm'̂  

implanted profile after an anneal at 800°C is > 700A [8], The equilibrium boron 

diffusion length under these conditions is only —25A [9], The peak of the boron 

profile (at a boron concentration > lO'^cm'^) remains static during TED and is 

electrically inactive [8]. If a silicon layer containing a buried boron marker layer 

which is incorporated by epitaxy is implanted by Si^ TED of the boron marker layer is 

observed [10, 11]. The boron peak is static during TED and electrically inactive and 

the boron tail out diffuses with a displacement which is 2 orders of magnitude greater 

than thermal diffusion [10, 11]. 

The static boron peaks are observed when there are high concentrations of 

both boron and interstitials [8]. These static boron peaks have been explained to be 

due to clusters containing both boron and Si interstitials [8]. However, these clusters 

can not be observed by transmission electron microscopy and are thus consisting of a 

small number of atoms [8]. A model has been proposed which assumes that in the 

initial annealing stages when there is a high interstitial supersaturation, clusters with 

high interstitials content are formed (i.e. BI; clusters) [12]. At later annealing stages 

when the interstitial supersaturation is low these clusters decay and give rise to low 

interstitial content clusters (i.e. B3I, B4I clusters) [12]. 

At an annealing temperature of SOCC TED lasts more than 1 hour [13]. 

However, at annealing temperatures > 800°(C TED lasts for a few tens of seconds or a 

few minutes and the displacement during TED is small compared to lower anneal 

temperatures [8]. 

The large time during which TED lasts at an anneal temperature of 800°C is 

due to the formation of small and extended defect clusters [8]. With a high 

supersaturation of Si interstitials and annealing at 800°C, extended {311} defects 
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nucleate and grow [14, 15]. These defects are rod like defects existing in the {311} 

habit plane and consist of condensates of Si self-interstitials forming five and seven 

member rings [14]. At large doses and very high implantation energies dislocation 

loops are formed [8], When the supersaturation of interstitials decreases these 

extended defect clusters start dissolving, emitting interstitials which sustain TED for 

longer durations. If the anneal temperature is > 950^3 the {311} defect unfaults to 

form perfect dislocations [8]. The {311} defects are unstable at high anneal 

temperatures and hence the short duration of TED at these temperatures. At annealing 

temperatures of > SOÔ C the estimated time for the interstitials to migrate and 

annihilate at the surface is of the order of a few tens of seconds to a few minutes and 

hence the short duration of TED at these temperatures [8]. 

The rate of growth and dissolution of defects is controlled by a process 

referred to as Ostwald ripening [11, 14, 15, 16]. This process results in the small 

defects shrinking and finally disappearing, while the large defects grow and become 

larger [16]. TEM experiments show that on annealing a sample containing extended 

defects, small defects shrink and large defects grow larger [17]. The simulation of the 

rates of evolution of TED agrees with the observed rates if Ostwald ripening is 

included in the simulations [11]. However, recently it has been shown that TED 

experiments can also be explained without including Ostwald ripening of the {311} 

defects in the simulations [18]. 

However, there is still future work needed to fully understand and model B 

TED in silicon. Although Ostwald ripening is widely used in simulations to interpret 

TED, a theory for the ripening of the {311} defect does not exist and is urgently 

needed [8]. More work is required to determine the importance of Ostwald ripening in 

the growth and dissolution of {311} defects and the evolution of TED [8], Although 

28 



TED experiments suggest that the clusters are responsible for the static boron 

peak, optical experiments show only one small cluster I3 consisting of Si interstitial 

atoms. Further work is thus needed to verify whether or not both I3 clusters and B„,I„ 

clusters coexist and participate in TED and hence to modify existing models, which 

only use B-I clusters to interpret the static boron peak [8]. 

2.5 Boron Diffusion in Sii.xGe^ and Sii_x_yGexCy 

As mentioned earlier in the chapter boron is believed to diffuse in silicon 

predominantly via interstitials. However, there is still debate in the literature about the 

mechanisms by which boron diffuses in Sii-xGe*. The consensus in the literature is 

that boron diffusion in Sii-xGe* is less than that in silicon [19-31]. Kuo et al. [19] 

studied the diffusion of boron in relaxed Sii-xGcx layers with Ge contents up to 55% 

and showed that boron diffusion in the relaxed Sii-xGe* layer was retarded compared 

to Si layers up to a Ge content of 40% after which it seems to increase. The reduction 

in boron diffusion was attributed to a B-Ge pairing mechanism. As Ge diffuses slowly 

in Si, it was suggested that B pairing with Ge forming B-Ge pairs will thus diffuse 

slower in Sii-xGex layers. In other studies boron was shown to diffuse slower in 

strained Sii-xGcx layers compared to Si layers [20, 21]. In a recent study of 

Zangenberg et al. [22], it was reported that there was no reduction in boron diffusion 

with increasing Ge content in Si rich relaxed Sii-xGe* layers. It was suggested that an 

enhancement due to a chemical effect could be counterbalanced by a retardation due 

to the pairing effect. They also studied the effect of strain on boron diffusion and it 

was shown that boron diffusion was retarded in compressively strained Sii-xGe* layers 

but enhanced in tensile strained Si layers [22]. 

29 



Figure 2.10 shows a summary of extracted boron diffusion coefficients in Sii. 

xGCx alloys versus Ge content reported in the literature after [5], Data is presented for 

strained Sii-xGe* alloys measured at 860°C after Kuo er aZ. [23] and Fang ef aZ. [20]. 

This data shows reduction in boron diffusion coefficient in Sii.%Gex with increasing 

germanium content. The data presented for relaxed Sii-xGcx alloys measured at 800°C 

after Kuo et al. [19] also shows reduction in boron diffusion coefficient in Si].%Gex 

with increasing germanium content. However, the data presented presented for 

relaxed Sii-xGe* alloys measured at SOCC after Zangenberg [22] shows no variation 

in boron diffusion coefficient with increasing germanium content. The data presented 

after Dunlap [24] and Meer at al. [25] show much greater boron diffusion in 

germanium compared to Sii-xGe* alloys. 

The progressive reduction in boron diffusion in Sii.xGcx with increasing Ge 

content, was attributed to a bandgap narrowing effect, which alters the charged point 

defect concentration and hence retards bom diffusion [26, 27]. However, Cowem et 

al. [28] argued that this effect is not large enough to explain the observed reduction. 

Cowem et al. [28] proposed that the observed reduction is due to a decrease in the 

self-interstitial concentration caused by the long-range strain in the Sii-xGe* layer. 

Fang et al. [29] rejected this idea and attributed the reduction to a decrease in mobile 

boron diffusivity rather than the self-interstitial concentration. Defect injection studies 

have shown that boron diffusion in silicon and strained Sii.xGe* up to 20% Ge is 

largely interstitial mediated [20, 30]. 
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Figure 2.10: Extracted Boron diffusion coefficients in Sii-xGe* alloys versus Ge 

content values from the literature after [5]. Data is presented from the work reported 

by several authors; solid triangles: in relaxed Sii-xGe* alloys measured at 800°C after 

Kuo et al. [19], open triangles: in strained Sii-xGe* alloys measured at 860°C after 

Kuo et al. [23], inverted solid triangles: in strained Sii-xGex alloys measured at 860°C 

after Fang et al. [20], open pentagons: in relaxed Sii.xGe* alloys measured at 800°C 

after Zangenberg [22]. Boron diffusion coefficients in germanium measured at 800^3 

are also included after Dunlap [24] and Meer er a/. [25]. 
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Boron diflusion in Sii-x-yGcx Cy layers is reported to be less than in Sii-xGe* 

layers [31-33], In the reported models it was assumed that boron diffuses in Sii-xGe* 

and Sii-x-yGcx Cy mainly via interstitials [31-33]. Carbon was reported to diffuse very 

quickly via a kick-out mechanism combining with the self interstitials and creating a 

vacancy super-saturation and an interstitial under-saturation which results in the 

retarded boron diffusion [31-33]. 

Figure 2.11 shows a plot of modelled intrinsic B diffusion coefficients in Sii-x-

yGcxCy layers as a function of annealing temperature for three carbon concentrations 

(SxlO'^cm'^, SxlO'^cm"^ and Sxio'^cm"^) after Rajendran et al. [32]. Measured B 

diffusion coefficients in Sii-x-yGCxCy layers with carbon contents of <5xlO'^cm'^and 

1X 10^°cm'̂  are also shown in the plot. The values in the plot show a strong increase in 

reduction of boron diffusivity with the increase in carbon content and reasonable 

agreement between measured and modelled values. 
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Figure 2.11: Modelled (open) and measured (solid) boron diffusivities versus 

temperature in Sii-x-yGCxCy for different carbon concentrations; Sxio'^cm"^, 

and after R^endran ef a/. [32] \ I 9 -3 , 2 0 . 
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2.6 Athena Diffusion Models 

Diffusion of dopants and point defects in SSUPREM4 (program installed in 

Athena) is described by a number of user-specifiable models, the three most basic of 

which are [34]: 

1. The fermi diffusion model 

2. The two dimensional diffusion model 

3. The fully coupled diffusion model 

All of the three above models rely on the concept of pair diffusion, which says 

that a dopant atom can not diffuse on its own and it needs the assistance of a point 

defect (silicon self-interstitial or vacancy) in the near vicinity as a diffusion vehicle. A 

dopant's diffusion is then actually the diffusion of the dopant-point defect pair. The 

point defect can diffuse freely or as a dopant-defect pair. The models are natural 

extensions of one another, in the sense that the fermi model is incorporated in the two 

dimensional model which in turn is included in the fully-coupled model. The most 

significant difference between them is the way point defects are represented and 

treated throughout the simulation and how the specific dopant diffusion is formulated. 

2.6.1 Fermi Diffusion Model 

The point defect populations are assumed to be in thermodynamical 

equilibrium and thus need no direct representation. All the effects of point defects on 

dopant diffusion are built into the pair diffusivities. The advantage of using fermi 

diffusion model is fast execution. This is because since point defects are not directly 

represented only the diffusion of dopants needs to be simulated. 
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In the fernii model each dopant obeys a continuity equation of the fbnn shown 

in equation 2.10. 

dt 
V. (D, , + D ^ ) C , , V l n 

f / n n 

V y y 
(2.10) 

where the factor — inside the logarithm accounts for the electric field effect. The 
M. 

intrinsic carrier concentration m is calculated as: 

= ». . exp 
kT 

(2 11) 

where «jo, n,E and are specified in the MATERIAL statement by the parameters 

NI.O, NI.E and NI.POW respectively. Z accounts for the direction of the electrical 

force vector on diffusing particle and should be +1 for donors or -1 for acceptors. Dav 

and Dai are the joint contributors to the dopant diffusivity from dopant-vacancy and 

dopant-interstitial pairs in different charge states. The terms depend on both the 

position of the Fermi level as well as the temperature and are expressed as; 

D 7 — 
n 

+ D + D 
n 

+ D 
/ \-2 

n 

\^i y 
(2.12) 

D AI 

n 
+ D 

r n 
AI 

+ D 
v«/y 

AI 
+ D 

AI 

f ^-2 
n 

(2 13) 

where the temperature dependency is embedded in the intrinsic pair diffusivities, 

which are specified by arrhenius expressions of the type: 

^AX ^AXn ' kT 
(2.14) 

where; A is the dopant, x is the neutral charge state, c is the charge state and could be 

neutral x, negative — or positive + and X is the point defect interstitial I or vacancy V. 
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2.6.2 Two Dimensional Diffusion Model 

In this model the point defect populations are explicitly represented and 

evolved in time. If there is a super saturation of point defects it will affect the dopant 

diffusivity through a simple scale factor, which goes to unity as the actual defect 

concentration approaches the equilibrium defect concentration. Hence, with 

equilibrium defect concentrations the two dimensional model merely reproduces the 

fermi model. In this model it is assumed that the diffusion of dopants is highly 

influenced by the diffusion of point defects, while the diffusion of point defects is 

considered to be independent of dopant diffusion. 

2.6.3 Fully Coupled Diffusion Model 

The fully coupled diffusion model is very similar to the two dimensional 

model with one difference that now the diffusion of point defects is considered to be 

dependant on the dopant diffusion. Thus in this model there is a true two way 

interaction between the diffusion of dopants and point defects and hence the name 

fully coupled diffusion. 

The reader is referred to SILVACO ATHENA users Manual [34] for details of 

the mathematical representations of both the two dimensional and fully coupled 

models. 
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Chapter 3 

Growth of Sharp Boron ProHles in n-type Si, p-

lSiii_x ([ihEk; iBwiid n-itTfjpie (Si JLjZirjfei s; :ait u ltihi 

Dual Control of n- and p-type Dopants 

3.1 Introduction 

The growth of n-type Si, p-type Sii-x Ge* and n-type Si layers is needed for the 

formation of NPN Sii-x Ge* heterojunction bipolar transistor layers. The dual control 

of n- and p-type dopants in the same growth step is challenging and requires careful 

control of the growth parameters in order to control the dopant profiles. 

This chapter describes the growth of n-type Si, p-type Sii-x Gcx and n-type Si 

layers in a single epitaxy step for use in a non-selective Sii-x Ge* heteroj unction 

bipolar transistor growth process at 700°C. A process is developed to eliminate the 

edge from the boron profile in the Sii-x Ge* layer by interrupting the growth with a 

hydrogen anneal in between the growth of the Sii-x Ge* and the Si cap layers. This 

process gives very sharp and narrow boron profiles suitable for the base of a 

heterojunction bipolar transistor or boron marker layers for diffusion studies. Control 

of the n-type dopant concentration in the starter Si layer is developed by varying the 

growth conditions. The layer thicknesses are compared using three different analytical 
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teclmiques; Secondary Ion Mass Spectroscopy (SIMS), Transmission Electron 

Microscopy (TEM) and Spectroellipsometry (SE) and a good agreement is obtained 

for the three different methods. 

3.2 Experimental Procedure 

N-type Si, p-type Sii-x Ge* and n-type Si layers similar to those suitable for Sii-

X Gex heterojunction bipolar transistors were grown using a single wafer low pressure 

chemical vapour deposition (LPCVD) system. Half masked wafers, in which the left 

half of the wafer was covered with a 600nm thick deposited oxide layer, were used for 

growth. The ex-situ wafer clean consisted of a standard RCA clean followed by a 

brief dip in a dilute HF solution (H2O: HF, 100:1) to thin the RCA oxide. The in-situ 

clean was a hydrogen bake at ITorr (133Pa) and 950°C for 5 minutes to desorbe the 

oxide remaining on the wafer surface. The wafer was then cooled in hydrogen to the 

initial layer growth temperature (800°C) at which a lOnm Si starter layer was grown 

after which it was cooled again in hydrogen to the structure growth temperature 

(700°C) and the pressure was set to O.STorr (67Pa). The growth was non-selective, 

hence polysilicon was deposited over the oxide and single crystal layers were 

deposited over the exposed silicon during growth. The growth started with a 

phosphorus doped silicon starter layer, followed by an undoped, Sii-x Ge* spacer layer, 

a p-type Sii-xGe* layer and an undoped Sii-x Ge^ spacer layer. Finally, a phosphorus 

doped, silicon cap layer, was grown. Figure 3.1 shows a schematic of the structure of 

the growth layers. Silane (SilLt) and germane (GeH^) were used as source gases with 

hydrogen as the carrier gas. Diborane (BaHe) and phosphine (PH3) diluted in hydrogen 

were used for doping. The Sii-xGe* layer growth time was varied to control the boron 

and germanium profiles. The effect of growth interrupts with 7 minutes and 5 minutes 
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hydrogen anneals (hydrogen flow of 350sccm) in between the growth of the Sii-xGe* 

and the Si starter and cap layers respectively was investigated in order to eliminate the 

boron tailing edge into the Si cap layer and reduce the n-type dopant on the surface 

after the growth of the Si starter layer. Several growth were done in which the growth 

temperature of the Si starter layer and the phosphine gas flow were varied to 

investigate the control of the n-type dopant concentration. Table 3.1 summarises the 

details of the growth conditions for the different growth runs. The hydrogen anneal 

growth interrupts are indicated in the table with small H label boxes in table 3.1. 

Polysilicon 

.Folysilicongennfeium 

Polysilicon 

n-type Si cap layer 

tNte>e.SiGe.la^. 

n-type Si starter layer 

Silicon Substrate 

Figure 3.1: A schematic of the structure of the growth layers. 

Secondary ion mass spectroscopy (SIMS) was used to detect the boron and 

germanium profiles using a 3keV oxygen beam and a 14.5keV caesium beam with a 

high mass resolution to detect the phosphorus profile. The SIMS analysis was done by 

Dr. Chris Mulcahy at Cascade Scientific ltd. The dopant concentrations and layer 

thicknesses were extracted from the SIMS profiles by a method illustrated in figure 

3.2. The Si starter layer (collector) thickness tc was defined to be from the point at 

which the phosphorus profile starts to rise above its background level to the start of 
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the rising edge of the germanium profile. The Si starter layer (collector) doping 

concentration Nc was defined as the average concentration across the layer. The 

germanium percentage concentration was calculated by dividing the the peak 

germanium concentration Nce by the total concentration of atoms in a silicon lattice 

SxlO^^cm"^ and mutiplying by 100% as shown in equation 3.1. The Sii-x Ge* layer 

thickness tsice was defined as the region for which the germanium composition is 

>0.2% Ge, which is equivalent to a germanium concentration of lxlO^°cm"^. The 

undoped Sii-x Ge* spacer layer beween the Si starter layer and the p-type Sii-x Gcx 

layer (collector-base spacer layer tc/e) was defined as the region where the germanium 

composition is >0.2% Ge and the boron p-type doping concentration is less than the 

phosphorus n-type doping concentration in the Si starter layer. The undoped Si].* Ge* 

spacer layer beween the p-type Sii-x Ge* layer and the n-type Si cap layer (emitter-

base spacer tE/s) was defined as the region where the germanium composition is 

>0.2% Ge and the boron doping concentration is less than the phosphorus doping 

concentration in the Si cap layer. The boron doped Sii-x Ge* layer (base layer tg) was 

defined as the region where the boron doping is above the phosphorus doping 

concentrations in the Si starter and cap layers. The boron doping concentration in the 

Sii-x Gcx layer (Nb) was defined as the peak boron concentration in the layer. The Si 

cap layer (emitter) thickness (tg) was defined as the region from the growth surface to 

the falling edge of the germanium profile. The doping concentration in the Si cap 

layer (emmitter) (Ne) was taken as the peak phosphorus concentration in the layer. 

<:k:(X)ntemt (94) = , x 1CK)94 (3.1) 
5x10^ 
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Figure 3.2: Extraction of layers thicknesses and doping concentrations from the SIMS 

profiles. 

Transmission electron microscopy analysis was performed by Dr. Yun Wang 

at Surrey University, to verify the layer thicknesses and crystalline quality. The layer 

thicknesses and compositions were also analysed by ultra violet to visible, UV-VIS 

(wavelengths; 200 to 1000 nm) spectroellipsometry (SE) by Dr. Octavian Buiu at the 

University of Liverpool. Experimental data was obtained at an angle of incidence of 

75 using a M2000U J. A. Woollam instrument [1]. The WVASES2™ software 

package was used for modelling. The fitting of the experimental results and the model 

were used simultaneously to determine the compositions and thicknesses of the layers. 

Spectroellipsometry is a well-established non-destructive technique for characterising 

semiconductor materials including Sii-x Ge* and Sii-x-yGcxCy layers [2-4]. 
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Ellipsometry is a non-destructive analysis technique used to characterise 

materials during which elliptically polarised electromagnetic waves are directed on to 

the materials being characterised and the reflected waves are then detected. It is based 

on the fact that both the phase and amplitude of the incident electromagnetic wave 

change upon reflection from the materials surface. This change in phase and 

amplitude depends on many things including the properties of the material and its 

thickness. The difference in the change in phase that occurs upon reflection termed 

"delta A" (as shown in equation 3.2) and the angle whose tangent is the ratio of the 

magnitudes of the total reflection coefficients termed "Psi V (as shown in equation 

3.3) are measured and used along with an assumed model of the material structure to 

calculate the material properties including layer thicknesses [5]. 

/I = a;, - 6̂  (3.2) 

Where is the phase difference between the parallel component and the 

perpindicular component of the incident wave and <5, is the phase difference between 

the parallel component and the perpindicular component of the reflected wave. 

tany/ 
a ' l 

(3 3) 

Where R''is the ratio of the amplitudes of the parallel components of the reflected 

wave to the incident wave and is the ratio of the amplitudes of the perpendicular 

components of the reflected wave to the incident wave.. 
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Growth 
Number 

n-type Si starter layer Undopt 
spacer 

:d Sil l Ge. 
ayer 

P-type Sii-x Gcx layer Undoped Si,.* Ge^ spacer 
layer 

n-type Si cap layer 
Growth 
Number 

Temp 
(°(:) 

Gas 
flow 
(seem) 

Time Temp 

(°(:) 

Gas 
flow 
(seem) 

Time Base 
Temp 
(°(:) 

Gas 
flow 
(seem) 

Time Temp 
°C 

Gas flow 
(seem) 

Time Temp 
°C 

Gas flow 
(seem) 

Time 

2Si910 800 Eb 120 
SiH4 40 
L PHa 
100 

Imin 
3s 

700 Eb 120 
SiH4 40 
GeH4l5 

20s 700 SiH4 40 
GeH4l5 
B2H63O 

14s 700 120 
SiH4 40 
GeH4l5 

4s 700 tb 120 
SiH4 40 
HPH31 

2mins 
5s 

2Si912 800 

700 

Pb 120 
SiH4 40 
L PH] 
100 

10s 

2mins 
5s 

700 Eb 120 
SiH4 40 
GeH4l5 

21s 700 SiH4 40 
GeH4l5 
B2H63O 

14s 700 H2 120 
SiH4 40 
GeH4l5 

10s 700 120 
SiH4 40 
H P H 3 

0.5 

2mins 
5s 

2Si913 800 

700 

t b 120 
SiH4 40 
L PHs 
100 
L PHs 
10 

15s 

4mins 
17s 

700 tb 120 
SiH4 40 
GGH4I3 

13s 700 t b 120 
SiH4 40 
GeH4l3 
B2H63O 

14s 700 IHz 120 
SiH4 40 
GeH4 13 

12s 700 I t 120 
SiH4 40 
H P H 3 

0.5 

2mins 
5s 

2Si914 800 tb 120 
SiH4 40 
L PHs 
100 

2mins 
16s 

700 120 
8 % 40 
GeH4l3 

13s 700 % 120 
SiH4 40 
B2H63O 

13s 700 H2 120 
SiH4 40 
GeH4l3 

10s 700 120 
SiH4 40 
H P H 3 

0.5 

2mins 
5s 

2S#18 800 

700 

Fb 120 
SiH4 40 
L PHs 
100 
L PHs 
4.7 

30s 

6mins 
96R 

700 tb 120 
SiH4 40 
GeH4l3 

7s 700 Eb 120 
SiH4 40 
GeH4l3 
B2H63O 

13s 700 IHz 120 
SiH4 40 
GeH4l3 

10s 700 120 
SiH4 40 
H P H 3 

0.5 

2nHns 
5s 

2S#18 800 

700 

Fb 120 
SiH4 40 
L PHs 
100 
L PHs 
4.7 

H 

tb 120 
SiH4 40 
GeH4l3 

7s 700 Eb 120 
SiH4 40 
GeH4l3 
B2H63O 

13s 700 IHz 120 
SiH4 40 
GeH4l3 

H 

120 
SiH4 40 
H P H 3 

0.5 

2nHns 
5s 

2S#18 800 

700 

Fb 120 
SiH4 40 
L PHs 
100 
L PHs 
4.7 

tb 120 
SiH4 40 
GeH4l3 

7s 700 Eb 120 
SiH4 40 
GeH4l3 
B2H63O 

13s 700 IHz 120 
SiH4 40 
GeH4l3 

120 
SiH4 40 
H P H 3 

0.5 

2nHns 
5s 

Table 3.1: A summary of the growth details of all growth runs done. 
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3.3 Results and Discussion 

Figure 3.3 shows the boron and germanium SIMS profiles of two boron doped 

Sii-x Gcx layers grown at 700°C. The germanium profiles have sharp edges and flat 

peaks, with a peak concentration of 12%, indicating uniform germanium 

concentrations throughout the base layers and good control of the Sii-x Ge* growth. 

