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Abstract 

SiGe is a significant enabling technology for the realization of integrated circuits 
used in high performance optical networks and radio frequency applications.  In order 
to continue to fulfill the demands for these applications, new materials and device 
structures are needed.  This thesis focuses on new materials and their integration into 
heterojunction bipolar transistor (HBT) structures as well as using device simulations 
to optimize and better understand the device operation.  Specifically, a SiGeC HBT 
platform was designed, fabricated, and electrically characterized.  The platform 
features a non-selectively grown epitaxial SiGeC base, in situ doped polysilicon 
emitter, nickel silicide, LOCOS isolation, and a minimum emitter width of 0.4 µm.   
Alternately, a selective epitaxy growth in an oxide window was used to form the 
collector and isolation regions.  The transistors exhibited cutoff frequency (fT) and 
maximum frequency of oscillation (fMAX) of 40-80 GHz and 15-45 GHz, respectively.  
Lateral design rules allowed the investigation of behavior such as transient enhanced 
diffusion, leakage current, and the influence of parasitics such as base resistance and 
CBC.  The formation of nickel silicide on polysilicon SiGe and SiGeC films was also 
investigated.  The formation of the low resistivity monosilicide phase was shown to 
occur at higher temperatures on SiGeC than on SiGe.  The stability of the 
monosilicide was also shown to improve for SiGeC.  Nickel silicide was then 
integrated into a SiGeC HBT featuring a selectively grown collector.  A novel, fully 
silicided extrinsic base contact was demonstrated along with the simultaneous 
formation of NiSi on the in situ doped polysilicon emitter. 

High-resolution x-ray diffraction (HRXRD) was used to investigate the growth 
and stability of SiGeC base layers for HBT integration.  HRXRD proved to be an 
effective, fast, non-destructive tool for monitoring carbon out-diffusion due to the 
dopant activation anneal for different temperatures as well as for inline process 
monitoring of epitaxial growth of SiGeC layers.  The stability of the SiGe layer with 
0.2-0.4 at% carbon when subjected to dopant activation anneals ranging from 
1020-1100oC was analyzed by reciprocal lattice mapping.  It was found that as the 
substitutional carbon increases the formation of boron clusters due to diffusion is 
suppressed, but a higher density of carbon clusters is formed.   

Device simulations were performed to optimize the DC and HF performance of an 
advanced SiGeC HBT structure with low base resistance and small dimension emitter 
widths.  The selectively implanted collector (SIC) was studied using a design of 
experiments (DOE) method.  For small dimensions the lateral implantation straggle 
has a significant influence on the SIC profile (width).  A significant influence of the 
SIC width on the DC gain was observed.  The optimized structure showed balanced 
fT/fMAX values of 200+ GHz.  Finally, SOI BJT transistors with deep trench isolation 
were fabricated in a 0.25µm BiCMOS process and self-heating effects were 
characterized and compared to transistors on bulk silicon featuring deep trench and 
shallow trench isolation.  Device simulations based on SEM cross-sections and SIMS 
data were performed and the results compared to the fabricated transistors. 
Key words: 
Silicon-Germanium(SiGe), SiGeC, heterojunction bipolar transistor(HBT), nickel 
silicide, selectively implanted collector(SIC), device simulation, SiGeC layer stability, 
high resolution x-ray diffraction(HRXRD), silicon-on-insulator(SOI), self-heating.



 

 

Acknowledgements 

 My first words of thanks go out to Per Levin, who lived in the same house as 
me one summer during my undergraduate work at the University of Wisconsin-
Madison and without whom I would have never made it to Sweden in the first place.  
He introduced me to this far away country and helped arrange for me to study one 
summer at the KTH chemical engineering department under the supervision of Sven 
Järås.  It was this enjoyable summer that stuck in my mind when, some years later, 
deciding to leave my job at Motorola to pursue graduate school, I decided to return to 
Sweden.  Little did I know at the time what a rewarding and blessed time I would 
have here over the past four years. 
 A big thanks goes out to Prof. Mikael Östling and Dr. Jan V. Grahn for giving 
me the opportunity to pursue my PhD here in the bipolar group within the Institute for 
Microelectronics and Information Technology(IMIT) with support from the Swedish 
Foundation for Strategic Research(SSF) and Vinnova.  Especially to Mikael who 
eventually became my supervisor.  You have always given me the utmost support, 
encouragement and guidance during my studies and challenged me to look at 
problems from different perspectives.  Thanks to VINNOVA for financially 
supporting this work. 
 I am also deeply indebted to Dr. Gunnar Malm for all of his day-to-day 
practical support and contributions to my work.  Thanks for helping me out with 
device physics, all of the device measurements in the lab, and the many fruitful 
discussions.  Simply stated, I would not have made it to here without your help.  
Thank you especially for yours and Ylva’s friendship over these years. 
 Thanks goes to the other members of the bipolar group, Docent Henry 
Radamson, Dr. Yong-Bin Wang, and Dr. Erdal Suvar, who have been so helpful in 
discussions, during the long hours in the cleanroom performing wafer processing, for 
measurements, and for all of the manuscript editing. , XieXie, Tesekkür! 
 Specific thanks to Docent Shi-Li Zhang for introducing me to the vast world 
of silicides, for the fruitful scientific discussions, for sparing some of your valuable 
time and for your positive attitude.  I really appreciated your help and encouragement. 
 Thanks to all of my colleagues in EKT for their help in the cleanroom, 
scientific discussions and even talking a little football now and then:  Dr. Erik 
Danielsson, Dr. Matrin Domeij, Jonas Edholm, Martin von Haartman, Dr. Sten 
Hellström, Julius Hållstedt, Christian Isheden, Dr. Sang-Mo Koo, Hyung Seok Lee, 
Ann-Chatrin Lindgren, my roommate Wei Liu, Patrik Möller, Christian Ridder, Timo 
Söderqvist, Zhen Zhang, and Dr. Zhibin Zhang. Tack så mycket! 
 I also want to send thanks out to my external collaborators: Tobias Jarmar, Ulf 
Smith, and Anders Heljestrand at Uppsala University, Mingwei Xu, Arturo Sibaya-
Hernandez, and Stefaan Decoutere at IMEC in Belgium, and Ted Johansson at 
Infineon Technologies.  Thank you all for your excellent contributions and 
professional attitude. 
 Thanks go out to the department administrator, Zandra Lundberg, for all her 
support, smoothing out of administrative details, and remembering our times at 
Motorola.  Thanks to the system administrators Julio Mercado and Richard Andersson 
for quickly resolving all of my computer and simulation software problems and to 
Anders Forsell for always getting my wafers sent out to their various destinations so 
quickly. 