The boron profile in figure 3.3 (a) has a sharp starting edge and a tailing edge through 

the emitter (see growth number 2Si914 in table 3.1 for details). This tailing edge is a 

problem as it prevents good control of the base thickness and would cause tunnelling 

leakage in a Sii.* Ge* heterojunction bipolar transistor. Removing this boron tailing 

edge was investigated by interrupting the growth, after the undoped Sii-x Gcx spacer 

(emitter-base spacer) layer growth but before the Si cap (emitter) layer growth, and 

passing 350sccm hydrogen through the chamber for 5 minutes to remove the boron 

dopant gas (diborane B2H6) firom the chamber (see growth number 2Si918 in table 3.1 

for details). Figure 3.3 (b) shows the boron and germanium SIMS profiles for these 

growth conditions and it can be seen that the boron tailing edge has been totally 

eliminated. This interruption eliminated the boron tailing edge and thus resulted in a 

reduction in the boron doped base width by a factor of 2 from 44nm (a) to 22nm (b). 

The germanium profile width, at a germanium concentration of 2%, was also reduced 

from 64nm (a) to 31nm (b), this was due to a reduction of the total Sii-x Ge* layer 

growth time from 36s to 30s. The achieved Sii-x Ge* heteroj unction bipolar transistor 

base profile (figure 3.3 (b)) is suitable for high frequency performance devices with a 

cut off frequency fx of the order of lOOGHz as can be seen from the work of Kasper et 

al [6] who showed that the cut off frequency fr of Si].* Ge* heteroj unction bipolar 

transistors increased from 20GHz to lOOGHz mainly as a result of reducing the Sii-x 

Gcx base thickness from 65nm to 25nm. 

48 



500 1000 
Depth (Angstroms) 

1500 

1(p 

1(F 

| w 

§10^ 

1019 2 
c 
0 
glow 
o 
U 

Ge 

y V 
r 1 
f \ 

: 1 S 

1/ B ^ 
4 

f / \ 

, 

i 
1017 

1016 

100 15%) 2XD 
Depth (Angstroms) 

(b) 

Figure 3.3: The Boron (B solid) and germanium (Ge dashed) SIMS profiles of two 

Sii-x Gcx HBT growth layers; showing (a), with no growth interruption after the base 

growth; wide Ge and B profiles with a B tailing edge into the emitter, and (b) with a 

growth interruption after the base growth: narrow Ge and B profiles with no B tailing 

edge into the emitter. 
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Figure 3.4 shows an arrhenius plot of the variation of the sihcon collector n-

type dopant (phosphorus) concentration with growth temperature. The solid triangles 

data points are 6om this work (growth number 2Si910 at 800°C and 2Si912 at 700''C 

see table 3.1), the solid squares are from the work of Bonar on the same growth 

system [7] and the open circles are from the work of Agnello et al. [8] on atmospheric 

pressure chemical vapour growth. As seen in figure 3.4, the data from this work, 

Bonar's work [7] and Agnello et al.'s work [8] all show an increase in phosphorus 

concentration with a decrease in growth temperature with a decrease in slope for 

higher growth temperatures seen in Agnello et al.'s data [8]. The differences in 

phosphorus concentrations and slopes for the three different data sets is due to 

variation in growth pressure and gas flows, which affect the dopant incorporation. The 

growth in this work was done at a growth pressure of (0.5 Torr) 67Pa and a phosphine 

gas flow of lOOsccm of a 0.01% phosphine gas. Sonar's [7] growth was done at (1 

Torr) 133Pa with a 5seem phosphine gas flow of a 25 volumes per million phosphine 

gas. Agnello et al.'s [8] growth was done at atmospheric pressure lOOKPa with a 4 

parts per million phosphine gas source. The data from this work shows that the 

phosphorus concentration increases by a factor of 20 from 5xl0^^cm'^ to IxlO^^cm'^ 

with a 100°C decrease in growth temperature from 800°C to 700°C respectively. This 

corresponds to a decrease in silicon growth rate from 113 nm/min to 47 nm/min, 

respectively. The silicon growth rates were calculated by dividing the Si starter 

(collector) layer thickness obtained from measurements on the SIMS profiles (see 

experimental procedure figure 3.2) by the layer's growth time (see table 3.1). This 

could be explained by the theory of Reif et al. [9] who showed that at lower growth 

rates an equilibrium is established between the solid and the gas phases of the dopant. 
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hence increasing the dopant incorporation and that this equilibrium is not achieved at 

higher growth rates, hence less dopant incorporation occurs. 

10=1 -
' e 

C lOpo -
o 
ra 
4= 1 0 " -c 
Q) U C o 10" -

o 
(0 
2 o 1 0 " -

a w o 
£ 1016 

0. 

1015 

1 0 
I 

11 

Bonar (1996) 
This Work 
Agnello (1993) 

960 850 800 750 700 
Growth Temperature (°C) 

650 

Figure 3.4; Variation of the n-type dopant (phosphorus) concentration in Si with 

growth temperature, solid triangles (this work growth number 2Si910 at SOCC and 

2Si912 at TOCC see table 3.1), solid squares (Bonar [7]), open circles (Agnello et al. 

[8]) all showing an increase in dopant incorporation with a decrease in growth 

temperature. 

Varying the phosphine gas flow at a growth temperature of 700°C from 

lOOsccm (2Si912) to lOsccm (2Si913) and to 4.7sccm (2Si918) (see table 3.1 for 

growth details), we obtain a linear variation of phosphorus concentration with 

phosphine gas flow as shown in figure 3.5. A phosphorus concentration of IxlO'^cm'^ 

is obtained by reducing the phosphine flow to 4.7sccm. This collector doping 

concentration is the typically used for high frequency performance devices [10]. 
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Figure 3.5: Variation of the n-type dopant (phosphorus) concentration in Si with 

phosphine gas flow, layers grown at 700°C (with phosphine flows of lOOsccm, 

lOsccm and 4.7 seem for growth numbers 2Si912, 2Si913 and 2Si918 respectively see 

table 3.1 for details). 

Figure 3.6 shows the boron, germanium and phosphorus SIMS pofiles of the 

optimised Sii-xGe* heterojunction bipolar transistor layers grown at 700"C (growth 

2Si918 see table 3.1 for details). The germanium profile is flat and uniform with a 

peak concentration of 12% Ge. The boron profile is narrow and situated within the 

germanium profile (as seen previously in figure 3.3 (b)). The phosphorus profile in the 

Si starter (collector) layer is uniform at a concentration of 1 x lO'^cm"^ as shown earlier 

in figure 3.5. The phosphorus profile in the Si cap (emitter) is not uniform, this is due 

to the very short growth time of this layer. We also notice a small phosphorus peak 

within the Sii.xGcx layer. This is due to an auto doping effect fi-om phosphorus 

remaining on the wafer surface after the growth of the Si starter (collector) layer. 

However it is well below the boron concentration and hence does not create any 
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problem for a Sii.xGcx heteroj unction bipolar transistor. Overall the profiles show 

good dual control of n-type and p-type dopants with a resulting structure which is 

suiatble for Sii-xGe* heteroj unction bipolar transistors. 
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Figure 3.6: Geramanium, boron and phosphorus SIMS profiles of Sii-xGcx 

heterojunction bipolar transistor layers grown by non-selective epitaxy at 700°C in 

one step (growth number 2Si918 see table 3.1 for details). 

Figure 3.7 shows a cross-sectional transmission electron microscopy 

micrograph of the optmised Sii-xGe* heterojunction bipolar transistor layers grown by 

non-selective epitaxy at 700°C in one step (growth number 2Si918 see table 3.1 for 

details). The dark uneven layer above the Si substrate is the growth interface, which 

consists of contaminants on the wafer surface, probabaly oxygen and carbon. The 

silicon layer above the growth interface is the Si starter (collector) layer. Hence, the 

growth interface is buried deep in the collector layer far away from the transistor's 
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base depletion region, where it could cause leakage. The darker layer above the Si 

starter (collector) layer is the strained Sii-x Ge* (base) layer. The top siKcon cap layer 

is the emitter layer. All the device layers are smooth, planar, uniform and free of 

defects, indicating good growth control and good epitaxial quality. 

Si Starter 
Collector 

Surface 
SI cap 
Emitter 

Si Substrate 

200nm 

Sii.x Gex • 
Base 

Growth Interface 

Figure 3.7: A cross-sectional transmission electron microscopy micrograph of Sii-x 

Gcx heterojunction bipolar transistor layers grown by non-selective epitaxy at 700°C 

in one step (growth number 2Si918 see table 3.1 for details). 

Spectroellipsometry experimental and simulation fitted results are presented in 

figure 3.8. Psi and Delta A determine the differential changes in amplitude and 

phase, respectively, experienced upon reflection by the component vibrations of the 

electric vector parallel and perpendicular to the plan of incidence. The figure shows 

an excellent agreement between the experimental measurements (dotted lines) and the 

simulation fitted (solid lines) results. This indicates accuracy of the extracted layer 

compositions and thicknesses to be discussed later on (see table 3.2). 
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Figure 3.8: Spectroellipsometry experimental data (dotted lines), together with 

simulated data (solid lines) for Sii.* Ge* HBT layers grown at 700 C. 

Table 3.2 shows the Sii-xGex heterojunction bipolar transistor layer thicknesses 

of the sample shown in figure 3.7 (growth number 2Si918 see table 3.1 for details). 

The layer thicknesses were obtained from measurements on the SIMS profiles (see 

figure 3.6), and on the cross-sectional transmission electron microscopy (XTEM) 

micrograph of the layers (see figure 3.7) and spectroellipsometry analysis of the 

layers. The silicon starter (collector) layer thickness obtained from SIMS is 470nm, 

which agrees closely with the value obtained from XTEM, 480nm. The Sii-x Gcx 

(base) layer thickness obtained from SIMS is 31nm at a germanium concentration of 

2%, which agrees closely with the thickness obtained from XTEM of 32nm. The Sii-x 

GCx (base) layer thickness obtained from spectroellipsometry of 27nm for a Sii-x Ge* 

alloy of 5.4% Ge agrees with the thickness obtained from SIMS (26nm) at a 

germanium concentration of 5.4%. The silicon cap (emitter) layer thickness obtained 

from SIMS is slightly thinner than the value obtained from XTEM and 
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spectroellipsometry. Overall a good agreement is obtained for the different analysis 

methods used. 

Layer SIMS (nm) XTEM (nm) Elipsometry (nm) 

Si starter layer 470±1 480+1 
SiGe layer 
(2% Ge) 

31+1 32±1 

SiGe layer 
(5.4% Ge) 

26±1 27±1 

Si cap layer 111+1 140±1 130+1 

Table 3.2: Comparative results obtained through three different techniques; SIMS, 

XTEM and Spectroellipsometry, for the thicknesses of the Sii.xGe% heterojunction 

bipolar transistor layers grown at 700°C (growth number 2Si918 see table 3.1 for 

details). 

3.4 Conclusions 

A Sii-xGcx heterojunction bipolar transistor layers growth process at 700°C has 

been developed controlling both n and p-type dopants in a single growth step. Control 

of the Si starter (collector) layer doping concentration was achieved by altering the 

growth temperature and the phosphine gas flow. The boron tailing edge into the Si cap 

(emitter) was removed by interrupting the growth with a 350sccm hydrogen flow for 5 

minutes after the Sii-xGe* (base) layer growth but prior to the Si cap (emitter) layer 

growth. A Sii-xGex HBT structure with a Sii-xGcx layer width of 31nm and a boron 

profile width of 22nm was obtained. The layer thicknesses were compared using three 

different analytical techniques; SIMS, TEM and spectroellipsometry and reasonable 

agreement was obtained. 
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Chapter 4 

The Effect of Fluorine Implantation Energy on 

Boron Diffusion in Sii ^Gê  

4.1 Introduction 

The minimisation of boron diffusion is vitally important in all types of Si and 

Sii-xGcx devices. For example, in Sii-xGe* heterojunction bipolar transistors (HBTs) 

diffusion of boron from the Sii-xGex base creates parasitic energy barriers that degrade 

the current gain and limit the value of cut-off frequency that can be achieved [1]. 

Recently, fluorine implantation has been investigated as an alternative method of 

suppressing boron diffusion in silicon and shown to be extremely effective [2-6]. 

However to the authors' knowledge, there have been no reports of the effects of 

fluorine on boron diffusion in Sii_xGex. 

This chapter investigates the effect of varying implantation energy on boron 

thermal diffusion and boron transient enhanced diffusion (TED) in metastable 

Sio.86Geo.i4 by characterising the diffusion of a boron marker layer in samples with 

and without and F"̂  implants. The effect of two F"̂  implantation energies (185keV 

and 42keV) was studied at two anneal temperatures 950°C and 1025°C. In samples 

implanted with & 185keV F^, the fluorine suppresses boron transient enhanced 

diffusion completely at 950°C and suppresses thermal diffusion by 44% at 1025°C. In 

samples implanted with P^ & 42keV F"̂ , the fluorine does not reduce boron transient 
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enhanced diffusion at 950°C. This result is explained by the location of the boron 

marker layer in the vacancy-rich region of the fluorine damage proSle for the 185keV 

implant, which could result in an under-saturation of interstitials and hence suppress 

boron diffusion. Whilst for the 42keV implant the boron marker layer is in the 

interstitial-rich region of the implant which could result in the enhanced diffusion 

observed. Isolated dislocation loops are seen in the Sio.seGeo.n layer of the 185keV 

implanted sample after anneal. We postulate that these loops are due to the partial 

relaxation of the metastable Sio.86Geo.i4 layer. A band of dislocation loops is seen in 

the Sio.86Geo.i4 layer of the 42keV implanted sample after anneal. This is attributed to 

implantation damage. 

4.2 Experimental Procedure 

Low pressure chemical vapour deposition (LPCVD) at 700°C was used to 

grow a 400nm Si starter layer, a 55nm Sio.86Geo.14 layer and a 63 nm Si cap layer on a 

(100) silicon wafer. A boron doped marker layer was incorporated within the 

Sio.86Geo.i4 layer with a peak concentration of 4.1xl0'^cm'^. The wafer was cleaved 

into Icmxlcm samples. Three types of samples were then produced from the same 

wafer; the first had no implants (unimplanted), the second a phosphorus and a low 

energy fluorine implant (P^ & low F^) and the third a phosphorus and a high energy 

fluorine implant (P^ & high F^). A 288keV, 6xl0'^cm"^ P^ implant was chosen to be 

similar to those used for a selective implanted collector in a bipolar process, which 

causes boron transient enhanced diffusion [7]. The low energy F"̂  was implanted at 

42KeV, 9xl0''^cm"^, with the energy chosen to give a fluorine peak (at 0.09p.m) which 

is approximately coinciding with the as grown boron peak (at 0.1 |nm). The high 
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energy was implanted at 185KeV, 2.3xl0^^cm'^, with the energy chosen to give a 

fluorine peak coinciding with the implanted phosphorus peak (at 0.41pm). The 

phosphorus and fluorine implantations were done at the EPSRC Ion Implantation 

Centre at Surrey University. After ion implantation the samples were cleaned by a 10 

minutes dip in fuming nitric acid followed by rinsing with DI water and blow drying 

using a nitrogen gun. The samples were then arranged side b y side on the platen of an 

AG rapid thermal annealing RTA system using dummy bits in order to complete a 4 

inch wafer area, such that there were no free edges in order to reduce heat loss, and 

annealed in nitrogen at either 950°C or 1025°C for 30s. Boron (Bll) , fluorine (F19) 

and germanium (Ge 74) concentration depth profiles were obtained on all samples by 

Secondary Ion Mass Spectroscopy (SIMS) at Loughborough Surface Analysis Ltd. 

SIMS was performed using Oa^ primary ion bombardment and positive secondary ion 

detection to optimise boron detection. Similar detection levels of fluorine (F19) were 

obtained using primary ion bombardment as were obtained by using Cs^ primary 

ion bombardment. Hence, the use of primary ion bombardment was preferentially 

used to allow the relative positions of boron and fluorine to be monitored by profiling 

them simultaneously. The O2* beam at lOkeV with 0.8jj,A current was rastered over a 

250|Lim square. The data was quantified using ion implanted reference materials of 

boron and fluorine in silicon and the depth scales were determined by measuring the 

sputtered crater depths by interference microscopy, which is accurate to ±10nm. The 

samples were also analysed by Transmission Electron Microscopy (TEM) by Dr. Yun 

Wang at Surrey University. 
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4.3 Results 

Figure 4.1(a) shows boron SIMS profiles in unimplanted samples and samples 

implanted with and 42keV (P^ & low F^ and with P^ and 185keV F^ (P^ & high 

F^) and annealed for 30s at 950°C in nitrogen. Boron and germanium profiles after 

growth are also shown for reference. The annealed boron profile of the & high F^ 

implanted sample almost coincides with that of the unimplanted sample with slightly 

less diffusion. However, the annealed boron profile of the P^ & low F^ implanted 

sample is much broader, showing greater diffusion than the unimplanted and the P^ & 

high F^ implanted samples. Comparing the distance diffused by the boron into the 

silicon starter layer at a concentration of IxlO'^cm"^, the least diffusion is seen for the 

P^ & high F^ implanted sample (14nm) followed by the unimplanted sample (18nm) 

and the largest diffusion is seen for the P^ & low F^ implanted sample (41nm). This 

indicates that a high energy fluorine implant has suppressed boron transient enhanced 

diffusion and slightly reduced boron thermal diffusion (by 4nm) at 950°C, whereas a 

low energy fluorine implant has not suppressed boron transient enhanced diffusion 

caused by the phosphorus implant (see figures 5.1 and 6.1 in chapters 5 and 6 

respectively). Figure 4.1(b) shows boron SIMS profiles for a P^ & high F^ implanted 

sample and an unimplanted sample after an anneal of 30s at 1025°C. The annealed 

boron profile of the P^ & high F"̂  implanted sample is much narrower than that of the 

unimplanted sample indicating that the fluorine implant has significantly reduced 

boron thermal diffusion. Comparing the distance diffused by the boron in to the 

silicon starter layer at a concentration of Ixio'^cm'^, we find that the distance 

diffused by boron in the P^ & high F^ implanted sample (23nm) is 18nm less than that 

for the unimplanted sample (41nm). This indicates that the P^ & high F'̂  implant has 
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suppressed boron transient enhanced diffusion and reduced boron thermal diffusion 

by 44% at 1025°C. 

10= 
G* (am grown) 

5 (## grown) 

B Annealed 
(P'fk High F ) 

Annealed 
Unimplanted) 

Annealed (p'& Low r) O iniB 

10= 

0 .10 

Depth (urn) 

Ge (g# grown) 

(as grown) 

Annealed 
(P*& High F* 

Annealed 
• n i ^ l a n t e d ) 

O 1019 

0.10 

Depth (nm) 

(a) (b) 

Figure 4.1: Boron SIMS profiles in Sio.86Geo.i4 after growth and after anneal for an 

unimplanted sample and samples implanted with & low F"̂  and with P^ & high F"̂ ; 

(a) 950°C anneal (b) 1025°C anneal. 

Figure 4.2 compares the as implanted and annealed (at 950°C for 30s) fluorine 

profiles for the samples implanted with P^ & low F^ (a) and with P^ & high F"̂  (b). 

The annealed fluorine profile of the P"̂  & low F^ implanted sample shown in figure 

4.2(a) shows two peaks at depths of 0.05|im and 0.1pm. The shallowest F"̂  peak at a 

depth of 0.05pm is located in the silicon cap layer and the peak at 0.1pm is located 

completely within the Sio seGeo u layer and coincides with the boron profile. This 

peak is slightly deeper than the implant range (0.09pm) with a concentration of 

3xlO^°cm'^, which is % 4x higher than the as implanted peak concentration of 
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SxlO^^cm'̂ . The annealed Guonne profile of the & high implanted sample 

shown in figure 4. 2(b) shows five peaks at depths of 0.02p,m, O-l^m, 0.14|j,m, 0.5|im, 

0.6pm, a broad peak at 0.4|im and a shoulder between 0.16p,m and 0.26pm. The 

shallowest F"̂  peak at a depth of 0.02pm is located in the silicon cap layer. The 0.1pm 

and 0.14pm peaks are located completely within the Sio goGeo M layer, and the 0.1pm 

peak has a peak concentration of 4.7x10'^cm"^, which is « 11 x higher than the 

corresponding concentration after implant of 4.2x1 Ô ĉm"̂ . The broad peak at 0.4pm 

coincides with the implant range 0.41pm and has a peak concentration of lxlO^°cm"^, 

slightly higher than the as implanted peak concentration of 8.6xl0^^cm"^. The peak at 

depth of 0.5pm coincides with the growth interface. The integrated doses of the 

fluorine SIMS profiles after anneal are 8.2x10'̂ ^cm'̂  and 2.2xlO'^cm'^ for the & 

low F^ and P^ & high F"̂  implanted samples respectively. This indicates that very little 

(8.9% for the P"̂  & low F^ and 4.3% for the P^ & high F"̂  implanted samples 

respectively) fluorine has been lost during anneal in both samples. 

Figure 4.3 compares the as implanted and annealed (at 1025°C for 30s) 

fluorine profiles for the samples implanted with P^ & low F^ (a) and with P^ & high 

(b). The profiles are qualitatively similar to those shown in figure 4.2, except there 

are no surface fluorine peaks compared to those seen before in figure 4.2. For the P^ 

& low F"̂  (figure 4.3 (a)) profile shows two peaks at depths of 0.077pm and 0.09pm. 

The shallowest F^ peak at a depth of 0.077pm is located at the Si-Sio.86Geo.14 interface 

and the peak at 0.09pm is located completely within the SiogeGeo.M layer and 

coincides with the implant range (0.09pm) with a concentration of 2.2x10^°cm'^, 

which is » 2.8x higher than the as implanted peak concentration of Bxio'^cm"^ Notice 

that this peak in the Sio.seGeo.n layer has shifted closer to the surface compared to that 
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in Ggure 4.2(a). For the P & high F (figure 4.3 (b)) profile the peak concentrations 

in the Sio.seGeo.n layer (2.1x10'^cm'^ at 0.1pm and 4.4x1 o'̂ cm"^ at 0.14pm) have 

decreased compared to those in figure 4.2(b) (4.7x10'^cm"^ at 0.1pm and 3.3xl0'^cm" 

^ at 0.14pm). Also a visible peak extending from 0.16pm to 0.26pm is visible in 

figure 4.3 (b), whereas a shoulder was seen in figure 4.2(b). The integrated doses of 

the fluorine SIMS profiles after anneal are S.lxlO'^'cm'^ and l.Sxlo'^cm"^ for the 

& low and the P^ & high F"̂  implanted samples respectively. This corresponds to 

dose losses of 43% for the P^ & low F"̂  and 22% for the P^ & high F"̂  implanted 

samples respectively. 

Figure 4.4 shows light field cross-sectional TEM micrographs of a sample 

implanted with P^ & low F"̂  and annealed at 1025°C. No defects are seen in the 

silicon starter and cap layers in figure 4.4 (a). However, defects can be seen in the 

Sio.86Geo.i4 layer. These are observed more closely in the high magnification 

micrograph of figure 4.4 (b) and consist of a band of dislocation loops, with various 

lengths (56nm to lOOnm) extending along the top interface of the silicon germanium 

layer. 
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Figure 4.2: Fluorine SIMS profiles in samples implanted with (a) & low F"̂  and (b) 

P^ & high after implant and after anneal for 30s at 950°C in nitrogen. 
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Figure 4.3; Fluorine SIMS profiles in samples implanted with (a) P^ and low F^ and 

(b) P^ and high F"̂  after implant and after anneal for 30s at 1025°C in nitrogen. The 

corresponding boron and germanium profiles are also shown for reference in both 

figures 4.2 and 4.3. 
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Figure 4.5 shows Hght field cross-sectional TEM micrographs of a sample 

implanted with & high F^ and annealed at 1025°C. A band of dislocation loops 

extending from a depth of 0.31 jam to a depth of 0.63jim from the surface centred 

around the P^ & high F"̂  implants range of 0.41 jam can be seen in figure 4.5 (a). 

Defects can also be seen in the Sio.geGeo.̂  layer (see figure 4.5 (b) for a high 

magnification view of these defects) consisting of isolated adjacent dislocation loops, 

each loop having a width of « 46nm and a length of » lOSnm and extending across the 

Sio.86Geo.i4 layer from the bottom to the top surface. 
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Figure 4.4: Cross-sectional fransmission electron microscopy micrographs of samples 

implanted with P"̂  & low F"̂  and annealed for 30s at 1025°C in nifrogen; (a) low 

magnification, (b) high magnification. 
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Figure 4.5: Cross-sectional transmission electron micrographs of samples implanted 

with & high F"̂  and annealed for 30s at 1025°C in nitrogen; (a) low magnification, 

(b) high magnification. 

4.4 Discussion 

The results in figure 4.1 show that a high energy fluorine implant completely 

suppresses boron transient enhanced diffusion at 950°C, whereas a low energy 

fluorine implant gives no suppression of boron transient enhanced diffusion caused by 

the phosphorus implant (seen in figures 5.1 and 6.1 in chapters 5 and 6 respectively). 

Furthermore, a high energy fluorine implant also suppresses boron thermal diffusion 

by 44% at 1025°C. The suppression of boron transient enhanced diffusion for the high 

energy fluorine implant agrees with the results of Liu et al [3] who showed that 

increasing the fluorine implantation energy from 2keV to 12keV (2xl0^^cm"^), 

resulted in increased suppression of boron transient enhanced diffusion in silicon of 

an implanted boron profile (1.12keV IxlO^^cm"^, B"̂ ) caused by a preamorphising 

silicon implant (70keV IxlO^^cm'^, Si^). 
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T h e suppression o f boron thermal diffusion in s i l icon or sil icon germanium by 

a h igh energy implant has not been reported before i n the hterature and can be 

explained b y the location o f the boron marker layer in the v a c a n c y r ich region o f the 

h igh energy implant damage prof i le , w h i c h extends 6 o n i the surface to a depth 

approaching the implantat ion range Rp [8] , perhaps lead ing to an under saturation in 

the interstitials concentration. This mechanism is discussed fully in chapters 5 and 6. 

The lack of boron diffusion suppression in the & low implanted samples can 

then be explained b y the location of the boron marker layer in the interstitial rich 

region of the low energy F"̂  implant damage profile, which extends from a depth 

slightly shallower than the implantation range Rp and peaks at the implantation range 

R p [ 8 ] . 

The f luorine profiles after anneal shown in figures 4.2 and 4.3 have interesting 

shapes giving insight into fluorine diffusion in silicon and silicon germanium. We 

notice that more fluorine has been lost during the higher temperature (1025°C) anneal 

in both samples compared to the lower temperature (950°C) anneal which would be 

expected. Also at both anneal temperatures the % loss in fluorine dose during anneal 

is greater for the lower energy implant than the higher energy implant. This suggests 

that the surface may be having an influence on the f l u o r i n e diffusion and hence 

affecting the shape of the annealed fluorine profiles. The influence of the surface can 

be seen in the presence of the surface peak (at 0 . 0 2 p m and 0 . 0 5 p m ) after a 950°C 

anneal (figure 4.2), but its absence after a 1025°C anneal (figure 4.3). The origin of 

these surface fluorine peaks will be explained later in chapter 6 . The influence of the 

surface can also be seen in the movement of the peak in the Sio.geGeo.n layer in the 

& l o w F^ implanted sample closer towards the surface after a 1 0 2 5 ° C anneal ( f igure 

4.3 (a)) than after a 950°C anneal (figure 4.2 (a)). This indicates that fluorine when 
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annealed diffuses outwards to the surface 6 o m w h i c h it i s lost resulting in the dose 

loss seen. T h e high energy f luorine implant range ( 0 . 4 l u m ) is » 4 .6x deeper than that 

of the low energy fluorine implant (0.09pm), which is closer to the surface and hence 

fluorine diffuses out from the surface more easily in the low energy fluorine 

implanted sample resulting in the larger % dose loss seen. This agrees with reports in 

the literature which indicate that fluorine diffuses to the surface from which it is lost 

[9]. 

Correlating the annealed fluorine SIMS profiles in figure 4.3 with the TEM 

micrographs shown in figures 4.4 and 4.5, we notice that the fluorine peaks seen in 

the silicon germanium layers in figure 4.3 (a) and (b) coincide with the dislocation 

loops seen in figure 4.4 (b) and figure 4.5 (b) respectively. We also notice that the 

broad fluorine peak at 0.4pm and the peaks at 0.5 and 0.6(j,m in figure 4.3 (b) coincide 

with the band of dislocation loops in the silicon starter layer extending from a depth of 

0 . 3 1 | m i to a depth o f 0 . 6 3 p m 6 o m the surface seen i n f igure 4 .5(a) . Hence, the 

fluorine peaks observed in figure 4.3 (a) and (b) result from fluorine gettering to the 

dislocation loops observed in figures 4.4 and 4.5 respectively. Similar dislocation 

loops were reported due to a 500keV 5xl0^^cm'^ implant where SIMS showed 

fluorine gettering to the dislocation loops [10]. 

The dislocation loops seen in figure 4.4 (b) in the Sio.geGeo.M layer, which 

extends from a depth of 0.064pm to 0.118pm corresponding to 0.7 Rp to 1.3 Rp 

(where Rp is the implantation range of the low energy F"*" implant 0.09pm), are in the 

interstitial-rich region of the low energy f luorine implant damage profile, which 

extends from a depth slightly shallower than the implantation range Rp and peaks at 

the implantation range Rp [8]. The band of dislocation loops in the silicon starter layer 

seen in figure 4.5(a) extend from a depth of 0.31pm to a depth of 0.63pm from the 
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surface corresponding to 0 .7 Rp to 1.5 Rp (where Rp is the implantat ion range o f the 

high energy implant 0.41 jim) and hence are also in the interstitial-rich region of the 

high energy fluorine implant damage profile [9]. SUSPRE [11] simulations show that 

the & low F"̂  implant was below the amorphisation threshold. TEM micrographs of 

as-implanted samples (see figure 6.14 in chapter 6) show that the silicon and silicon 

germanium layers have not been amorphised by the & high F"̂  implants. Hence, 

these dislocation loops in both the P^ & low F^ and P^ & high implanted samples 

are both most probably due to sub amorphising implantation damage [12]. 

The dislocation loops seen in the Sio.geGeo.M layer in figure 4.5, which extends 

from a depth of 0.064|xm to 0.118|j,m corresponding to 0.16 Rp to 0.29 Rp (where Rp is 

the implantation range of the high energy implant 0.41 nm), are in the vacancy-rich 

region of the high energy fluorine implant, which extends from the surface to a depth 

approaching the implantation range Rp [8] and hence are unlikely to be due to sub 

amorphising implantation damage. We speculate that these dislocation loops are due 

to partial relaxation of the strain in the Sio.seGeo.^ layer. The 55nm thick Sio.seGeo.M 

layer is metastable (the critical thickness at 14% Ge is % 40nm) (see figure 2.2) [13], 

hence, relaxation is possible after a high temperature anneal. This point is backed by 

results shown later in chapter 6, where a cross-sectional TEM micrograph of a stable 

30nm thick Sio.ggGeo.n layer (the critical thickness at 11% Ge is ~ 60nm) (see figure 

2.2) [13], which has been given the same P^ and F"̂  implants as the P^ & high F"*" 

implanted sample and annealed at 1000°C for 30s in nitrogen is presented in figure 

6.15 showing no dislocation loops in the Sio.89Geo.11 layer. 
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4.5 Conclusions 

In conclusion a study of the effect of varying implantation energy on boron 

thermal di f fusion and boron transient enhanced d i fA is ion ( T E D ) in SioggGeo w has 

been shown. It has been shown that a high energy fluorine implant completely 

suppresses boron transient enhanced at 950°C, whereas a low energy fluorine implant 

gives no suppression of boron TED. Furthermore, a high energy fluorine implant also 

suppresses boron thermal diffusion by 44% at 1025°C. The suppression of boron 

transient enhanced diffusion and thermal diffusion by a high energy F^ implant is 

explained by the location of the boron marker layer in the vacancy-rich region of the 

fluorine implant damage profile and the lack of any TED suppression for the low 

energy fluorine implant is explained by the location of the boron marker layer in the 

interstitial-rich region of the fluorine implant damage profile. Isolated dislocation 

loops are seen in the Sio.geGeo.M layer of the sample given a high energy F^ implant. 

These loops are in the vacancy-rich region of the fluorine implant damage profile and 

we postulate that they are due to partial relaxation of the metastable Sio.86Geo.i4 layer. 
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Chapter 5 

()][ ]3:()]roii TriiiEinnniil in 

Silicon by High Energy Fluorine Implantation 

5.1 Introduction 

While there has been considerable research on the effect of fluorine on boron 

transient enhanced diffusion in silicon [1-19], little has been published on the effects 

of fluorine on the thermal diffusion of boron in silicon. In this chapter, a study is 

made of the effect of fluorine on the diffusion of boron in buried marker layers in 

silicon. In the first section of this chapter samples with and without a implant are 

studied so that the effect of fluorine on both boron transient enhanced diffusion and 

thermal diffusion can be separately characterised. It is shown that fluorine not only 

eliminates boron transient enhanced diffusion, but also dramatically reduces boron 

thermal diffusion. The effect of the fluorine implantation dose on boron thermal 

diffusion in silicon is also studied in the second section of this chapter. It is shown 

that a critical fluorine dose exists, above which the fluorine suppresses boron thermal 

diffusion and below which it has no effect on the boron thermal diffusion. 
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Silicon layers with and without a buried boron-doped marker layer were 

grown on (100) silicon wafers using molecular beam epitaxy (MBE) at 520°C and 

low pressure chemical vapour deposition (LPCVD) at 800°C respectively. The 

molecular beam epitaxy samples were grown by Dr. Rob Price at Imperial College, 

London. Each wafer was then cleaved into Icmxlcm square pieces, which were then 

separated into four different groups, the first having no implants (unimplanted), the 

second having a phosphorus implant only (P^ implanted), the third a phosphorus and a 

fluorine implant (P^ & implanted) and the fourth a fluorine implant only (F^ 

implanted). A 288keV, 6xl0^^cm"^ P^ implant was used and was chosen to be similar 

to those used for a selective implanted collector in a bipolar process [20]. A ISSKeV 

implant was used and the energy was selected such that the fluorine range was the 

same as that of the phosphorus implant. The fluorine implantation dose was varied 

from SxlO '̂̂ cm'̂  to 2.3xl0'^cm"^ in the fluorine only implanted samples. The 

phosphorus and fluorine implantations were carried out at the EPSRC Ion 

Implantation Centre at Surrey University. After ion implantation the samples were 

cleaned by a 10 minute dip in fuming nitric acid followed by rinsing with DI water 

and blow drying using a nitrogen gun. The samples were then arranged side by side 

on the platen of an AG rapid thermal annealing RTA system using dummy bits in 

order to complete a 4 inch wafer area, such that there were no free edges in order to 

reduce heat loss, and annealed in nitrogen at 1000°C for 30s. Boron (Bl l ) and 

fluorine (F19) concentration depth profiles were obtained on all samples by 

Secondary Ion Mass Spectroscopy (SIMS) at Loughborough Surface Analysis Ltd. 

SIMS was performed using O2 primary ion bombardment and positive secondary ion 

detection to optimise boron detection. Similar detection levels of fluorine (F19) were 
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obtained using 02^ pr imary ion bombardment as were o b t a i n e d b y using Cs^ primary 

ion bombardment. Hence, the use of primary ion bombardment was preferentially 

used to allow the relative positions of boron and fluorine to be monitored by profiling 

them simultaneously. The 0%^ beam at lOkeV with 0.8|iA current was rastered over a 

250)im square. The data was quantified using ion implanted reference materials of 

boron and fluorine in silicon and the depth scales were determined by measuring the 

sputtered crater depths by interference microscopy, which is accurate to ±10nm. The 

layers were also analysed by Transmission Electron Microscopy (TEM) (done at ST, 

Catania, Italy). The annealed boron SIMS profiles peaks were aligned to the as-grown 

boron SIMS profile peak and the boron doses in all profiles were normalised to the as-

grown boron profile dose. This reduces errors in dose and depth scaling arising from 

SIMS analysis. The annealed boron profiles were then fitted using the Silvaco, Athena 

Optimizer. This was done by importing the as-grown and annealed boron SIMS 

profiles into a silicon layer defined in the ATHENA input file (as shown in Appendix 

A). The intrinsic boron diffusion coefficient (Dix.O Athena parameter) was then 

optimised with all other factors turned off (as shown in Appendix B), using the fully 

coupled diffusion model, until a good fit was obtained between the fitted and 

measured SIMS boron profiles. 

5.3 Results 

5.3.1 The Effect of a High Energy Fluorine Implant on Boron 

Diffusion in Silicon 

Figure 5.1 shows the effect of a implant on the boron diffusion in the 

absence of a F^ implant. It can be seen that the P^ implant causes significant extra 
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d i f k s i o n o f the boron marker layer compared w i t h the un implanted control sample. 

Compar ing the boron profi les at a concentration o f IxlO^^cm"^, w e f ind that the width 

of the implanted boron profile is 138nm, compared with 108nm for the 

unimplanted boron profile and 48nm for the as-grown boron profile. The boron 

diffusion into the substrate of the implanted sample (56nm) is 25nm more than that 

of the unimplanted sample (31nm). This translates to an enhancement factor of 81% 

in boron diffusion due to the phosphorus implant. This result indicates that the 

phosphorus implant is giving rise to transient enhanced diffusion of boron. We also 

notice that the boron profile in the P"̂  implanted sample is asymmetrical, with more 

diffusion into the substrate (56nm) than in to the silicon cap (33nm). This is due to the 

backflow of excess interstitials from beyond the as implanted phosphorus peak; 

similar asymmetries have been reported previously for boron transient enhanced 

diffusion caused by a silicon implant [21]. Similar boron transient enhanced diffusion 

caused by a similar 6xl0'^cm"^ P^ implant was reported [20]. Similar enhanced boron 

diffusion caused by a P^ implant was observed by Lee et al. [22] and characterised as 

transient enhanced diffusion. This was verified by a study of the boron enhanced 

diffusion by a P^ implant for three anneal temperatures 7 5 0 ° C , 800°C and 950"C and it 

was shown that the enhanced boron diffusion was reduced as the anneal temperature 

was increased. This is characteristic of transient enhanced diffusion as for higher 

anneal temperatures the interstitials recombination rate is higher resulting in less 

boron transient enhanced diffusion [22]. 

Figure 5.2 shows the effect of a 185keV, 2.3xlo'^cm"^ F"̂  implant on boron 

transient enhanced diffusion in samples implanted with P^. It is clear that there is 

dramatically less boron diffusion in the sample implanted with both P^ & F"̂ . 

Comparing the boron profiles at a concentration of IxlO^^cm'^, we observe that the 
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d i f k s i o n o f boron into the substrate i n the i m p l a n t e d sample (14nm) is 42nm 

less than that in the implanted sample (56nm), which indicates that the F^ implant 

has reduced the boron diffusion by 75%. We also observe that the diffusion of boron 

into the substrate in the P^ & F"̂  implanted sample (14nm) is 17nm less than that in 

the unimplanted sample (31nm). This indicates that the F"̂  implant has not only totally 

suppressed the boron transient enhanced diffusion caused by the P^ implant but has 

also greatly reduced the thermal diffusion by 55%. 

As grown 

E 10" 
u 

Annealed 
(P implanted) 

Annealed 
(unimplanted) 

1016 
0.05 0.10 0.15 0.20 

D e p t h (fim) 

0.25 

Figure 5.1: Boron SIMS profiles of unimplanted and P^ implanted samples after a 30s 

anneal at 1000°C in nitrogen. The as-grown boron profile is added for reference. 

Figure 5.3 shows the effect of a 185keV, 2.3xlO'^cm'^ F"̂  implant on boron 

thermal diffusion in samples not given a P"̂  implant. It can be seen that there is 

considerably less diffusion in the sample implanted with than in the unimplanted 

sample. Comparing the boron profiles at a concentration of IxlO'^cm"^ we find that 

the diffusion of boron into the substrate for the F^ implanted sample ( l lnm) is 20nm 

less than that in the unimplanted sample (31nm), which indicates that the F^ implant 

has reduced the thermal boron diffusion by 65%. 
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Figure 5.2: Boron SIMS profiles of unimplanted, implanted and & 2.3xl0'^cm''' 

F^ implanted samples after a 30s anneal at 1000°C in nitrogen. The as-grown boron 

profile is added for reference. 
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Figure 5.3; Boron SIMS profiles of unimplanted and 2.3xl0'^cm"^ F"̂  implanted 

samples after a 30s anneal at l O O C C in nitrogen. The as-grown boron profile is added 

for reference. 
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Figure 5.4 compares the f luorine profiles o f the implanted sample 

discussed in figure 5.2, before and after anneal at 1000°C for 30s in nitrogen. The 

corresponding boron profile is shown for reference. The annealed fluorine profile is 

considerably different than the as-implanted profile and shows two broad peaks. The 

deeper broad peak lies within a depth range of 0.29p.m to 0.73|im with a peak 

concentration of 8.31xlO'^cm"^ at a depth of 0.41pm. This peak concentration almost 

coincides with the as-implanted peak concentration of 8.32xl0^^cm'^ at a depth of 

0.41pm. The shallower peak lies between 0.055p,m and 0.23pm, coinciding with the 

boron profile, and shows four small peaks at depths of 0.11 pm, 0.12pm, 0.15pm and 

0.17pm. A slight shoulder can also be seen, extending from about 0.22 to 0.28pm. 

The integrated dose of the as-implanted fluorine SIMS profile is 2.3x1 o'̂ cm"^ and the 

integrated fluorine dose after anneal is 1.5xl0'^cm"^, indicating that 35% of the 

implanted fluorine has been lost during annealing. The majority of the fluorine lost 

comes from the shallow fluorine peak and shoulder regions, i.e. from the surface to a 

depth of 0.28pm, but there is also some loss of fluorine from the deep peak region 

(0.29pm to 0.8pm). 

Figure 5.5 compares the fluorine profiles of the F^ implanted sample discussed 

in figure 5.3, before and after anneal at 1000°C for 30s in nitrogen. The corresponding 

boron profile is shown for reference. The annealed fluorine profile is broadly similar 

to that in figure 5.4. The deeper peak hes between 0.28 pm to 0.57pm from the 

surface. The fluorine concentration rises higher than the as implanted concentration 

within a depth range of 0.4pm to 0.46pm, with a peak concentration of 9.1 IxlO'^cm'^ 

at a depth of 0.43pm. This peak concentration is slightly higher and deeper than the 

as-implanted peak concentration of 8.32x10'^cm"^, at a depth of 0.41pm. 
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Figure 5.4: Comparison of fluorine profiles before and after anneal for 30s at 1000°C 

in nitrogen for the & 2.3xl0'^cm"^ implanted sample. The corresponding 

annealed boron profile is added for reference. 

The shallower peak lies between 0 . 0 5 p m and 0.22p,m and shows three small peaks at 

depths of 0.13jam, 0.17pm and 0 . 2pm. A substantial shoulder can also be seen, 

extending from about 0.22 to 0.28pm. The integrated fluorine dose after anneal is 

1.6xl0'^cm"^, indicating that 30% of the implanted fluorine has been lost during 

annealing. The majority of the fluorine lost comes from the shallow fluorine peak and 

shoulder regions, i.e. from the surface to a depth of 0.28pm, but there is also some 

loss of fluorine from the deep peak region (0.29pm to 0.8pm). Notice that the fluorine 

lost from the substrate beyond a depth of 0.57pm is 6.7x1 which is 7.3 times 

more than that lost i n f igure 5.4, 0 .9x l0 '^cm'^ . 
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Figure 5.6 shows a comparison of the fitted and measured SIMS boron 

profiles of the samples discussed earlier in figures 5.1, 5.2 and 5.3. In all the figures 

the fitted proGle agrees with the SIMS profile indicating a reasonable fit. Figure 5.6 

(a) shows the fitted boron profile of the annealed unimplanted sample. The diffusion 

coefficient extracted is 8.1xlO"'Vm^/s, which is the inert boron diffusion coefficient at 

1000°C for this material. Figure 5.6 (b) shows the fitted boron profile of the annealed 

implanted sample. The diffusion coefficient extracted for the P^ implanted sample 

is 2.3x10"'^cmVs, which is 2.8 times greater than that of the unimplanted sample. This 

indicates that the phosphorus implant has enhanced the boron diffusion coefficient by 

a factor of ~3. Figure 5.6 (c) shows the fitted boron profile of the annealed P^ & F^ 

implanted sample. The diffusion coefficient extracted for the P"̂  & F"̂  implanted 

sample is which is 11 times less than that of the P^ implanted sample 

and 3.9 times less than that of the unimplanted sample. The diffusion coefficient 

extracted for the F^ implanted sample is 2.2xl0"'''cm^/s, which is very similar to that 

of the P^ & F^ implanted sample (Z.lxlO'^'^cm^/s) and is 3.7 times less than that of the 

unimplanted sample. This shows that the fluorine implant has eliminated the transient 

enhanced diffusion caused by the phosphorus implant and also reduced the thermal 

diffusion by a factor of 3.9. 