 

 

 I would like to thank Dr. Emanuel Kohlscheen for his special friendship 
during our PhD years here in Stockholm and while our paths may now diverge 
temporarily we know we are but pilgrims and that we will see each other again. 
Obrigado! And thanks to all of my brothers and sisters in the Credo International 
Student group for teaching me so much, helping me to grow in grace, and for their 
friendship and prayers.  Thanks also to Peter Vriesman for his friendship over the past 
8 years, for all the good advice and for always being there when I had a need.  
Welcome back to Stockholm my friend. Dank u! 
 Finally I would like to extend my deepest gratitude to my family without 
whom none of this would have been possible.  To my parents, David and Nancy, for 
their constant positive encouragement, for being able to let me discover my own path, 
and for their ever present love.  To my brother and sister, Nathan and Leslie, for their  
love and prayers.  And most importantly, my heartfelt thanks to my wife, Asia.  You 
are the most important blessing I have received here in Sweden.  Words cannot fully 
express my gratitude for the constant support, uplifting words, and loving kindness 
that you have shown me over the past few years.  You are truly a gift from God.  This 
thesis is dedicated to you.  
 
 
 
 

Romans 8:28 
And we know that in all things God works for the good of those  
who love him, who have been called according to his purpose. 

 
 
 
 
Erik Haralson 
 
 
 
Stockholm, Sept. 2004 





 

 

 
Table of Contents 
 

Appended Papers………………………………………………………... iii 

Related papers not included in this thesis…………………………..iv 

Summary of appended papers………………………………………… v 

List of Symbols & Acronyms………………………………………….. vii 

Chapter 1.  Introduction………………………………………………… 1 

Chapter 2.  SiGe:C material work……………………………………...5 

2.1 Material properties of SiGe:C……………………………………… 5 

2.1.1 SiGe strain compensation by carbon………………………... 8 

2.1.2 Carbon impact on boron out-diffusion……………………… 10 

2.2 Optimization of SiGeC layers……………………………………… 11 

2.2.1 Processing conditions……………………………………….. 12 

2.2.2 Analysis of SiGeC layers for device applications…………... 15 

2.2.2.1   SiGeC layer characterization…………………………... 16 

2.2.2.2   Inline process monitoring……………………………… 18 

2.2.2.3   Thermal stability……………………………………….. 20 

Chapter 3.  SiGe:C device platform…………………………………... 25 

3.1 HBT device physics and designs…………………………………... 25 

3.1.1 Basic HBT device physics…………………………………... 25 

3.1.2 HBT designs………………………………………………… 30 

3.2 Experimental devices………………………………………………. 33 

3.2.1 Device fabrication…………………………………………... 33 

3.2.2 Physical characterization……………………………………. 37 

3.2.3 Electrical characterization…………………………………... 43 

Chapter 4.  Nickel silicide……………………………………………….49 

4.1 Nickel silicide formation on poly-SiGe:C………………………….. 49 

4.1.1 Material properties of Ni(SiGe):C…………………………... 52 

4.1.1.1   Fundamentals………………………………………….. 52 

4.1.1.2   Stability………………………………………………... 55 

4.1.2 Silicide lateral growth (phase evolution)……………………. 60 

4.1.2.1 SEM top-down pictures…………………………………. 61 

4.1.2.2 TEM cross-section/EDS……………………..………….. 62 

4.2 Integration into a SiGe:C HBT platform…………………………… 63 

4.2.1 Device fabrication(Salicide process)………………………... 64 



 

 

4.2.2 Electrical Characterization………………………………….. 68 

4.2.2.1 Contact performance……………………………………. 68 

4.2.2.2 DC/AC characterization………………………………… 71 

4.2.3 Integration issues……………………………………………. 75 

Chapter 5.  Device simulations………………………………………... 77 

5.1 Physical device simulation……………………………………….… 77 

5.2 SIC optimization…………………………………………………… 78 

5.2.1 Collector designs……………………………………………. 79 

5.2.2 Device simulations………………………………………..… 83 

5.3 BJT on SOI self-heating…………………………………………… 86 

5.3.1 Device fabrication and measurement……………………….. 87 

5.3.1.1 Different isolation schemes…………………………. 88 

5.3.1.2 Self-heating effects………………………………….. 89 

5.3.2 Device Simulation…………………………………………... 92 

5.3.2.1 Different isolation schemes…………………………. 92 

5.3.2.2 Boundary conditions………………………………… 94 

Chapter 6.  Conclusions………………………………………………... 97 

References………………………………………………………………... 99 

 



 

 iii

Appended papers 
 
I. HRXRD analysis of SiGeC layers for BiCMOS applications 
E. Haralson, A. Sibaja-Hernandez, M. Xu, G. Malm, H. Radamson and M. Östling 
To be presented at ECS SiGe Symposium, Hawaii, October 2004. 
 
II. The effect of C on emitter-base design for a single-polysilicon SiGe:C HBT 
with an IDP emitter 
E. Haralson, E. Suvar, G. Malm, H. Radamson, Y.-B. Wang, and M. Östling 
Applied Surface Science, 224 (2004), pp. 330-335. 
 
III. Ni Silicide Formation on Polycrystalline SiGe and SiGeC Layers 
Erik Haralson, Tobias Jarmar, Johan Seger, Henry H. Radamson, Shi-Li Zhang, and 
Mikael Östling 
Proc. Symp. Mat. Res. Soc. Vol. 745, (2003), pp. 111-116. 
 
IV. NiSi Integration in a Non-Selective Base SiGeC HBT Process 
Erik Haralson, Erdal Suvar, B. Gunnar Malm, Henry Radamson, Yong-Bin Wang, 
and Mikael Östling 
Accepted for publication in Materials Science in Semiconductor Processing, 2004. 
 
V. Device Design for a Raised Extrinsic Base SiGe Bipolar Technology 
Erik Haralson, Gunnar Malm and Mikael Östling 
Solid State Electronics, vol 48, no 10-11, pp. 1927-1931, 2004. 
 
VI. Influence of Self Heating in a BiCMOS on SOI Technology 
Erik Haralson, B. Gunnar Malm, Ted Johansson, and Mikael Östling 
Accepted for publication in proceedings of 34th ESSDERC, (2004). 
 



 

 iv

Related papers not included in the thesis 
 
I. Base Resistance Scaling for SiGeC HBTs with a Fully Nickel Silicided 
Extrinsic Base 
B. Gunnar Malm, Erik Haralson, Erdal Suvar, Henry H. Radamson, Yong-Bin Wang, 
and Mikael Östling 
To be submitted to Electron Device Letters. 
 
II. A base-collector architecture for SiGe HBTs using low-temperature CVD 
epitaxy combined with chemical-mechanical polishing 
E.Suvar, E. Haralson, M. Forsberg, H. Radamson, Y.-B. Wang, and J.V. Grahn 
Physica Scripta, T101 (2002) 64. 
 
III. High Performance SiGeC HBT Technology for Radio Frequency 
Applications 
M. Östling, E. Haralson, B. G. Malm 
Asia-Pacific Radio Science Conference(2004), Invited Paper. Aug. 2004, Qingdao, 
China. 
 
IV. High Frequency Performance of SiGeC HBTs with Selectively & Non-
Selectively Grown Collector 
E. Suvar, E. Haralson, H.H. Radamson, Y.-B. Wang, B.G. Malm, and M. Östling 
Physica Scripta (2003), accepted for publication. 
 
V. Characterization of leakage current related to a selectively grown collector in 
SiGeC Heterojunction Bipolar Transistor structure 
E. Suvar, E. Haralson, H.H. Radamson, Y.-B. Wang, J.V.Grahn, B.G. Malm, and M. 
Östling 
Applied Surface Science, 224 (2004), pp. 336-340. 
 
VI. Formation of As- or P-doped polycrystalline Si layers grown by RPCVD for 
emitter application in SiGeC-based Heterojuction Bipolar Transistors. 
E. Suvar, E. Haralson, J. Hållstedt, H.H. Radamson, and M. Östling 
Physica Scripta (2003), accepted for publication. 
 



 

 v

Summary of Appended Papers 
 
 
Paper I. The use of HRXRD for the monitoring of the dopant activation anneal 
through the detection of carbon outdiffusion has been demonstrated.  The advantages 
of HRXRD over other measurement techniques for in-line epi-growth monitoring are 
also discussed.  HRXRD reciprocal space mapping was used to study the SiGe layer 
stability as a function of carbon concentration for vertically scaled layers designed for 
high performance BiCMOS applications.  The author performed the HRXRD 
measurements, performed the analysis, and wrote the manuscript. 
 