Figure 5.7 shows cross-sectional transmission electron microscopy 

micrographs of the P^ &F^ implanted sample (a) and the F"̂  implanted sample (b) after 

an anneal at 1000°C for 30s in nitrogen, discussed in figures 5.4 and 5.5 respectively. 

In both figures 5.7 (a) and (b) the region from the surface to a depth of 0.29pm is 

smooth with no visible defects and a band of dislocation loops is seen from a depth of 

0.29p,m to a depth of 0.73pm, centred around the implantation range of 0.41pm. 
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Figure 5.5: Comparison of fluorine profiles before and after anneal for 30s at 1000°C 

in nitrogen for the 2.3xl0'^cm"^ implanted sample. The corresponding annealed 

boron profile is shown for reference. 

Figure 5.8 shows high magnification cross-sectional transmission electron 

microscopy micrographs of the defects regions of the &F^ implanted sample (a) 

and the F^ implanted sample (b) discussed in figure 5.7. The defects seen in both 

figures 5.8 (a) and (b) are very similar and consist mainly of dislocation loops with 

diameters varying from 1 Inm to 96nm. 
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Figure 5.6: Simulated and measured boron profiles after an anneal of 30s at 1000°C in 

nitrogen for: unimplanted (a), implanted (b), P implanted (c) and F^ 

implanted (d) samples. The as-grown boron profile is added for reference. 

85 



Surface 

Dislocation loo] 

(a) (b) 

Figure 5.7: Cross-sectional transmission electron microscopy micrographs of 

2.3xl0^^cm"^ F"̂  implanted and annealed Si MBE layers (a) & F"̂  implanted sample 

and (b) F^ implanted sample. 

Dislocation 

(a) (b) 

Figure 5.8: High magnification cross-sectional transmission electron microscopy 

micrographs of 2.3xl0^^cm"^ F"̂  implanted and annealed Si MBE layers (a) & F"̂  

implanted sample and (b) F^ implanted sample. 
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5.3.2 The Effect of Fluorine Implantation Dose on Boron 

Thermal Diffusion in Silicon 

Figure 5.9 shows a comparison of boron SIMS profiles in implanted and 

unimplanted samples after an anneal at 1000°C for 30s in nitrogen. The as-grown 

boron profile is also included for reference. Results are shown for fluorine 

implantation doses of 5xlO'^cm'^ (figure 5.9 (a)), 9xlO '̂̂ cm"^ (figure 5.9 (b)) and 

1.4xl0'^cm"^ (figure 5.9 (c)). For the lowest fluorine dose of 5xlO"^cm"^ the fluorine 

implanted boron profile width (lOOnm) at a concentration of IxlO'^cm"^ is 8nm wider 

than that of the unimplanted profile (92nm),perhaps indicating a slight enhancement 

in boron diffusion. The width of the boron profile of the 9xl0^^cm'^ fluorine 

implanted sample (92nm) is exactly the same as that of the unimplanted sample, 

indicating that the fluorine implant had no effect on the boron thermal diffusion. The 

width of the boron profile of the 1.4xl0'^cm'^ fluorine implanted sample (78nm) is 

14nm less than that of the unimplanted sample (92nm) indicating that the fluorine has 

suppressed the boron thermal diffusion. The boron diffusion length into the substrate 

at a concentration of IxlO^^cm'^ of the 1.4xl0^^cm"^ fluorine implanted sample 

(lOnm) is 9nm less than that of the unimplanted sample (19nm) indicating a 47% 

reduction in thermal diffusion. The reduction in thermal diffusion in the 2.3x1 o'^cm'^ 

fluorine implanted sample is 65% as shown earlier in figure 5.3. These results show 

that a critical fluorine dose between 9xl0''^cm"^ and 1.4xl0'^cm'^ is needed before 

fluorine shows a reduction effect on the thermal diffusion of boron in silicon at 

1000°C and that the reduction in thermal diffusion increases as the fluorine dose 

increases. 
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Figure 5.10 shows a comparison of simulated and measured boron profiles of 

F^ implanted and unimplanted samples after an anneal at 1000°C for 30s in nitrogen. 

The as-grown boron profile is also included for reference. Results are shown for the 

unimplanted sample (figure 5.10 (a)) and for fluorine implantation doses of 5xl0''^cm" 

^ (figure 5.10 (b)), 9xlO '̂'cm"^ (figure 5.10 (c)), and 1.4xl0^^cm'^ (figure 5.10 (d)). In 

all figures the fitted profiles coincide very well with the measured profiles, indicating 

a good fit. 

The extracted values of diffusion coefficient for the unimplanted and F"̂  

implanted samples with doses of 5xl0'^cm"^ to 2.3x1 O^̂ cm"̂  are summarised in 

table 5.1. The value for the 2.3xl0'^cm'^ F"̂  implanted sample is that shown earlier in 

figure 5.6 (d) and is normalised to the unimplanted diffusion coefficient shown in 

figure 5.6 (a). The extracted diffusion coefficient for the lowest F"̂  implantation dose 

of 5xl0'''cm"^ (7.6x10'^'^cm^/s) is slightly higher than that of the unimplanted sample 

(5.9xl0"''^cm^/s) as expected from figure 5.9 (a). However, the difference is small and 

is discounted by results in chapter 6, which show that for the same fluorine dose of 

SxlO '̂̂ cm"^ the extracted boron diffusion coefficient is very similar to that of the 

unimplanted sample (see table 6.4). The extracted diffusion coefficient for a F^ 

implantation dose of 9xlO '̂*cm'̂  (5.3xlO"'Vm^/s) is almost equal to that of the 

unimplanted sample (5.9xlO"''^cm^/s) as expected from figure 5.9 (b). For the two 

highest F^ implantation doses of 1.4xl0'^cm"^ and 2.3x1 O^̂ cm"̂  the extracted 

diffusion coefficients are factors of 1.9 and 3.7 x lower than the diffusion coefficients 

of the corresponding unimplanted samples respectively. 
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Figure 5.9: Boron SIMS profiles in implanted and unimplanted samples after a 30s 

anneal at 1000°C in nitrogen. The as-grown boron profile is also included for 

reference. Results are shown for fluorine implantation doses of (a) 5xlO''^cm'^, (b) 

9xlO '̂*cm''̂  and (c) 1.4xlO'^cm 15, 
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F" Implant Dose Boron Diffusion 
Coefficient 
(cmVs) 

Normalised 
Boron Diffusion 
Coefficient 

Reduction 
Factor 

Unimplanted 5.9x10''* 1 

5x10'^ 7.6x10'* 1.3 -

9x10'̂ * 5.3x10-14 0.9 -

1.4x10^^ 3J^^0^4 0J2 1.9 

2.3x10^^ :i2xlO^^ &27 3.7 

Table 5.1: A summary of the extracted boron diffusion coefficients for unimplanted 

samples and samples implanted with doses of Sxlo'Vm"^ to 2.3x1 o'^cm'^. 

Figure 5.11 compares the fluorine SIMS profiles before and after an anneal at 

1000°C for fluorine implantation doses of 5xlO '̂̂ cm'̂  (figure 5.11 (a)), 9xlO '̂*cm'̂  

(figure 5.11 (b)), 1.4xl0^^cm"^ (figure 5.11 (c)) and 2.3xl0^^cm"^ (Ggure 5.11 (d)). 

The corresponding boron profiles are added for reference. For all the implanted doses 

the as-implanted fluorine profile is approximately gaussian with an implantation range 

of 0.41pm. For the lowest fluorine implantation dose of 5xlO^Vm"^, negligible 

fluorine is present (SIMS background level) in the vicinity of the boron profile after 

anneal. The majority of the fluorine is located in a broad double peak at a depth 

corresponding approximately with the range of the fluorine implant (0.41 pm). This 

deep fluorine peak extends from a depth of about 0.3|j.m to 0.64p,m. For a fluorine 

implantation dose of 9xlO^'^cm'^, negligible fluorine is again visible in the vicinity of 

the boron profile, but a small shoulder can be seen on the surface side of the deep 

fluorine peak between about 0.22 and 0.28)j,m. This shoulder was not present for the 

lower fluorine dose of 5xl0 '̂̂ cm"^ in figure 5.11 (a). For the highest fluorine dose of 

1.4xl0'^cm"^, an additional shallow, fluorine peak can be clearly seen in the vicinity 

of the boron marker layer, extending from about 0.07jam to 0.22\xm. The shape of this 
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shallow fluorine peak is complex and comprises two small ripples at depths of 0.16 

and 0.1 Spm. A substantial shoulder can also be seen at a similar depth as the shoulder 

seen in figure 5.11 (b) (;« 0.22-0.28pm). 

Figure 5.12 shows fluorine SIMS profiles in samples with and without a boron 

marker layer after a fluorine implant of 5xlO '̂*cm'̂  (figure 5.12 (a)), 9xl0^^cm'^ 

(figure 5.12 (b)), 1.4xl0^^cm'^ (figure 5.12 (c)) or 2.3xl0^^cm"^ (figure 5.12 (d)) and 

an anneal at 1000°C. The fluorine profiles in the samples without the boron marker 

layer show the same overall trends as those with the boron marker layer. For all 

fluorine doses, a broad fluorine peak is seen at a depth corresponding approximately 

with the range of the fluorine implant. For the lowest F^ dose of SxlO '̂̂ cm" ,̂ there is 

negligible fluorine in the vicinity of the boron profile. For a fluorine dose of 

9xl0''^cm"^, there is again negligible fluorine in the vicinity of the boron profile, but a 

shoulder can be seen between about 0.22 and 0.28|j,m. For the highest doses of 

1.4xl0^^cm'^ and 2 . 3 x 1 a n additional shallow fluorine peak can be seen in the 

vicinity of the boron profile, extending fi-om approximately 0.07 to 0.22|im. A 

substantial shoulder can also be seen, extending from about 0.22 to 0.28pm. The 

shape of the additional shallow fluorine peak in the samples without a boron marker 

layer is different than in those with the boron marker layer. In the former samples a 

single broad peak is present at a depth of 0.16pm, whereas in the latter samples small 

ripples can be seen. It should be noted that the samples with the boron marker layer 

were grown using molecular beam epitaxy, whereas the samples without the boron 

marker layer were grown using low pressure chemical vapour deposition. However, 

the difference in the as-grown point defect concentration in the layers grown by the 

two different methods will not directly affect the fluorine profile. This is because the 

point defects created by the fluorine implantation damage is by far greater than the 
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intrinsic as-grown point defect concentration and thus these ion implantation 

generated point defects which are the same regardless of the epitaxy method are 

responsible for the fluorine diffusion profile after anneal. The small ripples seen on 

the samples with the boron marker layer may therefore be an artefact of the growth 

method, due to the trapping of fluorine at interfaces created by short growth interrupts 

during the boron doped layer growth by molecular beam epitaxy. 

Table 5.2 summarises the integrated fluorine doses in different regions of the 

profiles before and after anneal. The fluorine doses after implant obtained by 

integrating the SIMS profiles are in reasonable agreement with the implanted dose, 

indicating that the SIMS profiles are reasonably accurate. The total fluorine doses 

after anneal indicate that considerable fluorine is lost during anneal, varying from 

30% for the highest implant dose of 2.3xl0'^cm'^ to 56% for the lowest implant 

dose of 5xlO^'*cm'^. For all implant doses the majority of the fluorine after anneal is 

located in the deep fluorine peak, which is defined as extending from 0.28fj.m to 

0.70p.m. For example, for the highest F"̂  implant dose of 2.3x1 o'^cm"^, 94% of the 

fluorine resides in the deep fluorine peak after anneal. This percentage is even higher 

for the other fluorine doses. For F"̂  doses of 1.4 and 2.3x1 O^^cm'̂ , where suppression 

of boron thermal diffusion is seen, approximately 2.5% and 5.2% respectively of the 

fluorine resides in the shallow fluorine peak and 1.8% and 2.9% respectively resides 

in the shoulder. 
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Figure 5.10: Simulated and measured boron profiles after an anneal of 30s at 1000°C 

in nitrogen for an unimplanted sample (a) and samples implanted with F^ doses o f : 

5xl0''*cm"^(b), 9xl0''^cm"^ (c) and 1.4xl0'^cm"^ (d). The as-grown boron profile is 

added for reference. 
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Figure 5.11: Fluorine SIMS profiles before and after a 30s anneal at 1000°C. Boron 

profiles after anneal are also included for reference. Results are shown for fluorine 

implantation doses of (a) (b) 9xl0^^cm'^ and (c) 

94 



1020 
F doae:5x10 cm 

F (as implanted) 
(MBE with B) 

o 1019 

m 10" 
c o o 
§ 10" 
o 

F LPCVD no B) 

1016 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Depth (jim) 

(a) 

F* dose: 9x10"cm"^ 

(MBE with B;: 
F (as implanted) 

F (LPCVD no 

10" 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Depth (nm) 

(b) 

1020 

o 1 0 " 

c 
o 

re 10" 

F (as i nn^n t f i r i l ^__F_dose: 1.4x10 cm 
1020 

5 1 0 " 

F*dose: 

F(MBE with B) 

F (LPCVD no B) 

1016 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Depth {(xm) 

(C) 

F (as implanted 

1 0 " -

F (LPCVD no B) 

1 0 " 
0.0 0.1 0.2 0,3 0.4 0.5 0.6 0.7 0.8 

Depth (urn) 

(d) 

Figure 5.12: Fluorine SIMS profiles before and after an anneal of 30s at 1000°C in 

nitrogen for samples with and without a boron marker layer. The samples with the 

boron marker layer were grown using MBE whereas the samples without the boron 

marker layer were grown using LPCVD. Results are shown for fluorine implantation 

doses of (a) SxlO'̂ ^cm" ,̂ (b) 9x l0^on^ , (c) 1.4xl0'^cm"^ and (d) 2.3xl0'^cm"^. 
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F implant dose 
(cm^) 

Fluorine remaining after anneal 

Implant SIMS Total Shallow peak 
(0.07-0.22^m) 

Shoulder 
(0.22-0.2) )pm) 

Deep peal 
(0.28-0.70 

c 
(j,m) 

Implant SIMS 

(cm" ) % (cm ) % ( c m ^ % (cm'^) % 

5x10" 5x10" 2.2x10" 44 l.lxlO'^ 0.5 3.5x10" 0.2 2.1x10" 95 
9x10" 8.8x10" 5.6x10" 63 1.3x10^^ 0.2 2.0x10'^ 0.4 5.5x10" 98 
1.4xlO'S 1.2x10^^ 6.1x10" 51 1.5x10'^ 2.5 l.lxlO'^ 1.8 5.8x10" 95 
2.3xl0 's 2.3x10'^ 1.6x10'^ 70 8.3x10'^ 5.2 4.6x10'^ 2.9 1.5x10^^ 94 

Table 5.2: A summary of integrated fluorine doses in different regions of the profiles 

before and after an anneal of 30s at 1000°C in nitrogen for fluorine implantation doses 

of to 2 .3x lO^W\ 

Figure 5.13 shows a graph of the peak fluorine concentration in the fluorine 

peaks and shoulders as a function of F"̂  implantation dose. Results are shown for 

samples with and without the boron marker layer. For the shallow fluorine peak in the 

samples without the boron marker layer, the peak fluorine concentration rises from the 

SIMS background level to a value of around IxlO^^cm'^ at a F"̂  implantation dose of 

1.4xl0'^cm"^ and then rises further as the F"̂  dose is increased to 2.3xl0'^cm'^. A 

similar trend is seen in the samples with the boron marker layer, though the values of 

peak fluorine concentration are higher after the rise from the SIMS background level. 

Consideration of the SIMS profiles in figures 5.12(c) and (d) shows that these higher 

fluorine concentrations are due to the presence of the ripples on the shallow fluorine 

peak. For the fluorine shoulder in the samples with and without the boron marker 

layer, the peak fluorine concentration rises from the SIMS background level to a value 

of around Ixio'^cm"^ at a F"̂  dose of 9xl0''^cm'^, and then increases further as the F"̂  

dose is increased to 2.3x1 o'^cm'^. Thus, the trend for the fluorine shoulder is similar 

to that for the shallow fluorine peak, with the difference that the rise in peak fluorine 
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concentration from the SIMS background level occurs at a lower fluorine dose. For 

the deep fluorine peak, a high concentration of fluorine is present for all doses and 

this value rises with increasing F"̂  dose. A similar trend is seen in samples with and 

without the boron marker layer, though the values of fluorine concentration are 

slightly higher in the former samples, particularly at the two lowest doses. 

(Q 
0) 
c 
c 
(0 

# 

c 
0 

1 
c 
0) 
o 
c 
o 
o 

1020 . 

10" 

1 0 " • 

1 0 " • 

Deep Peak 
(with B) 

.O"' 

Deep Peak Shoulder 
(no B) ( n o B ) \ 

Shoulder 
(with B) 

.O 

Shallow Peak 
(no B) 

Shallow Peak 
(with B) 

SIMS Background 

(0 
<J) 1Q|18 

1015 

Implanted F* dose (cm'̂ ) 

Figure 5.13; Fluorine concentrations at depths corresponding to the positions of the 

shallow fluorine peak, the fluorine shoulder and the deep fluorine peak as a function 

of F^ implantation dose. Results are shown for samples with and without the boron 

marker layer. 

5.4 Discussion 

The results in figures 5.2 and 5.3 show that the high energy F^ implant has not 

only completely eliminated boron transient enhanced diffusion, but has also given a 

substantial reduction in the thermal diffusion of boron. This corresponds to a 

reduction factor of 3.9 in boron thermal diffusion coefficient in silicon. Reductions in 
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the transient enhanced diffusion of boron in silicon by fluorine have been reported 

previously in the literature [1-19], however our results show complete suppression of 

transient enhanced diffusion and reduction in thermal diffusion, which have not been 

reported before in the literature. 

The results in figure 5.9 clearly show that no reduction of boron thermal 

diffusion is seen at doses of 5x1 and 9xl0''^cm"^, whereas significant reduction 

is seen at a F"̂  dose of 1.4xl0'^cm'^. Furthermore, the results in figure 5.11 show that 

a shallow fluorine peak is present in the vicinity of the boron marker layer for a F* 

dose of 1.4xl0'^cm"^, but is not present for lower doses. Thus there is a correlation 

between the appearance of the shallow fluorine peak in the vicinity of the boron 

marker layer and the reduction of boron thermal diffusion. This reduction of boron 

thermal diffusion occurs above a critical F^ dose between 9x10^ and 1.4xl0^^cm'^. 

The shallow fluorine peak in figure 5.11(c) lies at a depth of about 0.07-

0.22)j,m, which corresponds to 0.17-0.53Rp, where Rp is the range of the fluorine 

implant. Simulations of vacancy and interstitial profiles after implantation [23, 24] 

have predicted a vacancy-rich region extending fi-om the surface to a depth 

approaching the implantation range, Rp, and a deeper interstitial-rich region peaking at 

a depth just beyond Rp. This indicates that the shallow fluorine peak lies in the 

vacancy-rich region of the damage profile. Work on the diffusion of fluorine in silicon 

[25] has shown that fluorine diffuses extremely rapidly in silicon, with significant 

diffusion occurring at temperatures as low as 550°C [25]. Thus we would not expect 

to see much fluorine remaining after the 30s anneal at 1000°C used in our work. The 

presence of large fluorine peaks in figure 5.11 after anneal therefore suggests that 

fluorine has been trapped at defects created by the fluorine implant. The TEM 

micrograph in figure 5.7 shows no evidence of extended defects down to a depth of 
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0.29pm, and hence the trapping of fluorine at the shallow fluorine peak must be due 

to defects that are too small to resolve by TEM. 

There is considerable evidence in the literature for the formation of vacancy-

fluorine clusters [13, 17, 26-28] that are too small to resolve by TEM. For example, 

Shano et al. [13] proposed the presence of F-Vg clusters on the basis of ab-initio 

calculations and Diebel et al. [17, 28] proposed the presence of F-V3 clusters. Positron 

annihilation spectroscopy has also been used to directly show the presence of fluorine 

vacancy complexes close to the surface [26]. Our results are consistent with this work, 

and hence we propose that the shallow fluorine peak is due to the trapping of fluorine 

at vacancy-fluorine clusters. The results in figure 5.13 show that a fluorine 

concentration after anneal of —Ixio'^cm'^ is needed for the fluorine vacancy clusters 

to form and for boron thermal diffusion to be reduced. This value is in agreement with 

the results of Shano et al. [13], who showed that a minimum fluorine concentration of 

Ixio'^cm"^ was required after anneal to suppress boron transient enhanced diffusion. 

A comparison of the SIMS profiles in figures 5.4 and 5.5 with the TEM 

micrographs in figure 5.7 (a) and (b) respectively, shows that the deep fluorine peak 

correlates with the band of dislocation loops. The deep fluorine peak extends from 

about 0.28jj,m to 0.70pm, which compares with the band of defects in figure 5.7 

extending from about 0.29|j,m to 0.73pm. As the fluorine implant did not amorphise 

the layer (see figure 6.14 in chapter 6), these are typical dislocation loops resulting 

from a sub amorphising implant [29]. Similar dislocation loops have been reported by 

Wu et al. [30] for a 49keV, 2xl0'^cm"^ BF2^ implant after anneal at 900°C for 30 

minutes. The loops were reported to be perfect and faulted partial interstitial loops, 

with sizes ranging from » 20-80nm [30]. Given the similarity between these reported 

loops and those in figure 5.7, and the location of the deep fluorine peak in the 
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interstitial-rich region of the fluorine damage proSle, we suggest that the deep 

fluorine peak is due to fluorine trapping at interstitial type dislocation loops. 

Several alternative mechanisms have been proposed to explain the effect of 

fluorine in suppressing the transient enhanced diffusion of boron in silicon, including 

a chemical interaction between boron and fluorine [4, 9, 11, 14, 16], the presence of 

vacancy-fluorine clusters [13, 17, 28] and the interaction of fluorine with interstitials 

[12,4-10)]. 

The possibility of a chemical interaction between boron and fluorine can be 

discounted, since the shallow fluorine peak is seen whether or not a boron marker 

layer is present, as shown in figure 5.12 (c) and (d), indicating that the shallow 

fluorine peak is not caused by the presence of the boron marker layer. Figure 5.12 also 

shows that the deep fluorine peak is present at all doses, while figures 5.9 and 5.3 

show that suppression of boron thermal diffusion is only seen for the two highest F^ 

doses of 1.4xl0'^cm'^ and 2.3x1 o'^cm"^ respectively. Trapping of interstitials at 

dislocation loops in the deep fluorine peak can therefore also be discounted as an 

explanation for the effect of fluorine on boron thermal diffusion. The strong 

correlation between the suppression of boron thermal diffusion and the appearance of 

the shallow fluorine peak in the vicinity of the boron marker layer at a fluorine 

implantation dose of 1.4xl0'^cm'^ provides clear evidence that this peak is 

responsible for the suppression of boron thermal diffusion. The presence of vacancy-

fluorine clusters in the vicinity of the boron marker layer would be expected to give 

an under-saturation of the local interstitial concentration, since any interstitials in the 

vicinity would be able to recombine and annihilate with vacancies at or near the 

vacancy-fluorine clusters. Since boron diffusion in silicon is mediated by interstitials, 
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an under-saturation of the interstitial concentration would give rise to a suppression of 

the boron thermal diffusion. 