Paper II. A differential epitaxy SiGe:C HBT with an in situ phosphorous doped 
polysilicon emitter is demonstrated and used to study the effect of carbon on the 
junction formation and the effect of lateral design parameters on the DC and AC 
performance. Carbon was found to suppress the TED and therefore minimize the 
effect of the emitter pedestal overlap on the maximum transit frequency.  The author 
processed the devices, participated in the measurements, and wrote the manuscript. 
 
Paper III. The formation of nickel silicide on polysilicon SiGe and SiGeC layers is 
investigated.  The introduction of carbon was found to not affect the formation 
temperature of the low resistivity monosilicide phase.  The presence of carbon  
increased the stability of the silicide and decreased the lateral growth rate.  The author 
suggested the study, processed all of the samples, performed the sheet resistance and 
XRD measurements, conducted the analysis, and wrote the manuscript.   
 
Paper IV. A nickel salicide process was integrated into a SiGeC HBT with a non-
selectively grown base.  A difference in the monosilicide thickness on the IDP emitter 
and poly-SiGeC extrinsic base regions was observed and further examined by a TEM 
study of silicide formation on blanket wafers.  The author suggested the study, 
participated in the processing of the devices and measurements and wrote the 
manuscript. 
 
Paper V. This paper pursues the optimization of the SIC for an advanced raised 
extrinsic base SiGe HBT structure. The influence of the emitter, inside spacer, and 
SIC lateral scaling on the AC and DC performance has been investigated using a 
device simulation package and design of experiments methods.  A response surface 
design led to an optimized simulated transistor.  The author proposed the study, 
performed all of the simulations, conducted the analysis, and wrote the manuscript. 
 
Paper VI. This paper investigated self-heating in a 0.25µm BiCMOS technology with 
different isolation structures. Thermal resistance values for single- and multiple-
emitter devices were extracted and reported.  2-D electro-thermal simulations were 
performed and compared to experimental results. The impact of metallization on the 
self-heating was examined through simulations.  The author participated in the 
measurements, performed all of the simulations, performed the analysis, and wrote the 
manuscript. 





 

 vii

List of Symbols & Acronyms 
 
aGe   Lattice constant for germanium 

aSi   Lattice constant for silicon 

asub   Substrate lattice parameter 

as
layer   In-plane lattice parameter 

an
layer   Lattice parameter normal to the surface 

BVCBO Collector-base junction breakdown voltage with emitter open 
circuit 

 

BVCEO Collector-emitter junction breakdown voltage with base open 
circuit 

 

CdBC   Base-collector depletion capacitance 

CdBE   Base-emitter depletion capacitance 

Cs   Substitutionally positioned carbon atom 

Ci   Interstitially positioned carbon atom 

Do    Pre-exponential factor 

DnB   Minority electron diffusivity 

Dp   Hole diffusion coefficient 

EA   Activation energy 

∆Eg   Apparent bandgap narrowing 

∆Eg,SiGe  Total bandgap narrowing due to Ge in the SiGe-base transistor 

fT   Cutoff frequency 

fMAX   Maximum frequency of oscillation 

∆G   Total free energy change 

∆gv   Change in Gibbs free energy per unit volume 

h21   Small signal current gain 

I   Silicon self-interstitial 

IB   Base current 

IC   Collector current 

Jn   Electron current density in the collector 

Jp   Hole current density in the emitter 

k   Boltzmann’s constant (=1.38 x 10-23 J/K) 

LT   Transfer length 

NB   Base doping concentration 



 

 viii

Nc   Conduction band density of states 

Nv   Valence band density of states 

ni   Intrinsic carrier concentration 

nie   Effective intrinsic carrier density 

nn   Density of electrons in n-region 

np   Density of holes in n-region 

P   Power dissipation 

p   Density of free holes 

q   Electronic charge (=1.6 x 10-19 C) 

RB,Tot   Total base resistance 

Rc   Contact resistance 

Rs   Sheet resistance 

RTH   Thermal resistance 

r   Radius of a nucleus of the new silicide phase 

rb   Base resistance 

T   Temperature 

tC   Critical thickness 

tMB   Critical thickness from Matthews and Blakeslee theory 

U   Unilateral power gain 

V   Silicon vacancy 

VA   Early voltage 

VBE   Base-emitter voltage 

VCB   Collector-base voltage 

WB   Width of the quasineutral base region 

Y22,SH   Output conductance with self heating 

Y22,noSH  Output conductance without self heating 

β   Current gain 

∆σ   Change in Gibbs free energy per unit area 

τB   Base transit time 

τBC   Base-collector depletion region transit time 

τBE   Base-emitter depletion region transit time 

τE   Emitter transit time 

τF   Forward transit time 



 

 ix

AFM   Atomic force microscopy 

BJT   Bipolar junction transistor 

BOX   Buried oxide 

CBK   Cross bridged Kelvin 

CMOS   Complementary metal-oxide-semiconductor 

CMP   Chemical mechanical polishing 

DTI   Deep trench isolation 

ECL   Emitter coupled logic 

EDOS   Effective density of states 

EDS   Energy dispersive x-ray spectrometry 

FGA   Forming gas anneal 

FTIR   Fourier transform infrared spectroscopy 

HBT   Heterojunction bipolar transistor 

HR-TEM  High resolution transmission electron microscopy 

HRXRD  High resolution x-ray diffraction 

IDP   In situ doped polysilicon 

LOCOS  Local oxidation of silicon 

LPCVD  Low pressure chemical vapor deposition 

MB   Matthews and Blakeslee 

MBE   Molecular beam epitaxy 

NSEG   Non-selective epitaxy growth 

RF   Radio frequency 

RLM   Reciprocal lattice map 

RPCVD  Reduced pressure chemical vapor deposition 

RTA   Rapid thermal anneal 

RTCVD  Rapid thermal chemical vapor deposition 

RTP   Rapid thermal processing 

SALICIDE  Self aligned silicide 

SE   Spectroscopic ellipsometry 

SEG   Selective epitaxy growth 

SEM   Scanning electron microscopy 

SIC   Selectively implanted collector 

SIMS   Secondary ion mass spectroscopy 

SOI   Silicon on insulator 



 

 x

STI   Shallow trench isolation 

TED   Transient enhanced diffusion 

TEOS   Tetraethyooxysilane (Si(OC2H5)4) 

TEM   Transmission electron microscopy 

TLM   Transfer line method 

UHVCVD  Ultra-high vacuum chemical vapor deposition 

XRD   X-ray diffraction 

 



 

1 

1. Introduction 
 

The headline of an article summarizing the 2001 International Electron Devices 

Meeting (IEDM) reads ”CMOS devices steal show” and a subtitle boldly proclaims 

”CMOS makes SiGe obsolete”[1].  The author then proceeds to explain how the large 

performance gains in complementary metal-oxide-semiconductor(CMOS) could 

eliminate the need for SiGe in radio frequency(RF) applications.  These were 

troubling words to a relatively new PhD student working in the SiGe Heterojunction 

Bipolar Transistor(HBT) field.  Could CMOS really make the use of SiGe HBTs 

obsolete and what does that possibility mean to the applicability of my research?  

Thankfully, the past years have proven that the author’s prediction was nothing more 

than hype and SiGe technology has continued to show it still has a lot of life left in it. 

Historically, bipolar transistors have been used in many applications that are 

familiar to most people.  Even early microprocessors contained bipolar transistors in 

combination with CMOS transistors.  Eventually, CMOS advanced to the point where 

it became used exclusively for microprocessors.  Some other applications where 

bipolar transistors have been employed are cellular phones, telecommunications 

equipment, monitors and televisions, and hard disk drives. 

Today, SiGe continues to be a more cost-effective solution than III-V materials 

both from a yield and a system integration standpoint for RF applications as well as 

optical networks.  SiGe also still shows benefits over CMOS when it comes to 

linearity, low noise performance, and power consumption.  Some examples of the RF 

applications in which SiGe BiCMOS continues to be used are low-noise amplifiers 

(LNAs), voltage-controlled oscillators (VCOs), mixers, and power amplifiers (PAs).  

Other areas in which SiGe effectively competes are 10-40 Gb/s optical networks, 

optical Tx/Rx systems, wireless LAN, and digital network switching. 

Advances in materials, vertical and lateral scaling, and device architecture has led 

to large increases in SiGe HBT performance the past few years and this thesis 

contributes to certain areas in each of these three subjects.  The focus of this thesis 

covers the analysis of new materials for HBTs, the integration of these materials into 

a HBT process flow to demonstrate functioning devices, and finally, device 

simulations to aid in the optimization of HBTs.  The incorporation of carbon into the 

SiGe base is critical to realizing the thin, highly doped base profiles required for high 
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speed HBTs.  The optimization of the growth conditions for aggressively vertical 

scaled base layers has been performed along with an analysis of the use of high-

resolution x-ray diffraction (HRXRD) for monitoring the final anneal and stability of 

SiGeC layers.  An HBT featuring a SiGeC base region has been designed, 

demonstrated and used to study the impact of the lateral device dimensions on the 

device performance.  The use of silicide to lower the contact resistance to the 

polysilicon terminals of a HBT is important and as BiCMOS continues to scale to 

smaller dimensions new silicides are needed to reduce thermal budgets and avoid 

problems like the fine line effect and bridging.  Therefore, nickel silicide formation on 

different polysilicon layers has also been examined and integrated into a HBT device 

flow.  As HBT lateral device dimensions continue to shrink the optimization of the 

commonly employed selectively implanted collector (SIC) becomes more critical and 

device simulations have been employed to analyze the interaction of various lateral 

device dimensions and to optimize a raised extrinsic base HBT.  As BiCMOS moves 

to more aggressive device isolation techniques including silicon on insulator(SOI) to 

reduce parasitic capacitances accurate simulations are required to help in predicting 

the self-heating effects within the device.  Device simulations have therefore been 

employed along with experimental device characterization to study self-heating 

effects for different isolation structures in bipolar transistors. 