A comparison of the shapes of the shallow fluorine peaks in figures 5.12 (c) 

and (d) shows not only an increase in peak fluorine concentration with 

implantation dose, but also a broadening of the peak. Taking a fluorine concentration 

after anneal of IxlO^^cm"^ as a reference (the concentration required for the shallow 

peak formation), the shallow fluorine peak extends to within O.lSpm of the surface 

for a dose of 1.4x1 o'^cm'^ and within 0.07pm for a dose of 2.3x1 o'^cm"^, as shown 

in table 5.4. Thus the shallow fluorine peak extends closer to the surface at the higher 

F"̂  dose. This behaviour can be understood if critical fluorine and vacancy 

concentrations after implant are required for the vacancy-fluorine clusters to form. 

The as-implanted fluorine profiles in figures 5.12 (c) and (d) show a rising fluorine 

concentration with increasing depth in the vicinity of the shallow fluorine peak. In 

contrast, simulations of vacancy profiles after implant [23] indicate that the vacancy 

concentration decreases with increasing depth, which is the opposite trend to the 

fluorine concentration. In the surface region where the shallow fluorine peak is 

located, the fluorine concentration is low but the vacancy concentration is high, so the 

fluorine concentration would be expected to limit the vacancy-fluorine cluster 

formation. This can explain why the shallow fluorine peak extends towards the 

surface with increasing F"̂  dose, since the depth at which the fluorine concentration 

after implant reaches the critical value required for cluster formation (value estimated 

below) lies closer to the surface at higher fluorine doses. 

The critical fluorine concentration after implant required for vacancy-fluorine 

cluster formation can be estimated either from the point on the shallow fluorine peak 

at which the fluorine concentration drops below IxlO^^cm'^ or from the as-implanted 
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fluorine concentration in the vicinity of the shallow fluorine peak at the critical 

implant dose. Values of critical fluorine concentration after implant are summarised in 

table 5.4 for the first method and in table 5.3 for the second method. Table 5.3 shows 

a critical fluorine concentration after implant of 5.6x1 o'^cm"^ for a F^ dose of 

1.4xl0^^cm"\ and of 3.6xlO^®cm'^ for a F"̂  dose of 2.3xl0'^cm"^. For comparison, 

table 5.4 shows that the shallow fluorine peak appears at a critical F^ implant dose 

between 9x10'"* and 1.4xl0'^cm"^, which gives a critical fluorine concentration after 

implant between 4.0 and 6.6xl0'^cm'^. These values in table 5.4 are of the same order 

as those in table 5.3, which gives some confidence in their validity. From this data it 

can therefore be concluded that the critical fluorine concentration after implant for the 

formation of the vacancy-fluorine clusters in the shallow fluorine peak is in the range 

3.6-6.6xlO'^cm-\ 

Finally, it is interesting to speculate on the origin of the fluorine shoulder, 

which is present at a depth of 0.22-0.28|im. This is equivalent to a depth of 0.52-

0.67Rp, which indicates that the shoulder is in the vacancy-rich region of the damage 

profile. The TEM results in figure 5.7 show that there are no dislocation loops at this 

depth, and hence the shoulder is not due to trapping of fluorine at dislocation loops. 

Furthermore, the results in figure 5.13 show that the variation of peak fluorine 

concentration in the shoulder with implanted fluorine dose follows a similar trend to 

that seen in the shallow fluorine peak, though with the critical fluorine dose shifted to 

a lower value. These considerations point to the conclusion that the shoulder is due to 

some kind of vacancy-fluorine cluster. Following the two approaches described above 

for estimating the critical dose after implant, table 5.4 gives a value of 1.5x10'^cm" 

^ at a F^ dose of 9xl0''^cm'^ and 1.5xlO'^cm'^ at a F"̂  dose of 1.4xl0'^cm"^, while 

table 5.3 gives a value in the range 1.0-1.7xl0'^cm'^. These two approaches are again 
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giving values of the same order, and all fall within a range of 1.0-1.7xl0^^cm" .̂ This 

range is different than that obtained for the shallow fluorine peak (3.6-6.6x1 

which suggests that the fluorine shoulder may be due to a different type of vacancy-

fluorine cluster than the shallow fluorine peak. Since the shoulder is in a region where 

the fluorine concentration is high and the vacancy concentration is low [23] after 

implant, we speculate that the clusters in this region may be fluorine-rich. Similarly, 

since the shallow fluorine peak is in a region where the fluorine concentration is low 

and the vacancy concentration high [23] after implant, we speculate that the clusters 

in this region may be vacancy-rich. Support for this hypothesis comes from reports in 

the literature which showed that for a O.SMeV, 5xlO'"cm " implant, V-dominated 

V-F complexes were formed closer to the surface and, F-dominated V-F complexes 

were formed deeper closer to the implantation range [26]. Further work is needed to 

confirm this hypothesis. 

F implant 
dose 

(cm"̂ ) 

Shallow F peak F shoulder F implant 
dose 

(cm"̂ ) 

F conc" after 
implant at depth 
of 0.16um 
( c m ^ 

Shallow peak 
present? 

F cone" after 
implant at depth 
of 0.29um 

Shoulder 

present? 

5x10'* 2.5x10'^ X l.OxlO'^ X 

9x10^ 4.0x10'* X 1.7x10'^ 
1.4x10'^ 6.6xlO'G 2.5x10'^ 
2.3x10'^ 11x10^ 4.6x10'^ 

Table 5.3: Estimation of the fluorine concentration after implant required for the 

formation of the shallow fluorine peak and the fluorine shoulder obtained from 

analysis of the peak fluorine concentrations in the shallow fluorine peak and fluorine 

shoulder at different F^ implant doses. 
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F implant Shallow F peak Fshoulder 
dose Depth at which F Depth at which F 

F concentration F concentration concentration 
concentration after implant after anneal is after implant 
after anneal is 1x10*^ cm'^ 
1x10*^ cm'^ 

(cm^) (cm^) (urn) (cm^) pm (cm^) 

9x10*̂ ^ - - &28 1.5><1()*9 

1.4x10*^ OJ^ 5.6x10*^ &23 1.5>(1()'9 

2.3x10*^ 0.07 3.6x10*^ - -

Table 5.4; Estimation of the fluorine concentration after implant required for the 

formation of the shallow fluorine peak and the fluorine shoulder obtained from an 

analysis of the depths at which the fluorine concentration after anneal drops below the 

critical value of 1x10* ̂ cm'̂  

5.5 Conclusions 

In conclusion, a study has been made of the effect of a high energy implant 

with doses in the range of SxlO'̂ 'cm"^ to 2.3x10'^cm"^ on the diffusion of boron from 

a shallow marker layer grown by molecular beam epitaxy and annealed for 30s at 

1000°C in nitrogen. In samples implanted with and F^, the fluorine (2.3x10'^cm"^) 

completely suppresses boron transient enhanced diffusion. For doses of SxlO '̂̂ cm'̂  

and SxlO '̂̂ cm'̂  the fluorine implant does not reduce the boron thermal diffusion, 

whereas for F"̂  doses of 1.4xl0'^cm"^ and 2.3xl0'^cm'^ the fluorine reduces the boron 

thermal diffusion coefficient by factors of 1.9 and 3.7 respectively. This reduction of 

boron thermal diffusion correlates with the appearance of a shallow fluorine peak 

(depth = 0.07-0.22pm) in the SIMS profile at the same F"̂  dose of 1.4xl0'^cm'^. This 

peak is present in samples with and without the boron marker layer and hence is not 

due to a chemical interaction between the fluorine and boron. Cross-sectional TEM 
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micrographs show that there are no extended defects at the depth of the shallow 

fluorine peak, which indicates that it is due to trapping of fluorine at defects too small 

to resolve by TEM. The shallow fluorine peak is located in the vacancy-rich region of 

the damage profile, which suggests that it is due to vacancy-fluorine clusters. Analysis 

of the SIMS profiles suggests that a fluorine concentration after implant in the range 

3.6-6.6xl0'^cm'^ is needed for the vacancy-fluorine clusters to form. The reduction in 

boron diffusion resulting from a F"̂  implant is explained by the presence of the 

vacancy-fluorine clusters, which suppress the excess interstitial concentration in the 

vicinity of the boron marker layer and hence reduce boron thermal diffusion. 
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Chapter 6 

The Effect of Fluorine Implantation Dose on 

Boron Transient Enhanced Diffusion and Boron 

Thermal Diffusion in Sî .̂ Gê  

6.1 Introduction 

While there has been considerable research on the effect of fluorine on boron 

transient enhanced diffusion in silicon [1-8], to our knowledge there have been no 

reports on the effects of fluorine on transient enhanced and thermal diffusion of boron 

in silicon germanium. In this chapter, a study is made of the effect of fluorine 

implantation dose on boron transient enhanced diffusion and thermal diffusion in 

silicon germanium. Samples with and without a P"̂  implant are studied so that the 

effect of fluorine on both boron transient enhanced diffusion (TED), caused by the 

excess interstitials generated by the implant [9], and thermal diffusion can be 

separately characterised. It is shown that boron transient enhanced diffusion is 

suppressed for all fluorine doses studied and that the suppression of boron TED is 

directly related to a broad deep fluorine peak coinciding with the implant range. It is 

also shown that a critical fluorine dose exists, above which the fluorine suppresses 

boron thermal diffusion and below which it has no effect on the boron thermal 

diffusion. This critical fluorine dose is lower than that seen in silicon (chapter 5) and 
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correlates with a sharp and high fluorine peak in the silicon germanium layer in 

comparison with a wider and lower fluorine peak in silicon. 

6.2 Experimental Procedure 

Boron doped silicon germanium marker layers and a Si].xGex multi layer were 

grown by low pressure chemical vapour deposition on (100) silicon wafers. The 

growth details of each of the three layers used are summarised in table 6.1. Samples of 

the same epitaxial layer were cleaved into Icmxlcm square bits and separated into 

four different groups, the first having no implants (unimplanted), the second having a 

phosphorus implant only (P^ implanted), the third a phosphorus and a fluorine implant 

(P^ & implanted) and the fourth a fluorine implant only (F^ implanted). A 288keV, 

6xl0'^cm"^ P^ implant was used and was chosen to be similar to those used for a 

selective implanted collector in a bipolar process [9]. A 185KeV implant was used 

and the energy was selected such that the fluorine range was the same as that of the 

phosphorus implant. The fluorine implantation dose was varied from 5xlO '̂*cm'̂  to 

IxlO'^cm"^ in the fluorine implanted samples. The phosphorus and fluorine 

implantations were carried out at the EPSRC Ion Implantation Centre at Surrey 

University. After ion implantation the samples were cleaned by a 10 minutes dip in 

fuming nitric acid followed by rinsing with DI water and blow drying using a nitrogen 

gun. The samples were then arranged side by side on the platen of an AG rapid 

thermal annealing RTA system using dummy bits in order to complete a 4 inch wafer 

area, such that there were no free edges in order to reduce heat loss, and annealed in 

nitrogen at 1000°C for 30s. Boron (Bll) , germanium (Ge 74) and fluorine (F19) 

concentration depth profiles were obtained on all samples by Secondary Ion Mass 

Spectroscopy (SIMS) at Loughborough Surface Analysis Ltd. SIMS was performed 
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using 02^ primary ion bombardment and positive secondary ion detection. The SIMS 

analysis method is the same as that described in chapter 5. The layers were also 

analysed by Transmission Electron Microscopy (TEM). The TEM micrographs were 

taken by Dr. Yun Wang at Surrey University. The annealed boron profiles were 

aligned to the as-grown boron profile and the boron doses were normalised to the as-

grown boron profile dose. This reduces errors in dose and depth scaling arising from 

SIMS analysis. The annealed boron profiles were then fitted using the Silvaco Athena 

Optimizer. This was done by importing the as-grown and annealed boron SIMS 

profiles in the Sii-xGe* layer into a silicon layer defined in the ATHENA input file (as 

shown in Appendix A). The intrinsic boron diffusion coefficient (Dix.O Athena 

parameter) was then optimised with all other factors turned off (as shown in Appendix 

B), using the fully coupled diffusion model, until a good fit was obtained between the 

fitted and measured SIMS boron profiles. 

Sample Growth Ge content Ge width B peak 

Temperature concentration 

r c ) (%) (nm) (cm^ 

A (2Si962) 800 11 39 1.2x10'^ 

B(5-351) 850 6 49 5.1x10'* 

C(5-355) 850 10 52 NONE 

6 44 

3 52 

Table 6.1: A summary of the growth details of the Sij-xGcx epitaxial layers used. 
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6.3 Results 

Figure 6.1 shows boron SIMS profiles in samples (from growth B see table 

6.1) implanted with fluorine doses of Sxio'^'cm'^ (Ggure 6.1(a)), (figure 

6.1(b)), 9xlO^'^cm'^ (figure 6.1(c)), and 1.4xl0'^cm"^ (figure 6.1(d)) and annealed at 

1000°C. Profiles are presented for P^ & F^ implanted, P^ implanted, F^ implanted and 

unimplanted samples. The as-grown boron and germanium profiles are also included 

for reference. For the sample implanted with P^ only, the anneal decreases the peak 

boron concentration in the Sii-xGe* layer significantly from 5.1x10^^ to l.SxlO^^cm'^ 

and gives considerable out-diffusion of the boron profile into the adjacent silicon 

layers. In contrast for the unimplanted sample, the decrease in peak boron 

concentration in the Sii-xGe* layer is smaller (from 5.1x10^^ to 2.3x1 o'^cm'^) and the 

boron out-diffusion into the silicon is significantly less. Comparing the widths of the 

boron profiles at a concentration of SxlO^^cm"^, we obtain widths of 160nm and 

114nm for the P^ implanted and unimplanted samples respectively. These results 

indicate that the phosphorus implant is giving rise to considerable transient enhanced 

diffusion of boron. The SIMS profile in figure 6.1(a) for the P^ & F^ implanted 

sample indicates that the amount of boron diffusion is dramatically less than that in 

the sample implanted with P^ only and is comparable with the amount of boron 

diffusion in the unimplanted sample. Comparing the widths of the boron profiles at a 

concentration of 3xlO"cm'^, we obtain values of 160nm, 116nm and 114nm for P^ 

implanted, P^ & implanted and unimplanted samples respectively. This indicates 

that the Sxio'^'cm"^ F"̂  implant has completely suppressed boron transient enhanced 

diffusion resulting from the phosphorus implant. Similar results are seen in figure 

6.1(b) for a implant of as can be seen from the values of boron profile 
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widths in table 6.2. The boron profile of the implanted sample is almost identical to 

that of the unimplanted sample in both figures 6.1 (a) and (b) indicating that for the 

Sxio'̂ ^cm"^ and Txio'̂ ^cm"^ F^ doses the fluorine has no effect on the boron thermal 

diffusion. 

Figure 6.1(c) shows boron SIMS profiles for a 9xl0'''cm"^ F^ implanted 

sample and very different behaviour is observed. In this case, the amount of boron 

diffusion in the & F^ implanted sample is not only dramatically less than that in the 

sample implanted with P"̂  only, but also significantly less than that in the unimplanted 

sample. Comparing the boron profile widths at a concentration of 3xl0^^cm'\ we 

obtain values of 160nm, 87nm and 114nm for P^ implanted, P" & F"̂  implanted and 

unimplanted samples respectively. Furthermore, the amount of boron diffusion in the 

P^ & implanted sample is similar to that in the F^ implanted sample (boron profile 

width of 87nm compared with 93nm) (as shown in table 6.2). These results indicate 

that a 9xl0^^cm'^ F"̂  implant not only suppresses boron transient enhanced diffusion 

but also significantly decreases boron thermal diffusion. Similar behaviour is seen for 

a F^ dose of 1.4xl0'^cm'^, as shown in figure 6.1(d). In this case, the widths of the 

boron profiles are 87nm and 93nm in the P^ & F^ implanted and F"̂  implanted samples 

respectively, compared with 160nm and 114nm in the implanted and unimplanted 

samples respectively (as shown in table 6.2). 

Figure 6.2 shows the effect of a F^ implant on boron diffusion for higher F^ 

implantation doses of 2.3xl0'^cm"^ (figure 6.2(a)) and IxlO^^cm"^ (figure 6.2(b)). The 

profiles were measured on samples taken from growth A (see table 6.1) and the as-

grown boron and germanium profiles are included for comparison. These samples 

show a similar trend to that seen in figure 6.1(d), namely these high dose F^ implants 

not only suppress boron transient enhanced diffusion resulting 6om the P^ implant but 
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also significantly decrease boron thermal diffusion. Values for the boron profile 

widths are summarised in table 6.2 for all the samples studied. The table shows an 

increased reduction in the boron profile widths as the implanted dose increases. 

implant 

dose 

(cm 2) 

Width of boron profile for different sample types (nm) implant 

dose 

(cm 2) 

implanted unimplanted P 

implanted 

implanted 

5x10" 160 114 116 116 

7x10" 160 114 107 114 

9xl0'4 160 114 100 100 

1.4x1015 160 114 90 90 

2.3xlO's 136 127 77 77 

IxlO'* 136 127 81 81 

Table 6.2: A summary of boron profile widths for samples implanted with 288keV, 

6xl0^^cm"^ phosphorus and various doses of fluorine and annealed in nitrogen for 30s 

at 1000°C. 

Figure 6.3 shows a comparison of the fitted (FIT) and measured (SIMS) boron 

profiles in Sii-xGcx (growth B) of unimplanted (a), implanted (b) and P"̂  & F"̂  

implanted (c-f) samples annealed at 1000°C for 30s in nitrogen. Results are shown for 

samples implanted with fluorine doses of Sxio'̂ ^cm"^ (figure 6.3(c)), Vxio'^'cm"^ 

(figure 6.3(d)), 9xl0^^cm"^ (figure 6.3(e)), and 1.4xl0^^cm'^ (figure 6.3(f)). All the 

fitted profiles are in reasonable agreement with the measured SIMS profiles indicating 

reasonable fits. The extracted diffusion coefficient for the P^ implanted sample 

(1.7x10"'^ cm^/s) is 3.2x greater than that of the unimplanted sample (5.2x10"^"^ cm^/s) 

indicating transient enhanced diffusion caused by the P^ implant as seen earlier in 

figure 6.1. The extracted diffusion coefficients of the P^ & F"̂  implanted samples (c-f) 
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are all much lower than that of the implanted sample (b), with reduction factors 

varying from 4 to 10.6 as shown in table 6.3, indicating suppression of transient 

enhanced diffusion for all fluorine doses. 

Figure 6.4 shows a comparison of the fitted (FIT) and measured (SIMS) boron 

profiles in Sii-xGe* (growth B) ofF* implanted samples annealed at 1000°C for 30s in 

nitrogen. Results are shown for samples implanted with fluorine doses of SxlO '̂̂ cm'̂  

(figure 6.4(a)), TxlO'̂ ^cm"^ (figure 6.4(b)), 9xlO '̂*cm"^ (figure 6.4(c)), and 

1.4xl0'^cm"^ (figure 6.4(d)). All the fitted profiles are in reasonable agreement with 

the measured SIMS profiles indicating reasonable fits. The extracted diffusion 

coefficients of the SxlO'̂ ^cm"^ (figure 6.4(a)) and YxlO '̂̂ cm'̂  (figure 6.4(b)) F^ 

implanted samples (5.1 cm^/s and 4.8x10"'"^ cm^/s respectively) are very similar 

to that of the unimplanted sample (figure 6.3 (a)) ( 5 . 2 x 1 c m ^ / s ) as shown in table 

6.4. The extracted diffusion coefficients of the 9xlO^\m'^ (figure 6.4(c)) and 

1.4xl0'^cm"^ (figure 6.4(d)) F^ implanted samples (2.7x10"^^ cm^/s and 2.1x10''"^ 

cm^/s respectively) are very much lower than that of the unimplanted sample (figure 

6.3 (a)) (5.2x10'^'* cm^/s). This indicates suppression of boron thermal diffusion by 

factors of 1.9 and 2.5 for fluorine doses of 9xl0''^cm'^ and 1.4xl0^^cm"^ respectively 

(as shown in table 6.4). 

The extracted boron diffusion coefficients for the unimplanted samples 

(5.2x10" '̂̂  cm^/s for growth B and 3x10"'"^ cm^/s for growth A) agree with values in 

the literature for boron thermal diffusion in 10% Ge Sii-x Ge* at lOOÔ C; 2xl0'''^cm^/s 

[10], 2xlO-i'̂ cm /̂s [11] and 4-6xlO-i''cm^/s [12]. 
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Figure 6.1: Boron SIMS profiles after an anneal at 1000°C for 30s in nitrogen for 

samples implanted with and F^ (P^ & F"̂  implanted), only (P^ implanted), F"̂  

only (F^ implanted) and for samples with no implants (unimplanted). Results are 

shown for fluorine implantation doses of (a) Sxio'^^cm"^, (b) Txio'̂ ^cm"^, (c) 

9xlO^''cm'\ and (d) 1.4x10'̂ cm" .̂ As-grown boron and germanium profiles are also 

shown for reference. These samples are from growth B (see table 6.1). 

118 



10= 

F dose: 2.3x10 cm 

P implanted 

unimolanted 

O 10" 

1022 
F dose: 1x10'°cm' 

1 0 " 

P*& F*implan(ed' 

F* implanted-

P implanted 

O 10" 

unlmplanted 

0.05 0.10 0.15 0.20 

Depth (iim) 

(a) 

0.25 

P*& F^implanted 

F* Implanted 

0.05 0.10 0.15 0.20 

Depth (nm) 

(b) 

0.25 

Figure 6.2: Boron SIMS profiles after an anneal at 1000°C for 30s in nitrogen for 

samples implanted with and (P^ & implanted), P"̂  only (P^ implanted), F"̂  

only (F^ implanted) and for samples with no implants (unimplanted). Results are 

shown for fluorine implantation doses of (a) 2.3xl0''^cm"^, and (b) Ixio'^cm"^. As-

grown boron and germanium profiles are also shown for reference. These samples are 

from growth A (see table 6.1). 

Figure 6.5 shows a comparison of the fitted and measured boron profiles in 

Sii-xGcx (growth A). Results are shown for unimplanted (figure 6.5 (a)) and P^ 

implanted (figure 6.5 (b)) samples and for P^ & F"̂  implanted samples with fluorine 

doses of 2.3xl0'^cm"^ (figure 6.5 (c)) and Ixio'^cm'^ (figure 6.5 (d)). Results are also 

shown for F^ implanted samples with fluorine doses of 2.3xl0^^cm'^ (figure 6.5 (e)) 

and Ixio'^cm"^ (figure 6.5 (f)). The fitted profiles show reasonable agreement with 

the measured SIMS profiles. The extracted diffusion coefficient for the P* implanted 

sample (9.3xl0"''^cm^/s) is 3.1x greater than that of the unimplanted sample (3.0x10"'"^ 

cm^/s) indicating transient enhanced diffusion caused by the P^ implant as seen earlier 

in figure 6.2 and in agreement with the 3.2 factor obtained for samples from growth B 
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(see figure 6.3). The extracted diffusion coefficients for the & 2.3xlO'^cm'^ 

(7.2xlO"^^cm /̂s) and the P^ & IxfO^^cm'^F^ (l.lxlO'^'^cm^/s) implanted samples are 

12.9 and 7.8 x less than that of the P^ implanted sample (9.3xlO'^'*cm^/s) respectively 

(as shown in table 6.3), indicating suppression of boron transient enhanced diffusion. 