The outline for this thesis is now presented.  Chapter 2 will discuss the material 

properties of the SiGeC system and some of the benefits of introducing carbon into 

the SiGe lattice.  It will also cover the processing conditions for the SiGeC layers that 

were grown in the laboratory and examine the analysis techniques for characterizing 

the films.  The use of HRXRD for monitoring the final anneal step and stability of the 

layers is proposed and used to examine grown layers with the major results from 

Paper I highlighted.  Chapter 3 will give a review of basic HBT device physics and 

the major HBT device architectures used today.  It will also cover the design and 

fabrication of a SiGeC HBT platform in the laboratory and the physical and electrical 

characterization of this device platform along with the results presented in Paper II.  

Chapter 4 discusses the formation of nickel silicide on poly-SiGe and poly-SiGeC, 

closely examining the fundamentals of the material properties of the Ni(SiGe):C 

system as well as its stability.  It also examines the phase formation of this system 

through lateral diffusion couples and expands upon the results reported in Paper III.  

In the next part of Chapter 4 the integration of nickel silicide into a HBT device 
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platform is reported with special emphasis on the integration sequence.  Electrical 

characterization of the silicide and device results are presented, the results reported in 

Paper IV are expanded upon, and the integration issues encountered are discussed.  

Chapter 5 summarizes the device simulations performed in two different areas.  The 

first are covered is the optimization of the SIC.  This section provides a review of 

different SIC integration options and the benefits and drawbacks of each option.  It 

also discusses the simulation work performed in analyzing the interaction between 

different lateral device dimensions in optimizing a raised extrinsic base HBT.  This is 

an expansion upon the results shown in Paper V.  The next section of Chapter 5 

covers self-heating for a bipolar junction transistor(BJT) on SOI device.  The 

experimental device fabrication and self-heating characterization is explained in 

detail.  The device simulation setup and results are examined and compared to 

measurement.  This self-heating section is an expansion upon what was reported in 

Paper VI.  Finally, Chapter 6 will provide some concluding remarks about the work 

presented in this thesis and some possibilities for future directions are offered. 

 





 

5 

2. SiGe:C material work 
 

Over the past 10 years the strained SiGe epitaxial material system has been 

established as a key enabler for high performance semiconductor technologies.  

Unlike other more exotic material systems such as III/V materials and SiC, SiGe has 

proven to be easy to integrate into existing silicon high volume manufacturing device 

lines without major changes to equipment or problems with things like high defect 

densities.  A key development in this area of SiGe is the introduction of small 

amounts of carbon into the lattice structure.  This addition of carbon has allowed the 

SiGe system to make large steps forward in regards to device performance.  A 

significant amount of work has gone into the characterization and understanding of 

this SiGeC material system and in addition to an overview of the topic, the work 

highlighted in this chapter continues to build on the foundation that has been already 

laid.  The area where this work aims to contribute is to a thorough understanding of 

the process conditions for the growth of strained SiGeC layers applicable for use in 

HBTs and the inline process monitoring of these layers.  In addition, this work 

focuses on the stability issues introduced with the addition of carbon to the SiGe 

material system. 

 

2.1 Material Properties of SiGeC 
 

Before the introduction and effect of carbon is discussed the SiGe material system 

will be reviewed.  Silicon and germanium are group IV elements in the periodic table 

and they both have a diamond cubic crystal structure.  They are miscible across the 

entire composition range, but due to the difference in the lattice parameter between 

the two materials, 5.431Å for Si and 5.657Å for Ge, there will be strain in the system 

if it is grown epitaxially on a silicon or germanium substrate[2].  Figure 2.1 shows 

schematically a strained SiGe layer that has been grown on a silicon substrate.  The 

in-plane lattice parameter, as
layer is equal to the substrate lattice parameter, asub for the 

strained system.  The lattice parameter normal to the surface, an
layer, is stretched to 

accommodate the reduction of the in-plane lattice parameter.  For the system with 

SiGe grown on a silicon substrate an
layer will be larger than as

layer and the SiGe film 

will be compressively strained. 
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Epitaxial SiGe layer 

 

 

 

 

 

      Strained SiGe layer on Si substrate 

Substrate crystalline Silicon 

Fig. 2.1 Schematic of the growth of a strained SiGe layer on a silicon substrate. 

 
By using a simple linear extrapolation between the lattice constants for silicon 

(aSi) and germanium (aGe) the effective lattice constant for the Si1-xGex system can be 

calculated with Eq. 2.1.   

 
xaxaa GeSiGeSi xx

+−=
−

)1(
1

       (2.1) 
 
This linear extrapolation is known as Vegard’s law and it has been shown to be 

valid for the Si1-xGex system up to around 20% germanium.  Above this percentage 

the non-linear expression shown in Eq. 2.2 can be used to determine the lattice 

constant[3]. 