The extracted diffusion coefficients for the 2.3xl0^^cm"^ F^ implanted sample 

(8.5xlO'^^cm^/s) and the Ixio '^ cm"^ implanted sample (1.2xl0"'''cm^/s) are 3.5 

and 2.5 x less than that of the unimplanted sample (3x10" '̂̂  cm^/s) (as shown in table 

6.4) indicating a large reduction of boron thermal diffusion in Si|_xGe%. 

Tables 6.3 and 6.4 show a summary of the extracted and normalised diffusion 

coefficients of the profiles shown in figures 6.3, 6.4 and 6.5 as well as the calculated 

reduction factors. Data shown in table 6.3 is for P^ & F"̂  implanted samples (growth A 

and B) with diffusion coefficients normalised to the diffusion coefficient of the P^ 

implanted sample from the same growth. The data shown in table 6.4 is for F^ 

implanted samples (growth A and B) with diffusion coefficients normalised to the 

diffusion coefficient of the unimplanted sample from the same growth. Values are 

given for a fluorine dose range of Sxio'^'cm"^ to Ixlo'^cm'^.We notice that the 

suppression of boron transient enhanced diffusion is seen for all doses, whilst the 

reduction in boron thermal diffusion is only seen at doses of Qxio'̂ ^cm"^ and higher. 

The reduction in thermal diffusion increases with fluorine dose between doses of 

Qxio'̂ ^cm"^ and 2.3xlo'^cm"^. This effect is illustrated clearly in figure 6.6, which 

shows a plot of the normalised diffusion coefficients versus fluorine implanted dose. 

The diffusion coefficients of the samples implanted with lxlo"^cm'^ F^ are slightly 

higher than those of the 2.3xl0'^cm"^ F^ implanted samples. This result needs further 

verification. The diffusion coefficients of the P^ & F"̂  implanted samples are very 

similar to those of the F^ implanted samples for all fluorine doses, indicating that both 
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transient enhanced diffusion suppression and boron thermal diffusion reduction is 

seen in those samples. 

Figure 6.7 shows fluorine SIMS profiles before and after an anneal at 1000°C 

for samples (from growth B, see figure 6.1) implanted with F"̂  only (right column) 

and with & F^ (left column) at F"̂  doses of Sxlo'Vm"^ (figures 6.7(a) and (b)), 

7xl0''^cm'^ (figures 6.7(c) and (d)), PxlO '̂̂ cm'̂  (figures 6.7(e) and (f)) and 

1.4xl0'^cm"^ (figures 6.7(g) and (h)). The corresponding annealed germanium and 

boron profiles are also shown for reference. For all F^ doses the fluorine profiles of 

the F^ implanted samples are almost identical to those of the & F"̂  implanted 

samples, indicating that the P"̂  implant had little effect on the fluorine profiles. For the 

two lowest fluorine implantation doses of SxlO^^cm"^ (figures 6.7(a) and (b)) and 

7xl0''^cm"^ (figures 6.7(c) and (d)), negligible fluorine is present (at the SIMS 

background level of «lxlo'^cm'^) in the vicinity of the Sii-xGex layer after anneal. 

The majority of the fluorine is located in a broad peak; for a dose of SxlO^om^, 

this broad peak is slightly deeper than the range of the fluorine implant, whereas for a 

F^ dose of 7xlO'''cm"^, the peak is at a depth corresponding approximately with the 

range of the fluorine implant (0.41pm). For a fluorine dose of 9xl0^^cm'^ (figures 

6.7(e) and (f)) two additional shallow peaks can be seen in the Sii-xGcx layer at depths 

of 0.16 and 0.19p,m. These depths correspond with the positions of the top and bottom 

Sii-xGcx/Si heterojunction interfaces. A small shoulder on the deep fluorine peak can 

also be seen between 0.22 and 0.28p.m. 
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Figure 6.3; A comparison of fitted and measured boron profiles in Sii-xGcx (growth B) 

for unimplanted (a), implanted (b) and P^ & F^ implanted samples with fluorine 

doses of SxlO '̂̂ cm'̂  (c), YxlO '̂̂ cm'̂  (d), 9xlO '̂̂ cm"̂  (e) and 1.4xlO'^cm'^ (f). 
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Figure 6.4: A comparison of fitted and measured boron profiles in Sii-xGex (growth B) 

for F^ implanted samples with fluorine doses of Sxio'^^cm'^ (a), 7xlO'^cm"'^ (b) \ I 4 _ 

9xlO^''cm'^ (c) and 1.4xl0'^cm'^ (d). 
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Figure 6.5: A comparison of fitted and measured boron profiles in Sii-xGe* (growth A) 

for unimplanted (a), implanted (b), P^ & F^ implanted samples with fluorine doses 

of 2.3x1 (c) and IxlO'^cm'^ (d) and F^ implanted samples with fluorine doses \16 -2 

of 2.3x10'^cm'^ (e) and IxlO^^cm'^ (f). 
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Implant Dose Boron Diffusion Normalised Reduction 
(cm" )̂ Coefficient Boron Diffusion Factor 

(cmVs) Coefficient 

NO implant (B) 1.7x10'̂ ^ 1 

5x10" 4.3x10" &25 4 
7x10" 4.2x10'" a25 4 
9x10" 2.5x10" OJ^ 6.8 

1.4x10^^ 1.6x10" &09 10.6 
NO implant (A) 9.3x10'" 1 

2.3x10'^ 7.2x10''^ &08 12.9 
1x10^ 1.2x10'" 0J3 7.8 

Table 6.3: A summary of the extracted and normalised diffusion coefficients and the 

calculated reduction in diffusion coefficient factors of implanted samples 

(growth A and B) with diffusion coefficients normalised to the diffusion coefficient of 

the implanted sample from the same growth. Values are given for a fluorine dose 

range of 5xl0"*cm"^ to 

Implant Dose Boron Diffusion Normalised Reduction 
(cm^) Coefficient Boron Diffusion Factor 

(cmVs) Coefficient 

Unimplanted (B) 5.2x10'" 1 

5x10" 5.1x10^4 0.98 -

7x10" 4U8xlO^^ 0.92 -

9x10" 2.7x10'" 0^2 1.9 

1.4x10^^ SLlxlO^^ 0.4 2.5 
Unimplanted (A) 3.0x10'" 1 

2.3x1013 8.5>(l[r'3 &28 3.5 
1x10^ 1.2x10'" 0.4 2.5 

Table 6.4: A summary of the extracted and normalised diffusion coefficients and the 

calculated reduction in diffusion coefficient factors of F"̂  implanted samples (growth 

A and B) with diffusion coefficients normalised to the diffusion coefficient of the 

unimplanted sample from the same growth. Values are given for a fluorine dose range 

of to IxlO^^cm'^. 
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Figure 6.6: A plot of the extracted boron diffusion coefficients of F"̂  implanted 

samples normalised to the diffusion coefficient of the corresponding unimplanted 

sample (from the same growth) versus implanted dose for a dose range of 

to 2.3x10' 

The deep, broad fluorine peak is also present at a depth corresponding with the range 

of the fluorine implant (0.41 pm). For a F"̂  dose of 1.4xl0'^cm'^ (figures 6.7(g) and 

(h)) a shallow double peak is again seen in the Sii-xGe* layer, with the two peaks 

occurring at depths of 0.16 and 0.19pm and corresponding with the positions of the 

top and bottom Sii-xGcx/Si heterojunction interfaces. An interesting feature of the 

peak at the bottom of the heterojunction interface at a depth of 0.19pm is that the 

fluorine concentration after anneal (SxlO'^cm'^) is considerably higher than the 

concentration at the same depth after implant (IxlO^^cm"^). This indicates that 

fluorine is being transported into the Sii-xGcx layer from the adjacent Si and then 

accumulates there. The shoulder on the deep fluorine profile is also present between 

0.23 and 0.27pm and also the deep fluorine peak at a depth slightly beyond the range 
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of the fluorine implant (0.41pm) with a peak concentration slightly higher than that 

after implant. 

Figure 6.8 shows fluorine SIMS profiles before and after an anneal at 1000°C 

for samples (from growth A see figure 6.2) implanted with only (right column) and 

with & F^ (left column) at high F^ doses of 2.3x1 o'̂ cm"^ (figures 6.8(a) and (b)) 

and IxlO'^cm"^ (figures 6.8(c) and (d)). The corresponding annealed germanium and 

boron profiles are shown for reference. For both F"̂  doses the fluorine profiles of the 

F"̂  implanted samples are almost identical to those of the & F"̂  implanted samples, 

indicating that the P^ implant had little effect on the F profiles, which agrees with the 

profiles in figure 6.7. For a F"̂  dose of 2.3xl0'^cm"^ figures 6.8(a) and (b) show that a 

double fluorine peak is again visible in the Sii-xGe* layer, with peaks corresponding 

with the positions of the top and bottom Sii-xGcx/Si heterojunction interfaces. The 

fluorine concentrations at both interfaces after anneal are considerably higher than the 

equivalent concentrations after implant. This indicates that at F^ doses of 1.4x1 o'^cm" 

^ and above, fluorine is being transported into the Sii-xGcx layer from the adjacent Si 

layers and is then accumulating in the Sii-xGe*. A shoulder is again present between 

0.22 and 0.28pm, and a deep peak at a depth corresponding with the range of the 

fluorine implant (0.41pm). A sharp fluorine peak is also present at a depth of 0.57pm, 

which corresponds with the original growth interface. For a F^ dose of IxlO'^cm'^ 

figures 6.8(c) and (d) show the presence of an additional shallow fluorine peak in the 

silicon cap layer between 0.03 and 0.08pm. Furthermore, the fluorine shoulder 

between 0.20 and 0.24pm is more distinct than at lower fluorine doses and the deep 

fluorine peak is considerably broader. 

Table 6.5 summarises the peak fluorine concentrations at the top and bottom 

Sii-xGcx/Si heteroj unction interfaces before and after implant. The results after anneal 
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show that once the fluorine peaks in the Sii-xGe* layer form at a implant dose of 

9xl0^^cm'^, the concentrations at both interfaces rise strongly with increasing fluorine 

dose. At high doses, the fluorine concentrations after anneal become much higher 

than the equivalent values after implant. It is also interesting to note that for F'̂  doses 

of 9x10'"^ and 1.4xl0'^cm"^, the fluorine concentration after anneal at the bottom 

interface is significantly higher than at the top interface. The fluorine profiles in figure 

6.7 show that this higher fluorine concentration correlates with a higher germanium 

concentration. 

Fluorine Peak fluorine concentration in the Sii iGe, layer, (cm^) 

implant After implant After anneal 

dose Bottom Top interface Bottom Top interface 

interface interface 

5x10̂ "̂  3.1x10^^ 1.9x10'^ <io'/ <10'^ 

7x10''^ 3.7x10^^ 2.1x10'^ «io''' 

9x10^'' 6.0x10'^ 3.9x10'^ 5x10'^ 3x10^^ 

1.4x10^^ IxlO'^ 7x10'^ 3x10^^ 5x10^^ 

2.3x10^^ 1.3x10^^ Ixio'^ 4x10^^ 6x10'^ 

IxlO'^ 5x10'^ 3x10^° -

Table 6.5: A summary of fluorine concentrations at the top and bottom Sii-xGcx/Si 

heterojunction interfaces after implant and after anneal at 1000°C for fluorine 

implants at doses in the range of SxlO '̂̂ cm"'̂  to IxlO'^cm"". \ 1 6 -2 
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Figure 6.7: Fluorine SIMS profiles before and after anneal for Sii-xGex 
samples (growth B) implanted with & F"̂  (left) and only (right) at F^ 
doses of 5xlO^'^cm'^(a, b), 7xlO^'*cm'^(c, d), 9xlO^'^cm"^(e, f), and 
1.4xl0'^cm'^(g, h). The corresponding annealed germanium and boron 
profiles are shown for reference. 
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Figure 6.8: Fluorine SIMS profiles before and after anneal for Sii-xGe* samples 

(growth A) implanted with & F"̂  (left) and with only (right) at F^ doses of 

2.3xl0'^cm"^(a and b), and IxlO'^cm'^ (c and d). The corresponding annealed 

germanium and boron profiles are shown for reference. 

Table 6.6 shows values of integrated fluorine doses after implant and anneal 

for F"̂  doses in the range of 5 x 1 c m " ^ to IxlO^^cm'^ in samples with and without a 

P^ implant (see fluorine profiles in figures 6.7 and 6.8). Total doses after anneal as 

well as doses in surface peak (0-0.1|im), shallow peak (0.1 to 0.2|im), shoulder (0.2 to 
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0.28|im) and deep peak (0.28 to 0.7|im) regions are shown. The trends in fluorine 

dose are very similar for the samples implanted with only and for samples 

implanted with both & F \ indicating that the implant has little effect on the 

fluorine profiles as seen from figures 6.7 and 6.8. The integrated doses after implant 

are similar to the implanted doses within the SMS dose error range of ±14%. The total 

integrated doses after anneal all show a loss in fluorine dose during anneal. The loss 

in fluorine dose decreases as the fluorine implanted dose increases varying from 67% 

for a 5x10 '̂̂  cm'^ implanted dose to 17% for a lxlo"'cm"^ F"̂  implanted dose. This 

indicates that more fluorine is retained in the samples during annealing as the 

implanted dose increases. We also notice from the values in table 6.6 that the m^ority 

of the fluorine after anneal resides in the deep fluorine peak for all F"̂  implanted 

doses. The shoulder and shallow peak start to appear at the same F^ implanted dose of 

9x10 "̂̂  cm'^ and the doses in these regions increase as the implanted dose rises. The 

surface fluorine peak only appears for the highest implanted dose of IxlO'^cm"^ and 

constitutes only 2.8% of the total dose after anneal. 

Figure 6.9 shows the as implanted and annealed fluorine SIMS profiles in a 

Sii-xGcx multi-layer structure without any boron marker layer (growth C in table 6.1) 

after a 288keV, 6xl0^^cm"^ P^ implant and a 185keV, 2.3x1 F'̂  implant and an 

anneal of 30s at 1000°C in dry nitrogen. The shallowest Sii-xGcx layer lies at a depth 

of 0.14-0.17pm and shows the presence of a sharp, flat-topped fluorine peak inside 

the Sii-xGcx layer similar to that seen in figure 6.8 (a) for the same F^ implant dose. 

The fluorine concentration in the Sii-xGcx layer is considerably higher after anneal 

than after implant, as was also found for the sample with the boron marker layer in 

figure 6.8 (a). The similarity between the fluorine profiles of samples with and 

without the boron marker layer indicates that the fluorine peak in the Sii-xGe* layer is 
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not caused by the presence of the boron. The middle Sii-xGe^ layer hes at a depth of 

0.32-0.35pm and again shows the presence of a large fluorine peak with a 

concentration considerably higher after anneal than after implant. The deepest Si;. 

xGcx layer lies at a depth of 0.51-0.54^m and coincides with the falling edge of the 

deep fluorine peak (at 0.41 p.m), which is similar to the deep fluorine peak seen earlier 

in figure 6.8 (a). The fluorine concentration after anneal remains below that after 

implant throughout the deepest Sii-xGe* layer. 

Figure 6.10 compares the annealed fluorine SIMS profiles in Sii-xGcx (see 

figure 6.8 (b)) and Si (see figure 5.5 in chapter 5) samples after a 185keV, 

2.3xl0'^cm'^ implant and an anneal of 30s at 1000°C in dry nitrogen. The fluorine 

SIMS profile after implant is added for reference. In the silicon sample, a shallow 

fluorine peak can be seen in a similar position to that in the Sii-xGe* sample, but it is 

considerably broader, extending fi-om about 0.05 to 0.22pm, and at no point is the 

fluorine concentration higher than the as-implanted fluorine concentration. Whereas, 

in the Sii-xGe* sample the shallow fluorine peak concentration is Sxhigher than the 

concentration after implant at the same depth. This result confirms that the 

accumulation of fluorine to concentrations much higher than the as-implanted 

concentration is due to the presence of the Sii.xGe* layer. 
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Implant SIMS Total Surface peak 
(0-0.1 nm) 

Shallow peak 
(0.1-0.2|am) 

Should 
(0.2-0.28 

er 
iin) 

Deep peak 
(0.28-0.70|im) 

Implant SIMS 

(cm") % (cm"^) % (cm') % (cm-:) % (cm") % 

5x10 '̂* + ?^ 6.1x10'" 2.0x10'" 33 - - ~ - - - 1.9x10'" 95 

5x10"^ 6.1x10'" 1.9x10'" 31 - - - - - - 1.8x10'" 95 

7x10'"+ 7x10'" 3.0x10'" 43 - - - - — - 2.9x10'" 97 

7x10"* 7x10'" 2.9x10'" 41 - - - - - - 2.8x10'" 97 

9x10'" + ?^ 8.8x10'" 4.6x10'" 52 - - 6.2x10'^ 1.3 3.8x10'^ 0.8 4.5x10'" 98 

9x10"^ 8.8x10'" 4.4x10'" 50 - - 5.1x10'^ 1.2 3.0x10'^ 0.7 4.2x10'" 95 

1.4x10'^ + 
P+ 

1.2x10^^ 7.6x10'" 63 - - 3.9x10'^ 5.1 1.4x10'^ 1.8 7.0x10'" 92 

1.4x10'^ 1.2x10'^ 7.8x10'" 65 - - 3.3x10'^ 4.2 1.1x10'^ 1.4 7.3x10'" 94 

2.3x10'^ 
+P^ 

2.3x10'^ 1.8x10'^ 78 - - 1.3x10'" 7,2 4.1x10" 2.3 I.OXIO'̂  89 

l.OxlO'^ 1.0x10'^ 8.3x10'^ 83 2.3x10'" 2.8 5.7x10'" 6.9 4.9x10'" 5.9 7.1x10'^ 86 

Table 6.6: A summary of the integrated fluorine doses after implant and anneal for doses in the range of 5x10*'̂  cm'^ to IxlO'^cm'^ in samples 

with and without a implant. Total doses after anneal as well as doses in surface peak, shallow peak, shoulder and deep peak regions are 

shown. 
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Figure 6.9: Fluorine SIMS profiles before and after anneal for a Sii-xGe* multi-layer 

structure (growth C) implanted with 288keV, 6xl0^^cm"^ and 185keV, 2.3xl0'^cm" 

2 T7+ F and annealed in nitrogen for 30s at 1000°C. 
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Figure 6.10: Comparison of fluorine SIMS profiles in Sii-xGe* and Si samples after a 

2.3xl0'^cm'^ implant and an anneal in nitrogen for 30s at 1000°C. 
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Figure 6.11 shows a cross-sectional transmission electron microscopy 

micrograph of a implanted and annealed (at 1000°C for 30s in nitrogen) Sii-xGe* 

sample (growth A 2Si962 see table 6.1). There are no visible defects in the Si cap, Sii. 

xGcx and Si starter layers. 

Sii-xGe. 
Mver 

Figure 6.11: A cross-sectional transmission electron microscopy micrograph of a Sii. 

xGcx sample (growth A) implanted with 288 keV, 6xl0^^cm"^ and annealed for 30s 

in nitrogen at 1000°C. 

Figure 6.12 (a) shows a cross-sectional transmission electron microscopy 

micrograph of a Sii-xGe* sample (growth A) implanted with P"̂  & F"̂  (fluorine 

implanted dose SxlO '̂̂ cm" )̂ but not annealed. There is no visible evidence of an 

amorphous layer. Figure 6.12 (b) shows a diffraction pattern of the same sample, 

which shows the typical pattern for a crystalline material. Hence, the phosphorus and 

SxlO^^cm"^ F"̂  implants used did not amorphise the Si and Sii-xGcx epitaxial layers. 
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Figure 6.12: (a) A cross-sectional transmission electron microscopy micrograph of a 

Sii-xGex sample (growth A) implanted with 288keV, 6xlO'^cm"^ and 185keV, 

SxlO '̂̂ cm'̂  F"̂  but not annealed and the corresponding diffraction pattern (b). 

Figure 6.13 shows a cross-sectional transmission electron microscopy 

micrograph of a P"̂  &F"̂  implanted (fluorine implanted dose SxlO '̂̂ cm" )̂ Sii-xGe* 

sample (growth A 2Si962) annealed at 1000°C for 30s in nitrogen. The silicon cap 

layer and the silicon germanium layer appear smooth and defect free, indicating good 

crystalline quality and no evidence of relaxation within the silicon germanium layer. 

A band of scattered dislocation loops is seen in the epitaxial silicon layer from a depth 

of 0.3)am to a depth of 0.51 ̂ m. Another band of dislocation loops is seen around the 

growth interface at a depth of 0.6p.m. There are no visible defects beyond 0.63|im. 

Figure 6.13 (b) is a higher magnification micrograph of the defects regions shown in 

figure 6.13 (a). The defects consist of dislocation loops with diameters varying from 

16nm to 62nm and a defect density of —137 defectsp.m'^. 
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Figure 6.13: Cross-sectional transmission electron microscopy micrographs of a Sii. 

xGex sample (growth A) implanted with 288keV, 6xl0^^cm"^ and 185keV, 

5xlO '̂*cm"^ F^ and annealed for 30s in nitrogen at lOOCC; (a) low magnification, (b) 

high magnification. 

Figure 6.14 shows a cross-sectional transmission electron microscopy 

micrograph of a Sii-xGe* sample (growth A) implanted with & F"̂  (fluorine 

implanted dose 2.3x10'^cm'^) but not annealed. There is no visible evidence of an 

amorphous layer. Hence, the phosphorus and 2.3xl0^^cm"^ F"̂  implants used did not 

amorphise the Si and Sii-xGe* epitaxial layers. 
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Figure 6.14: A cross-sectional transmission electron microscopy micrograph of a Sii-

xGe* sample (growth A) implanted with 288keV, 6xl0^^cm'^ and 185keV, 

2.3x1 O^̂ cm"̂  F"̂  but not annealed. 

Figure 6.15 shows a cross-sectional transmission electron microscopy 

micrograph of a & F^ implanted (fluorine implanted dose 2.3x10'^cm"^) Sii-xGcx 

sample (growth A) annealed at 1000°C for 30s in nitrogen. The silicon cap layer and 

the silicon germanium layer appear smooth and defect free, indicating good 

crystalline quality and no evidence of relaxation within the silicon germanium layer. 

A band of high density, with a defect density of =375 defects|im"^, dislocation loops 

is seen in the epitaxial silicon layer from a depth of 0.28)Lxm to a depth of 0.52p.m. 

Another band of dislocation loops is seen around the growth interface at a depth of 

0.6pm. There are no visible defects beyond 0.63p,m. Figure 6.15 (b) is a higher 

magnification micrograph of the defects region. The defects consist of dislocation 

loops with diameters varying from 16nm to 62nm. 
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Figure 6.15: Cross-sectional transmission electron microscopy micrographs of a Sii. 

xGe* sample (growth A) implanted with 288keV, 6xl0^^cm"^ P"̂  and 185keV, 

2.3x1 O^̂ cm"̂  F"̂  and annealed for 30s in nitrogen at 1000°C; (a) low magnification, 

(b) high magnification. 

Figure 6.16 shows a cross-sectional transmission electron microscopy 

micrograph of a Sii-xGex sample (growth A) implanted with & F"̂  (fluorine 

implanted dose IxlO'^cm"^) but not annealed. There are visible defects in the silicon 

and silicon germanium layers indicating poor crystalline quality of the as implanted 

layer. However, there is no evidence of amorphisation, hence, both the P^ and 

IxlO^^cm'^ F"̂  implants used did not amorphise the Si and Sii-xGcx epitaxial layers. 
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Figure 6.16: A cross-sectional transmission electron microscopy micrograph of a Si], 

xGex sample (growth A) implanted with 288keV, 6xlO'^cm"^ and 185keV, 

IxlO^^cm"^ F^ but not annealed. 

Figure 6.17 shows a cross-sectional transmission electron microscopy 

micrograph of a & F^ implanted (fluorine implanted dose IxlO^^cm'^) Sii-xGex 

sample (growth A) annealed at 1000°C. The silicon cap layer and the silicon 

germanium layer appear smooth and defect free, indicating good crystalline quality 

and no evidence of relaxation within the silicon germanium layer. A band of very high 

density dislocation loops is seen in the epitaxial silicon layer from a depth of 0.28)am 

to a depth of 0.55p,m, almost overlapping with another band of dislocation loops 

around the growth interface at a depth of 0.6|^m (as seen in figure 6.17 (b)). Figure 

6.17 (b) is a higher magnification micrograph of the defects region. The defects 

consist of very high density with a defect density of —443 defectsjim'^, dislocation 

loops with varying shapes and diameters varying from Slnm to 77nm. 
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(a) (b) 

Figure 6.17: Cross-sectional transmission electron microscopy micrographs of a Sii-

xGcx sample (growth A) implanted with 288keV, 6xl0^^cm"^ P"̂  and 185keV, 

IxlO^^cm"^ and annealed for 30s in nitrogen at 1000°C; (a) low magnification, (b) 

high magnification. 

Figure 6.18 shows the cross-sectional transmission electron microscopy 

micrograph of a P"̂  & F"̂  implanted (fluorine implanted dose 2.3x1 O^̂ cm"̂ ) Sii-xGcx 

multi layer sample (growth C) annealed at 1000°C for 30s in nitrogen. The silicon cap 

layer and the first silicon germanium layer (closest to the surface) appear smooth and 

defect free, indicating good crystalline quality and no evidence of relaxation within 

the silicon germanium layer. A band of dislocation loops is seen in the epitaxial 

silicon and silicon germanium layers from a depth of 0.32pm to a depth of 0.68|j.m. In 

the second (middle) silicon germanium layer the dislocation loops appear as a 

confined band along the layer. However, the deepest silicon germanium layer is not 

clearly distinguished from the adjacent silicon layers. There are no visible defects 

beyond 0.68)j,m. Figure 6.18 (b) is a higher magnification micrograph of the defects 

region. The defects consist of dislocation loops with diameters varying from 16nm to 

49nm. 
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Figure 6.18: Cross-sectional transmission electron microscopy micrographs of a Sii. 

xGcx multilayer sample (growth C) implanted with 288keV, 6xl0^^cm"^ and 

185keV, 2.3xl0'^cm"^ F"̂  and annealed for 30s in nitrogen at 1000°C; (a) low 

magnification, (b) high magnification. 

6.4 Discussion 

The results in figure 6.1 and 6.2 show a reduction in boron thermal diffusion 

in Sii-xGcx at a F"̂  dose of 9xlO '̂̂ cm" .̂ The extracted diffusion coefficients values in 

table 6.4 and the results in figure 6.6 show that the reduction in boron thermal 

diffusion in Sii-xGcx increases as the F^ implant dose increases. The reduction factors 

in boron diffusion coefficients increase from 1.9 to 2.5 and 3.5 (see table 6.4) for F^ 

implanted doses of 9x10^Vm'^, 1.4xlO'^cm'^ and 2.3x10^^ cm'^ respectively. These 

reduction factors in boron thermal diffusion are comparable to those obtained in 

silicon 1.9 and 3.7 for F^ implanted doses of 1.4xl0^^cm"^ and 2.3x10^^ cm'^ 

respectively (table 5.1 in chapter 5). This indicates the effect of F^ implantation on the 

suppression of boron diffusion is similar in Si and Sii-xGe*. The greater reduction 

obtained for the 2.3x10^^ cm'^ F"̂  implanted dose compared to the 1x10'° cm"̂  F 16 -2 17+ 
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implanted dose may suggest that the fluorine is a little less effective at very high 

doses, however this result needs further verification. 

The results in Ggures 6.1 and 6.2 for the samples implanted with show a 

correlation between a reduction in boron thermal diffusion in Sii-xGe* and the 

appearance, at a F"̂  dose of 9xl0'''cm"^, of a shallow fluorine peak in the Sii-xGex 

layer in figures 6.7 and 6.8. hi contrast the results in figures 6.1 and 6.2 for the 

samples implanted with F^ and show that boron transient enhanced diffusion is 

suppressed for all fluorine doses, even at the lowest fluorine dose of Sxio'̂ ^cm"^ and 

that only the deep fluorine peak is present at this dose (figure 6.7(a)). It can therefore 

be inferred that the shallow fluorine peak is responsible for the reduction of boron 

thermal diffusion and the deep fluorine peak for the suppression of boron transient 

enhanced diffusion. 

The shallow fluorine peaks in the Sii-xGcx layer in figure 6.8(b) lie at depths of 

0.16 and 0.19pm, which correspond to 0.35 and 0.48i?^, where Rp is the range of the 

fluorine implant (0.41pm). Simulations of vacancy and interstitial profiles after 

implantation [13] [14] have predicted a vacancy-rich region extending from the 

surface to a depth approaching the implantation range, Rp, and a deeper interstitial-

rich region peaking at a depth just beyond Rp. This indicates that the fluorine peaks in 

the Sii-xGcx layer lie in the vacancy-rich region of the damage profile. The TEM 

micrographs in figure 6.15 (a) show no evidence of defects in the silicon and Sii-xGcx 

layers from the surface to a depth of about 0.3pm and hence any trapping of fluorine 

at defects in the Sii.xGe* layer must be due to defects that are too small to resolve by 

TEM. There is considerable evidence in the literature for the formation of vacancy-

fluorine clusters [7, 15, 16] in silicon, that are too small to be resolved by TEM. The 

results in this chapter are similar to the results seen in chapter 5, on the effect of 
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fluorine implantation dose on boron thermal diffusion in Si, where it was shown that 

vacancy-fluorine clusters were responsible for a reduction in boron thermal diffusion 

above a critical fluorine dose of 9x10 "̂̂  to 1.4xl0'^cm"^. In this chapter, similar 

behaviour is seen, although the critical fluorine dose in Sii-xGcx is a little lower than 

that in silicon, lying between 7x10'"^ and 9xl0''*cm'^. Given the similarity of the Sii. 

xGcx results with results in silicon, we conclude that the fluorine peaks in the Sii-xGcx 

layer are due to fluorine trapped at vacancy-fluorine clusters. These clusters would be 

expected to give rise to a suppression of the interstitial concentration in the Sii-xGe* 

layer, since any interstitials in the Sii-xGe* could be annihilated at the clusters. Since 

boron diffusion in silicon and Sii-xGe* is mediated by interstitials, an under-saturation 

of the interstitial concentration in the Sii-xGex layer would explain the suppression of 

boron thermal diffusion seen for fluorine doses of Pxio'^^cm"^ and above. 

Another possibility is a chemical interaction between the boron and the 

fluorine, which would explain the presence of the shallow fluorine peak [6, 17]. 

However, the results in figure 6.9 show a shallow fluorine peak in the Sii-xGe* layer 

closest to the surface, whilst there is no boron in this layer. Hence, the possibility that 

the shallow fluorine peak is due to a chemical interaction between boron and fluorine 

can be discounted. This agrees with the results in chapter 5 where a similar conclusion 

was reached. 

The deep fluorine peak (figure 6.8 (a)) lies at a depth corresponding 

approximately with the range of the fluorine implant and hence is largely in the 

interstitial-rich region of the fluorine implant damage profile. Thus it is likely that the 

deep fluorine peak is related in some way to interstitial-fluorine defects. Comparing 

the fluorine SIMS profiles shown in figure 6.8 (a) with the TEM micrograph shown in 

figure 6.15 (a) we notice interesting correlations. We notice that the deep fluorine 
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peak in the implanted sample (figure 6.8 (a)), which extends within a depth 

range of 0.28|im to 0.55pm, coincides with the first band of dislocation loops seen in 

figure 6.15 (a) (from a depth of 0.28pm to a depth of 0.52pm). Thus there is a good 

correlation with the depth of the dislocation loops, indicating that the deep fluorine 

peak is due to fluorine trapping at the dislocation loops. This 185keV, 2.3xl0'^cm'^ 

implant does not amorphise the silicon layer, as seen from figure 6.14, and hence 

these loops are most probably sub-amorphising defects resulting from a super 

saturation of interstitials in this region [18]. Similar interstitial-type defects were 

reported due to a 500keV 5xl0'^cm'^ F"̂  implant where SIMS showed fluorine 

gettering to the defects [16]. Similar perfect and faulted dislocation loops have also 

been reported for BF]^ implanted and RTA annealed silicon layers [19]. Thus it can 

be concluded that the deep fluorine peaks seen in figures 6.7 and 6.8 are due to 

fluorine trapped at interstitial-type dislocation loops. 

The generally accepted model for transient enhanced diffusion of boron is that 

self-interstitials are lost from extended {311} defects by emission of single interstitial 

atoms [20]. The released interstitials either diffuse to other defects, such as dislocation 

loops (Ostwald ripening), or to the surface (dissolution). The diffusion of interstitials 

to the surface gives rise to transient enhanced diffusion in boron layers located near 

the surface. Comparing the cross-sectional transmission electron microscopy 

micrographs of the P^ only implanted and annealed sample shown in figure 6.11 with 

that of the & 5xl0^^cm'^ implanted and annealed sample in figure 6.13, we 

notice that there are no visible defects close to the implantation range for the P^ 

(0.41pm) only implanted sample (figure 6.11). However, there is a band of 

dislocations loops centred around the implantation range and spreading from a depth 

of 0.3pm to a depth of 0.51pm in the P^& 5xlO''^cm'^ implanted sample (figure 
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6.13).This indicates that fluorine plays a key role in the formation of the band of 

dislocation loops. This result suggests that fluorine enhances the Ostwald ripening 

process, so that self-interstitials lost from {311} defects diffuse to the dislocation 

loops, rather than to the surface. This mechanism would reduce the backflow of 

interstitials to the surface and hence would explain the suppression of boron transient 

enhanced diffusion seen in samples implanted with F"̂ . 

The fluorine profiles in figures 6.7 and 6.8 show the presence of a shoulder on 

the deep fluorine peak at a depth between about 0.22p.m and 0.28pm (0.54 and 

0.68Rp) for fluorine doses at and above 9xl0^'^cm"^. Like the shallow fluorine peak, 

this shoulder also correlates with the suppression of boron thermal diffusion, as it is 

present at the three highest doses where boron thermal diffusion is suppressed, but is 

absent at the two lowest doses where the fluorine has no effect on the boron thermal 

diffusion. This fluorine shoulder could therefore play a role in suppressing boron 

thermal diffusion in the silicon substrate adjacent to the Sii-xGcx layer. There are no 

visible defects in the Si layers (where the shoulder is seen) from the cross-sectional 

transmission electron microscopy micrographs in figures 6.15 and 6.17. The shoulder 

is in the vacancy rich region of the fluorine damage profile. Hence, this shoulder is 

due to vacancy-fluorine clusters, similar to that seen in the silicon samples in chapter 

5. 

The fluorine SIMS profiles for the samples implanted with IxlO'^cm"^ F"̂  in 

figures 6.8(c) and (d) show the presence of an additional surface fluorine peak in the 

silicon cap layer at a depth between 0.03 and 0.07pm, where no visible damage is 

seen from the cross-sectional transmission electron microscopy micrograph in figure 

6.17. This surface fluorine peak is in the vacancy-rich region of the fluorine damage 

profile and hence is likely to be due to vacancy-fluorine clusters. The results in 
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chapter 5 showed that a critical fluorine concentration after implant of 3.6-

6.6x10'^cm"^ was needed for vacancy-fluorine clusters to form in sihcon. Figure 

6.8(c) shows that the fluorine concentration after implant in the vicinity of this 

additional surface fluorine peak is between 9xl0'^ and 2.4xl0'^cm"^cm"^, which is 

well above the critical concentration for vacancy-fluorine cluster formation. The 

presence of this additional shallow fluorine peak in figure 6.8(c) can therefore be 

explained by the high fluorine concentration in the sil icon cap layer after a Ix lO'^cm'^ 

implant. 

The deep fluorine peak seen for all fluorine doses (figures 6.7 and 6.8) is 

similar to that seen before in chapter 5. As the implanted dose increases the peak 

concentration in deep F"̂  peak increases (figures 6.7 and 6.8) this correlates with an 

increase in dislocation loops density from —137 to 375 and to 443 defectsp-m'^ for F"̂  

doses of 5xl0'^cm"^, 2.3xl0'^cm"^ and IxlO'^cm'^ as seen in figures 6.13, 6.15 and 

6.17 respectively. This is most evident for the Ixio'^cm'^ F"̂  dose where the deep 

fluorine peak is very broad (figure 6.8(d)) and correlates with a very high density (443 

d e f e c t s a n d broad dislocation loops band extending from a depth of 0.28p,m to a 

depth of 0.55pm in figure 6.17. 

Correlating the fluorine SIMS (figure 6.9) of the Sii-xGcx multi-layer structure, 

with the cross-sectional transmission electron microscopy micrographs in figure 6.18 

allows us to explain the origin of the fluorine peaks seen in figure 6.9. The fluorine 

peak inside the shallowest Sii-xGcx layer (figure 6.9) is similar to that seen in figure 

6.8 (a) for the same fluorine dose. Figure 6.18 shows no visible defects in the 

shallowest Sii-xGe* layer. This layer lies at a depth of O.lSpm to a depth of 0.19)j,m 

(0.32Rp to 0.46Rp), which is in the vacancy rich region of the fluorine implant. Hence, 

the peak inside the shallowest Sii-xGe* layer (figure 6.9) is due to vacancy-fluorine 
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clusters. The middle Sii-xGcx layer lies at a depth of 0.32p,m to a depth of 0.36|im 

(0.78 Rp to 0.88 Rp) and also shows the presence of a fluorine peak within it. 

However, there is a band of dislocation loops visible in this Sii-xGcx layer, which are 

similar to those seen in the Sii-xGe* layer of the low energy implanted sample in 

chapter 4 (figure 4.4), which extended from a depth of 0.064|nm to a depth of 

0.118pm (0.7Rp to 1.3Rp). This fluorine peak is close to the implant range (0.78Rp to 

O.BBRp) and is similar to that seen previously in chapter 4 in the Sii-xGcx layer of the 

low energy F"̂  implanted sample (figure 4.3(a)) (0.7Rp to 1.3Rp), which suggests that 

it is due to fluorine trapping at the interstitial type dislocation loops in this layer 

resulting from implantation damage. However, further investigation is needed to fully 

explain this result. The deepest Sii-xGe* layer lies at a depth of 0.5pm to a depth of 

0.56pm (1.2Rp to 1.4Rp) and the fluorine profile in this layer is very different than 

those in the two shallower layers. In the deepest Sii-xGe* layer, the fluorine 

concentration remains below the level of the as-implanted fluorine profile throughout 

the layer, whereas in the two shallower Sii-xGCx layers the fluorine concentration rises 

considerably above the as-implanted concentration. This Sii-xGcx layer is not clearly 

defined in the cross-sectional transmission electron microscopy micrograph (figure 

6.18 (a)) as the middle Sii-xGcx layer, and the dislocation loops are not confined 

within it as was the case in the middle Sii-xGcx layer. This could be due to the lower 

Ge content in this layer (3%) compared with the middle Sii-xGe* layer (6%), resulting 

in a layer which is almost like Si and hence no distinct fluorine peak is seen. It can 

therefore be concluded that there is no evidence of vacancy-fluorine clusters in the 

deepest Sii-xGe* layer. This is as expected, because the deepest Sii-xGcx layer (1.2Rp 

to 1.4Rp) lies well within the interstitial-rich region of the fluorine implant damage. 
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The evolution of the shapes of the fluorine peaks in the Sii-xGcx layer in 

figures 6.7 and 6.8 with increasing fluorine dose shows some interesting trends. For 

fluorine doses of 9xl0''^ and 1.4xl0'^cm"^ the fluorine concentration after anneal is 

much higher at the bottom heterojunction interface than the top interface, as shown in 

table 6.5. Figure 6.7 shows that the fluorine concentration at the interfaces correlates 

with the germanium concentrations, which are 2.1xl0^'cm"^ at the bottom interface 

and 1.6xl0^'cm'^ at the top interface. For a fluorine dose of 2.3xl0'^cm"^, the fluorine 

concentrations after anneal at the two interfaces are similar, which correlates with 

very similar germanium concentrations at the two interfaces. This correlation between 

fluorine and germanium concentrations suggests that the concentration of vacancy-

fluorine clusters in the Sii-xGe* layer increases with germanium content. The fluorine 

profiles in figures 6.7 and 6.8 also show that the fluorine concentration in the silicon 

layers immediately adjacent to the Sii-xGe* layer is much lower than in the Sii-xGcx 

layer. The sharpness of the shallow fluorine peak and its presence with in the 

germanium profile compared to the broadness of the shallow fluorine peak observed 

in silicon (figure 6.10), also indicates that this is an effect of the germanium. This 

result implies a transport of fluorine (and possibly also vacancies) during the anneal 

from the adjacent Si into the Sii-xGCx layer, where it accumulates and reaches a level 

much higher than was present after implant. This result, and the above dependence of 

fluorine concentration on germanium content, suggests that vacancy-fluorine clusters 

form more readily in Sii-xGe* than in Si, which could be explained by the lower 

formation energy of vacancies in Ge than in Si, as reported by Dalpian et al. [21] or 

by the selective trapping of vacancies by germanium in silicon reported by Brelot 

[22]. This might lead to higher concentrations of vacancy-fluorine clusters in Sii-xGcx 

than Si and hence explain the accumulation of fluorine in the Sii-xGcx and the lower 
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critical dose for boron thermal diffusion suppression in Sii_xGe%, lying between 7x10'"^ 

and PxlO'̂ ĉm'̂ , compared to silicon, lying between 9x10̂ "* and 1.4xl0^^cm' .̂ 

For devices like Sii-xGe* heterojunction bipolar transistors (HBTs), where the 

boron needs to be confined within the Sii-xGe* layer, the above migration of fluorine 

from the adjacent silicon into the Sii.xGe* has important benefits. This mechanism 

automatically leads to a high fluorine concentration in the Sii-xGe* layer, which is 

precisely where the boron profile is located in a Sii-xGcx HBT. The effect of the 

fluorine in reducing the boron thermal diffusion is therefore automatically maximised. 

Furthermore, this transport of fluorine into the Sii-xGex layer implies that high 

concentrations of fluorine can be obtained in the Sii-xGcx layer without the need to 

precisely position the fluorine implant with respect to the Sii-xGcx layer. 

6.5 Conclusions 

A study has been carried out of the effect of fluorine implants with doses in 

the range of Sxio'̂ ^cm"^ to IxlO^^cm"^ on the transient enhanced diffusion and thermal 

diffusion of boron in Sii-xGe*. A reduction of boron thermal diffusion is observed for 

F"̂  doses at and above a dose of 9xl0''^cm"^, whereas a suppression of boron transient 

enhanced diffusion is observed for all F^ doses. This reduction in boron thermal 

diffusion increases with increase in fluorine dose. The reduction factors in boron 

thermal diffusion coefficients in Sii-xGcx increase from 1.9 to 2.5 and 3.5 for F"̂  

implanted doses of 9xl0^^cm'^, 1.4xl0'^cm"^ and 2.3x10^^ cm'^ respectively. The 

reduction of boron thermal diffusion correlates with the appearance of fluorine peaks 

in the Sii.xGCx layer at and above a dose of 9xlO'Vm'^. Cross-sectional transmission 

electron microscopy micrographs show that there are no extended defects in the Sii_ 
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xGcx layer, and hence it is proposed that the fluorine peaks are due to vacancy-fluorine 

clusters. The reduction in boron thermal diffusion above the critical dose is then 

explained by the presence of the vacancy-fluorine clusters, which suppress the 

interstitial concentration in the Sii-xGe* layer. The suppression of boron transient 

enhanced diffusion correlates with a deep fluorine peak around the range of the 

fluorine implant and cross-sectional transmission electron microscopy micrographs 

show that this peak is due to a band of dislocation loops. The suppression of TED by 

fluorine is then explained by the influence of the loops in suppressing the backflow of 

interstitials to the surface. Analysis of the SIMS profiles shows that fluorine is 

transported from the adjacent silicon into the Sii-xGe* layer during anneal and reaches 

concentrations much higher than observed after implant. This mechanism would give 

benefits in devices like Sii-xGe* HBTs, where the boron profile needs to be confined 

within the Sii-xGe* layer, since a high fluorine concentration is automatically obtained 

in the vicinity of the boron profile, which maximises the effect of fluorine in 

suppressing boron diffusion. 
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Chapter 7 

Conclusions and Future Work 

In this work a growth process suitable for Sii-xGcx heterojunction bipolar 

transistors (HBT) has been developed controlling both n- and p-type dopants in a 

single growth step. Control of the Si starter (collector) layer doping concentration was 

achieved by altering the growth temperature and the phosphine gas flow. The boron 

tailing edge into the Si cap (emitter) was removed by interrupting the growth with a 

350sccm hydrogen flow for 5 minutes after the Sii-xGcx (base) layer growth but prior 

to the Si cap (emitter) layer growth. A Sii-xGcx HBT structure with a Sii-xGe* layer 

width of 31nm and a boron profile width of 22nm was obtained. The layer thicknesses 

were compared using three different analytical techniques secondary ion mass 

spectroscopy (SIMS), transmission electron microscopy (TEM) and 

spectroellipsometry (SE) and reasonable agreement was obtained. 

A study of the effect of varying implantation energy on boron thermal 

diffusion and boron transient enhanced diffusion (TED) in Sio.geGeo.n has been 

undertaken. It has been shown that a high energy fluorine implant completely 

suppresses boron transient enhanced at 950°C, whereas a low energy fluorine implant 

gives no suppression of boron TED. Furthermore, a high energy fluorine implant also 

suppresses thermal diffusion by 44% at 1025°C. The suppression of boron transient 

enhanced diffusion and thermal diffusion by a high energy implant is explained by 
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the location of the boron marker layer in the vacancy-rich region of the fluorine 

implant damage profile and the lack of any TED suppression for the low energy 

fluorine implant is explained by the location of the boron marker layer in the 

interstitial-rich region of the fluorine implant damage profile. Isolated dislocation 

loops are seen in the Sio.seGeo.n layer of the sample given a high energy implant. 