 
32 00436.001957.002393.0)1(

1
xxxxaxaa GeSiGeSi xx

++−+−=
−

  (2.2) 
 
Depending on the amount of strain and the thickness of the SiGe layer there will 

be a critical thickness (tC) to grow a defect free layer.  If the layer is thicker than tc, 

the strain can be relieved either elastically by forming islands or by plastic flow 

through mechanisms such as the propagation of misfit dislocations.  The equilibrium 

theory proposed by Matthews and Blakeslee[4](MB) gives a basic model of strain 

relaxation and how it is related to the critical thickness(tMB) of a strained layer.  It is 

based on the equilibrium of two forces, the force exerted by misfit strain and the 

existing tension, in the SiGe layer.  This theory has been shown to be too simple and 

as
layer 

an
layer 

asub 
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the failure of the MB model is mainly due to a lack of consideration with regards to 

the formation, propagation and nucleation of misfit dislocations during layer growth.  

The possibility to grow pseudomorphic SiGe layers above tMB in the metastable 

region with a high quality has been demonstrated[5]. 

The SiGe material system is known as a heterostructure and the two components 

have different forbidden energy bandgaps between the conduction band and valence 

band.  At 300 K the bandgap for silicon is 1.12 eV and for germanium it is 0.66 eV.  

For compressively strained Si1-xGex the bandgap will be smaller than for silicon.  

There have been many different fitting equations used to describe the experimental 

determination of the reduction in bandgap from silicon to SiGe with the most 

common being given in Eq. 2.3 below[6]. 

 
2

,, 396.0896.0 xxEEE SiGegSigg −=−=∆      (2.3) 

 

For a compressively strained SiGe layer most of the reduction in the bandgap 

comes from a shift in the valence band.  This is the opposite of what happens for a 

tensile strained SiC layer where most of the reduction in the bandgap comes from a 

shift in the conduction band. 

There will also be a difference in the low and high field mobility in SiGe 

compared to silicon due to layer strain and alloy scattering.  The low field mobility 

will depend on the carrier type and the direction of carrier flow, either horizontally or 

vertically.  For germanium concentrations typically used in HBTs (<25%) the hole 

mobility in the horizontal direction will be increased only slightly.  The low field 

electron mobility in the vertical direction that is typical for HBTs will be slightly 

reduced compared to the silicon case.  This will have an important impact on the base 

transit time of a HBT and must be considered in device simulations for example.  For 

the high field mobility the electron saturation velocity will decrease as the germanium 

concentration is increased.    

The effective density of states (EDOS) Nc and Nv will be reduced in the SiGe 

system due to strain-induced splitting of the bands[7].  As the germanium 

concentration increases the NcNv product will decrease rapidly until about an 8x 

reduction at 10% germanium and then slowly decrease to a 10x reduction as the 

germanium concentration continues to increase.  It will be shown in Section 3 how 

this reduction in the EDOS will affect the collector current of an HBT. 
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2.1.1 SiGe strain compensation by carbon 
 

The introduction of carbon into the SiGe lattice structure has several significant 

effects; a compensation of the compressive strain in the lattice, a reduction of the 

boron outdiffusion from the base region, and a change in the band gap being the most 

important to HBT devices.  The strain compensation and change in band gap will be 

discussed first. 

When contemplating the SiGeC ternary alloy system it is easy to think about it as 

a combination of the Si1-xGex and Si1-yCy binary alloys.  As previously mentioned the 

Si1-xGex layer will be under compressive strain whereas the Si1-yCy system will be 

under tensile strain.  This means that when carbon is introduced into the SiGe lattice 

structure there will be a reduction of the compressive strain of the layer. This was the 

purpose behind the first work on SiGeC alloys, to reduce the strain to increase the 

critical thickness of the SiGe layer[8].  By using Vegard’s law for a ternary system the 

effective lattice constant for a Si1-x-yGexCy structure can be estimated[9] and is shown 

in Eq. 2.4. 

 
SiCSiGeSiSiGeC yaxaayxa ++−−= )1(      (2.4) 

 
This estimation can be shown graphically in Figure 2.2 below.  It shows that the 

ratio of carbon to germanium to obtain a lattice constant equal to silicon is about 1:10.  

There have been many different calculated values for this ratio varying from 1:9-12 

[8-10] with non-linearities in the dependence of alloy lattice constants on the 

concentration[11]. 
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Fig. 2.2 Estimated misfit reduction in SiGe layers due to the presence of C from [9] 
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This strain compensation can be most easily measured and calculated through the 

use of x-ray diffraction (XRD) analysis.  Figure 2.3 shows measured HRXRD rocking 

curves for two samples with the same germanium composition (15%) and thickness, 

but with and without 0.4 atomic% carbon in the SiGe layer.  The addition of carbon 

moves the layer peak towards the silicon substrate, indicating a reduction of the strain 

in the layer.  From rocking curves such as these the amount of carbon incorporation 

can be calculated by assuming a particular C:Ge ratio that gives full strain 

compensation.  It should be noted here though that the carbon concentration 

calculated by HRXRD is only the carbon located substitutionally in the lattice and is 

not the interstitially located carbon.  This will be discussed in greater detail in section 