These loops are in the vacancy-rich region of the fluorine implant damage profile and 

we postulate that they are due to partial relaxation of the metastable Sio.seGeo.M layer. 

A study has been made of the effect of a high energy implant with doses in 

the range SxlO '̂̂ cm'̂  to 2.3xl0'^cm"^ on the diffusion of boron in silicon. In samples 

implanted with and F"̂ , the fluorine (2.3xl0'^cm"^) completely suppresses boron 

transient enhanced diffusion. For F"̂  doses of Sxio'̂ ^cm"^ and 9xl0''^cm"^ the fluorine 

implant does not reduce the boron thermal diffusion, whereas for F"̂  doses of 

1.4xl0'^cm"^ and 2.3xl0'^cm"^ the fluorine reduces the boron thermal diffusion 

coefficient by factors of 1.9 and 3.7 respectively. This reduction of boron thermal 

diffusion correlates with the appearance of a shallow fluorine peak (depth = 0.07-

0.22pm) in the SIMS profile at the same F"̂  dose of 1.4x1 o'^cm"^. This peak is present 

in samples with and without the boron marker layer and hence is not due to a 

chemical interaction between the fluorine and boron. Cross-sectional TEM 

micrographs show that there are no extended defects at the depth of the shallow 

fluorine peak, which indicates that it is due to trapping of fluorine at defects too small 

to resolve by TEM. The shallow fluorine peak is located in the vacancy-rich region of 

the damage profile, which suggests that it is due to vacancy-fluorine clusters. Analysis 

of the SIMS profiles suggests that a fluorine concentration after implant in the range 

3.6-6.6x1 O^̂ cm'̂  is needed for the vacancy-fluorine clusters to form. The reduction in 

boron diffusion resulting from a F^ implant is explained by the presence of the 
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vacancy-fluorine clusters, which suppress the excess interstitial concentration in the 

vicinity of the boron marker layer and hence reduce boron thermal diffusion. 

A study has been carried out of the effect of fluorine implants with doses in 

the range SxlO'̂ ^cm"^ to IxlO^^cm"^ on the transient enhanced diffusion and thermal 

diffusion of boron in Sii-xGe^. A reduction of boron thermal diffusion is observed for 

F"*" doses at and above a dose of 9xl0''^cm"^, whereas a suppression of boron transient 

enhanced diffusion is observed for all doses. For F^ doses of 1.4xl0'^cm'^ and 

2.3x1 o'̂ cm"^ the fluorine reduces the boron thermal diffusion coefficient by factors of 

2.5 and 3.5 respectively. The reduction of boron thermal diffusion correlates with the 

appearance of fluorine peaks in the Sii-xGe* layer at and above a dose of 9xlO''^cm'^. 

TEM micrographs show that there are no extended defects in the Sii-xGe* layer, and 

hence it is proposed that the fluorine peaks are due to vacancy-fluorine clusters. The 

reduction in boron thermal diffusion above the critical F"̂  dose is then explained by 

the presence of the vacancy-fluorine clusters, which suppress the interstitial 

concentration in the Sii-xGcx layer. The suppression of boron transient enhanced 

diffusion correlates with a deep fluorine peak around the range of the fluorine implant 

and TEM images show that this peak is due to a band of dislocation loops. The 

suppression of TED by fluorine is then explained by the influence of the loops in 

suppressing the backflow of interstitials to the surface. Analysis of the SIMS profiles 

shows that fluorine is transported from the adjacent silicon into the Sii-xGex layer 

during anneal, and reaches concentrations that are much higher than observed after 

implant. This mechanism would give benefits in devices like Sii-xGe* HBTs, where 

the boron profile needs to be confined within the Sii.xGcx layer, since a high fluorine 

concentration is automatically obtained in the vicinity of the boron profile, which 

maximises the effect of fluorine in suppressing boron diffusion. 
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The non selective Sii-xGe* heterojunction bipolar transistor epitaxial layers 

growth process developed in this work has been used to grow Sii-xGe* heterojunction 

bipolar transistors device layers (see Appendices C and D for the process listings). 

These device layers were then implanted with 288keV, 6xl0'^cm"^ and 185keV, 

2.3xl0'^cm"^ F^. By using two orthogonal half masks, four different regions were 

created on each wafer; the first having no implants, the second having both and 

implants, the third having a P^ implant only and the fourth having a F^ implant only. 

This will enable us to the study the effect of fluorine implantation on suppressing 

boron transient enhanced diffusion and thermal diffusion in Sii-xGcx heteroj unction 

bipolar devices. The phosphorus implant will cause boron transient enhanced 

diffusion resulting in boron out diffusing from the Sii-xGcx layer and forming parasitic 

energy barriers which will reduce the collector current and the gain of the transistor. 

Fluorine implantation should suppress both boron transient enhanced and thermal 

diffusion and suppress boron out-diffusion from the Sii-xGe* layer and hence 

eliminate the parasitic energy barriers, increasing the collector current and the gain of 

the devices and also improving the high frequency performance of the devices. This 

batch is currently being processed in the INNOS cleanroom. See Appendix E for the 

batch process listing. 

Although this work was aimed at bipolar transistors applications, the fluorine 

implantation conditions developed in this work could also be extended to metal oxide 

semiconductor (MOS) field effect transistor applications, with the aim of optimising 

source, drain and extension regions in PMOS devices and the halo regions in n-

channel devices. 

This work looked at effect of fluorine implantation on boron diffusion in 

silicon and silicon germanium. It will also be interesting to look at the effect of 
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fluorine implantation on boron diffusion in other materials such as silicon germanium 

carbon, strained silicon and strained germanium, which are all of current interest for 

MOS and bipolar device applications. This work mainly studied boron diffusion, it 

would also be interesting to study the effect of fluorine implantation on the diffusion 

of phosphorus and arsenic, which are of current interest for MOS and bipolar device 

applications. 

We saw that the vacancy-fluorine clusters in silicon start to form at a certain 

critical fluorine dose. Further studies are needed to look at the formation of these 

clusters and their thermal stability. This could be done by studying the effect of time 

and temperature on fluorine SIMS profiles. We also saw Ixom this work that the 

vacancy-fluorine clusters formation is affected by germanium content. Further studies 

are needed to quantify this effect by studying fluorine diffusion in silicon germanium 

layers with different germanium contents. 

There is still debate in the literature about the mechanisms by which fluorine 

suppresses boron diffusion in silicon. This work has opened up new avenues by 

studying the effect of fluorine implantation on boron diffusion in silicon germanium. 

Hence, there is a lot of work to be done in characterising the effects by which fluorine 

suppresses boron diffusion in both silicon and silicon germanium and in developing 

mathematical models for that. 
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Appendix A 

ATHENA input file: B diffusion in Si: 
Pre-processing 

This program converts measured SIMS profiles to the 
program's mesh co-ordinates. 

go athena 
# define grid structure for substrate 
line X location=0.00 spacing=0.10 
line X location=0.10 spacing=0.10 
line y location=0.00 spacing=0.02 
line y location=0.08 spacing=0.002 
line y location=0.20 spacing=0.002 
line y location=0.80 spacing=0.010 
# 
# initialize substrate 
initialize silicon orientation= 100 
profile infile= annealed.txt boron 
extract name="asgrown" curve(depth,inipurity="boron" material="Silicon"\ 
mat.occno=l x.val=0.05) outfile = "annealed.dat" 

quit 
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Appendix B 

ATHENA input filezB diffusion in Si: 
([)^[)1ki!]niisiiiiti()]oi 

This program extracts boron diGusion coefficient Dix.O. 

go athena 
# define grid structure for substrate 
line X location=0.00 spacing=0.10 
line X location=0.10 spacing=0.10 
line y location=0.00 spacing=0.02 
line y location=0.08 spacing=0.002 
line y location=0.20 spacing=0.002 
line y location=0.80 spacing=0.010 
# 
# initialize substrate 
initialize silicon orientation= 100 
profile infile= asgrown.txt boron 
extract name="asgrown" curve(depth,inipurity="boron" material="Silicon"\ 

mat.occno=l x.val=0.05) outfile = "asgrown.dat" 
method full.cpl cluster.dam high.conc 
set xdelta=0.0001 
# Define diffusion parameters 

impurity i.boron acceptor silicon Dix.0=1.7e-16 Dix.E=0.0 Dip.0=0.0 Dip.E=0.0 

impurity i.boron acceptor silicon Dim.0=0.0 Dim.E=0.0 Dimm.0=0.0 Dimm.E=0.0 

impurity i.boron acceptor silicon Dvx.0=0.0 Dvx.E=0.0 
impurity i.boron acceptor silicon Dvm.0=0.0 Dvm.E=0.0 Dvmm.0=0.0 Dvmm.E=0.0 

impurity i.boron acceptor silicon Fi.0=0.94 Fi.E=0.0 
diffustime= 0.50 temp= 1000 

extract name="Si" curve(depth-$"xdelta",inipurity="Boron" material^"Silicon" \ 

mat.occno=l x.val=0.05) outfile="fit.dat" 
quit 
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Appendix C 

Sii_xGex HBT device layers epitaxy batch 
(K2157) process listing 

i B l R i Q l N o | l i 2 i 3 | 4 | S ' 6 ID i DdScrjpUon Couii! 
HEM - Bulk SiGc HBT on NonN+ with New Mask 

• i ' 
r1 

Test for New Mask, NonN* LOCOS and EPf SlGd HBT 
1 ; p-EM E-BEAM Mask/Reticfe Writing 

H H z m 1 1 'G-StJ TitloPaga: 12waferi, MATERIAL:NOn N+,2-3uni I 1! m 
Lithography Notes ; i i 

i . ' G.1 Notebook page 1 12W 
r • ' ' w - c i ' • RCA clean 
! F5-900iP rPadq%Wa!W:S<Mkl$GC, 20nm+.8nm, 02+HCI [ i g ) ! 

T a :LN-130 • I>opoalt Si3N4 130nm+-20nm @ 740degC 0CS:NH41:4. 2.3nm/m. n r 
p - a s i • STEPPER PhotoHth: reticle A2, Light Field: nam. I . l i i m resist STANDARD & 

: Q-2 * See Engineer for instructions 
1 

: P-RHBD " Hardbake for dry etch * 
1 D-N1E Etch Si3N4, Anfsot. UF EBMF/OPTICAL resist OPTflO+ CHF3+Ar * 

X-T1 Nanospec scribe lanes on ? wafers; flat, middle, curve 
G-2 * See Engineer for instructions : 

; p - R s * Resist strip 
' VV-C2 ' Fuming Nitric acid clean, 2nd pot only I B 

: ! W-CS • Full SIP Clean {Sulphuric/peroxide, HP. RCA) "135 
' F6.fl * Furnace 6: Load In N2: LOCOS field oxidation, 1000degC,400nni | 121) 
: X-T2 Nanospocthick field oxide on ? wafers; ftat, middle, curve. ! 

WH-2D2 Dip etch, 20:1 BKF 25d«gC. 30 seconds (to remove oxide formed on Si3N4} 1 2 % 
' ' w w T " Strip/Wet etch Si3N4, Orthophosphorlcacld 16CdegC j 3 B 

" t W-C4 ' Suiphuric/peroxid* clean 1 3 ) 
a X-TI 1 Nanospec scribe lanes on ? wafers; flat, middle, curve. : m) 

^ ^ • 2 3 i l WH-7D1 Dip etch, 7:1 SHF 25dagC. To hydrophobic Si + 20secs. IN SCRIBE LANES FEATURES ONLY! 12 
f 

| K 4 A WC6 ^ Pro-epitaxy clean ~f " l a 

1 d 
LEX) Low Pressure Epitaxy: NSEG 700C,Collector 206nm,1e17n, Spacer:10%Ge 11nm undoped, | 

base 10%Ge 3e19 p26nm, spacers 10%Go 11 nm undoped, L D £ 100nm 1e18 ntype (Epitaxy in : 
Machine 1) j '! 

mil LE-0 

1 

Low Pressure Epitaxy; NSEG 7Q0C,Collector; 200fim,1e17n, Spacer: 10%Go l l n m undoped, 1 
base 10%Ge 3e19 p26nm, spacers 10%Ge 11nm undoped. LDE iGOnm l e i 8 ntypo (Epitaxy In i 
Machine 3) 

6» 

1 

; :K4 1 General inspection stage: inspect all wafers in Nomarski Contrast 12» 

p r 
P : : i E 
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Appendix D 

Sii-xGCx HBT device layers epitaxy batch 
(K2414) process listing 

fS iR.G; No ; i l2 |3 i4 iS |6 ! ID Description CouiC 
j ^ | | y U W | | ( 2 4 1 4 s HEM - Second KBT batch with new mask and LOCOS i 

i 
, ' BO 

6 P-EW E - B E A M Mask/Reticle Writing V 
!& G.S12 Title Page: 12 wafers, MATERIAL: N on N+ , 2-3um thick top n Eayer,wafer standard thickness 12)̂  

!i 
• I B 3 A G-1P Lithography Notes 12 )̂ 

G-1 
WC1 
F5'9002P 

Notebook pago 
• RCA clean 
* Pad oxidation: 900d&gC, 20nm+- 5nm, 02 + KCt 

^ - 1 3 0 * Deposit S i 3 i ^ 13Qnm+-20nm @ "740clegC DCS:NH41:4r2^nmJiT>. 
STEPPER Photollth: reticle k996rA2, Light Field; nom. I . l u m resist STANDARD 

02 i* See Engineer for instructions 
P'RHBD * Hardbake for dry etch 
0-N01E Etch Si3N4+PadSI02. Anisot. UP EBMF70PT(CAL resist OPT80+CHF3+Ar 

P.RS 

WH-202 
W-C4 

WH.20D 

W-C6 

: Nano>ft»c non active area regions on 12 wafara; flat, middle, curve. 
i* Sep Engineer for Instructions 
' Resist strip 
' Sulpliuric/peroxide clean 
* Furnace $: Load in N2: LOCOS fieid oxidation, 10OOdegC, 4Q0nm 
Nanoapec thick field oxide on 12 wafers; flat, middle, curve. 
Dip otch, 20:1 8HF 2SdegC. 30 seconds. (To remove oxide formed on nitride) 
+ Strip/Wet etch $i3N4. Orthophoephortc acid ISDdegC 
' Sutphuric/iperoxide clean 
Nanospec active area regions on 12 wafers; flat, middle, curve. 
Dip otch, 200:1 BHF until hydrophobic in AA (to remove pad oxide from active area) 
' Pre-ep itaxy clean Just Before EPI 
Low Pressure Epitaxy; NSEQ SiGeC HBT structures on Machine 3 

! General inspection stage 

m 
12) 
121) 

12R 

I 
121) 

1̂ 1 
1* 
1: 

13) 

12>) 

121) 

125 
15) 

165 



Appendix E 
Sii.xGcx HBTs with implantation batch 

(K2649) process listing 
'BiRlGl NciliZiaUiS. 
i " : • i T O T i 

&_ ID 
nfc2649s 

PBScriptlon CouiC 
IHEM - Now HBT batch wafers from K2157 and K2414 

gO 

G-1P 
G-i 

E-BEAM Mask/Reticle Writing _ 
TitiA Page: 17 wafers, MATERI^ : n on n+ davlcd wafers: K2157 wafers 1 to 12, K2414 wafers 
1-5 •*> 1 blank Si Chock wafers (100) n or p typo not critical 
Lithography Notes 
Notebook page 

18)) 

1#) 
Special Instructions Srcibc wafers 18)) 

18)) S-2 See Engineer for instructions inspect under nomarski all wafers 

FT 

devicefab 

WC1 

Device Fabrication 
Emitter Window 

RCA clean 

UO-0 LPCVD LTO. 100nm +• 20nm at 400deg C , all device wafers + 1 blank Si chock wafer 

ITB 

X-T1 Nanospec scribe lanes on 18 wafers; flat, middle, cutve. 1#M 
;• STEPPER Photolith: K936r reticle EW, Dark Field: nom. I . l u m resist STANDARD 

11 
12 
13 
14 
15 
16 
17 
18 

X̂2 Inspect 17 wafers for resist In windows after development. 

170 
I 

In) 
P-RHBW ' Hardbake for wot etch in) 
D'D60 * Descum: 1 min. For OPTICAL resist Technics uWave Asher 17P 
WH-7E1 + Wet etch oxide, 7:1 BHF 2SdegC. To hydrophobic Si * 2&secs. 17p 
X41 
P.RS 

MWI 

Inspect 17 wafers for residue after wet or dry etch. 
' Resist strip 

in) 
17% 

RCA clean 
155 WH-203 Dip etch, 20:1 BHF 2$degC. 5 seconds. {Pre-poly depn). All device wafers, + bUnk Si check 

iw»f»r 

9) 
iEmitter Poly 

19 j 0 : I.P-A20 i* Amorphous Si deposition: 200nni+'10nm at SSOdegC 10nm/min i 17» 

M J 0 T ' x - i " ' Measure spec Wed areas on 17 wafers; flat, middle, curve. 1 17)) 

21 1 6 lA-O • Implant As+: 1a16,7CkeV i 171) 

^ 1 
E ' P-GS2 * STEPPER Photolith: ]<996r rotlclo EP, Light Field: nom. 2.2um resist (ForSi etchMum or 

metal) 
17>̂  

23 'l 0 X-12 : Inspect 17 wafers for resist in windows after development. 17)) 

U 1 a P-RHBD • Hardbake for dry etch 17)) 

2S i a • D-D60 •Descum: 1 min. For OPTICAL resist Technics uWaveAsher 17)) 

1, 
|: 

T 1 D^P2S : Etch Poly/AmSi. Anisot. on oxides >1Snm SYS90 HBr2s tap . (For LF patterns) 50% over 
etch 
** Rinse Wafers in Super Q Leave resist on Wafers** 

17)) 

1, 
|: 

1 1 
1 Base Poly Implant and Definition _ ; " 5 5 

27 . ( a p-RHBi ' Hardbake for Implant 17)) 

» J a l e - i ' Implant B+: 5 el5,80kav, all device wafers I 17!) 

i 0 ) 

29 !' [ a (F-o •Implant FLUORINE: IfiSkeV,2.3e15. K2157J*6 ] 11) 
0 ) 

a j p-Rs 'Resist strip 17)) 

M i s S j P-GS1 • STEPPER Photolith k996r reticle BP. Light Field: nom. 1.1 urn resist STANDARD 17)) 

L i G.2 * See Engineer for instructions 
**Check Epi Layer thickness on wafers** J 

a x-11 Inspect 17 wafers for residue after wet or dry etch. 17}) 

34 { a r P-RHBD * Hardbake for dry etch 17)) 

W J p D-D60 ' Descum: 1 min. For OPTICAL resist Technics uWav^Asher i 17)) 

L 0-2 * See Engineer for instructions 
"Check Epi Layer thickness on wafers" 

J : 
iEtch1Q&nmSi02. Anisot, For UF EBMF/OPTICAL resist OPTeO+CHF3+Ar , all device ' 
Iwafers 

M 1 

} 
D-SP2S 

I ; 
Etch - 600nm PoiySl Anisot short 10% over etch on oxides >15nm stringer not important! 

SYS90 HBr 2 step. {For LF patterns) 
Note: Collector Window Exposed at end of etch -no etch s top ALL DEVICE WAFERS 

17)) 

* 3 ; x - i i Inspect 17 wafers for residue after wet or dry etch. 
40 S ' P.RS " Resist strip 

i 1 : 

! Collector Plug Implant 

I 
P.0S17 

p_ 
• STEPPER Photolifh: reticle KSS6r, CI, Dark Field: riom. 1 . r u m resist (For implant or special) 17a 

\ i 2 ^ 0 X.I2 i Inspect 17 wafers for resist in windows after development. 17)) 
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213 4i 5 
Hardbake for implant P-RHB 

P4%F 
P-RHB 
D-NOii 

LO-NO 
D.N1E 
wi 

P.RHBD 

P̂ ription CouK 
""ItS 

Implant PHOS*: lQl6t 6QKQV "iriS 
• Resist strip 1755 

iRapid Thermal Annealing 

LTO deposition'. 600nm +• SOrm at 400<iogC 
#1-4 

RCA cican, K2157 M1-4, 7,MQ.11.12> K2414g1-4 1* 
SiH4an<102 , k215^1-4,7,3,10,11.12, k2414! 13» 

' Fronts pin resist 
Hardbake for D-O or ion-beam mill 

BACK Strip: Si3N4, $(02 /or PolySi 
' Resist strip 

0PT80* CF4*02 

RCA clean 

jm 

17!) 

171) 
M ftT»stii9e.TOBEDEClPED,Wat<wsM1751-6, (ntypa LPS wafers) 
AB RTA stage: TO BE DECIDED, Waters k2175 7-12, K2414 t -S (p type LDE wafers) 

STOP TO SEND WAFERS TO BELFAST 
i " See Engineer for instructions Wafers: k 2 1 5 7 # 5 , e . S . K 2 4 1 4 »5 to be processed to send to 
Belfast 
i* RCA clean 
PECVD NITRIDE deposition; iSOnm 
Etch Si3N4. Anisot. LfF EBMF/OPTICAL resist OPTSO+ CHF3+Ar 

: Inspect 4 wafers for residue after wet or dry etch. 

RCA clean 
See Engineer for Instructions Wafers: k2157#5,6,8. K2414 #5, + blank Si check wafer Send to 

Belfast 
Contact Windows 
STEPPER Phot^lth; ItMSr naticle CW, Dark Field: nom. I . l u m resist STANDARD 

ALignment Critical (WAFERS NOT SENT TO BELFAST, K2167 »1- i , 7,9.10,11.12, K2414#1^) 

4» 
4*) 

inspect 13 wafers for resist in windows after development. 

Hardbake for dry eteh 
Etch Si02 Anisot. (For Mat to Si eonts) OPtlCAL resist OPT80+: CHF3+Ar 

Inspect 13 wafers for residue after wet or dry etch. 

Resist strip 

Metallisation 
WH-10D Dip etch. 200:1 BHF jpre-ntietalliiatlonl 
MS-TNAIO: Sputter lOOOnm Tl-TIN-AI/Si 1% In TRIKON SIGMA + ARC TIN 

RESIST PROHIBITED 

Inspect 13 wafers for resist in windows after development. 

P-RHBD * Hardbake for dry etch 
D-MATI '+ Etch Al. At/Si and/or T i . for OPTICAL resist SRS SS1C CI2*SiCI4+Ar (WHOLE 4" wfrs) 

W-C3 
F9-H42 

j Inspect 13 wafers for residue after wat or dry etch. 

Resist strip 
Fuming Nitric Acid clean, metallised wafers 
Alloy/Anneal: 30mins H%N2 420degC 5'N2,30'HZ/N2,5'H2. 

13 

1 3 » 

13 
13 

STEPPER Photollth: K996r reticle M, Light Field: nom. 2.2um resist (For Si eteh>1um or 
metal) 

13 

TsS 

13>) 

13» 
13» 

l3H 
13)) 
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