2.2 
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Fig. 2.3 HRXRD rocking curves of Si0.85Ge0.15 and Si0.846Ge0.15C0.004 showing strain 

compensation from carbon incorporation 
 

In addition to compensating the strain in the layer, the introduction of carbon will 

act to both lower the conduction and valence band energies, but will also increase the 

total band gap[12].  This increase in the band gap is greater than one would expect 

from only strain compensation and points to the compositional effect of carbon on the 

structure[12].  The introduction of carbon will also change the defect density in the 

layer since some of the carbon atoms will be located substitutionally. 
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2.1.2 Carbon impact on boron out-diffusion 
 

In one of the most significant recent discoveries with regards to the advancement 

of SiGe HBTs it has been shown that by substitutionally incorporating carbon into the 

silicon crystal lattice a reduction of the transient enhanced diffusion (TED) of boron 

could be achieved[13].  This discovery along with later development work showing 

that in addition to reducing TED, carbon reduces the steady-state diffusion of boron 

during heat treatments, has allowed the base regions in HBTs to be narrowed and the 

doping level to be increased very aggressively.  The impact of this on the HBT device 

performance will be covered more in depth in chapter 3. 

The ability of carbon to reduce the diffusion of boron is due to the coupled 

diffusion of carbon atoms and silicon point defects.  Two mechanisms have been 

proposed for the out-diffusion of carbon (and boron) during a thermal cycle.  The first 

of these is the kick-out reaction shown in Eq. 2.5.  Here, a substitutionally positioned 

carbon atom (Cs) is changed into a mobile interstitially positioned carbon atom (Ci) 

through a reaction with a silicon self-interstitial(I). 

 
Cs + I ó Ci         (2.5) 

 
The other reaction is called the Frank-Turnbull reaction and it is when a 

substitutionally positioned carbon atom dissociates to form an interstitially positioned 

carbon atom and a vacancy(V).  This reaction is shown in Eq. 2.6. 

 
Cs ó Ci+V         (2.6) 

 
The flux of the interstial carbon away from the carbon rich region is faster than the 

opposite flux of the silicon self-interstitials into the region and the flux of the 

vacancies away from the carbon rich regions.  This leads to an undersaturation of self-

interstitials and a supersaturation of vacancies in the region of high carbon 

concentration for starting carbon concentrations above 1x1018 atoms/cm3.  Since 

boron diffuses predominantly through an interstitial mechanism the local 

undersaturation of self-interstitials will inhibit its diffusion.  It has been shown that 

the same holds true for phosphorous while the diffusion of arsenic and antimony will 

be enhanced due to the fact that they diffuse predominantly through a vacancy 

mechanism[14].  The reason that the carbon diffusion is dominant over the boron 

diffusion has to do with the pre-exponential factor (Do) of the diffusion constant 
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equation shown in Eq. 2.7.  Both species have about the same activation energy (EA), 

~3 eV, but the pre-exponential factor for carbon is more than 10 times as large as for 

boron, 7x10-13 cm2/s and 2x10-14 cm2/s, respectively at 1000oC[15]. 

 
)/exp( kTEDD Ao=         (2.7) 

 
This phenomenon can be observed from the secondary ion mass spectroscopy 

(SIMS) curves shown in Figure 2.4.  It shows the effect of carbon on the boron 

outdiffusion due to the emitter drive step for a typical HBT layer stack with a 

Si0.85Ge0.15 layer capped with a silicon layer.  Initially, inside the SiGe layer is a sharp 

spike of boron 40 nm thick with a concentration of 2x1019 atoms/cm3.  After 

annealing at 1070oC for 10 seconds, the boron diffuses out, but for a sample with 

carbon doped throughout the SiGe layer the diffusion is significantly reduced.  This 

has important implications for HBT devices with regards to minimizing the SiGe 

spacer layers on either side of the boron spike and to the emitter drive thermal cycle 

process window. 
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Fig. 2.4 SIMS profile of the boron concentration before and after a 1070oC, 10 sec. 

anneal for samples with and without 0.4% carbon doping in the SiGe layer.   
 
 

2.2 Optimization of SiGeC layers 
 

For a HBT process one of the most critical steps to optimize in order to obtain 

high performance is the deposition of the base region.  This deposition step can take 

place at somewhat different stages in the HBT process and also through different 

deposition techniques, but some requirements are similar for all of the different 
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possibilities.  The first of these requirements is the use of low temperature epitaxy due 

to the fact that the wafers will always be partially processed.  The presence of 

isolation structures and possibly doping profiles makes the use of lower temperatures 

necessary.  Another requirement is an adequate pre-epitaxy clean before the 

deposition of the layer.  This clean usually entails both an ex situ and in situ part.  

These cleans will have a large impact on the quality of the epitaxy layer. 

There are several different techniques developed for the deposition of high quality 

SiGeC layers.  These include ultra-high vacuum chemical vapor deposition 

(UHVCVD)[16], reduced pressure chemical vapor deposition (RPCVD)[17], and 

molecular beam epitaxy (MBE)[18].  One of the preferred techniques for commercial 

applications is the RPCVD system due to its balance of high epitaxial quality and 

relatively high growth rate.  The focus on this section will be on this type of system as 

it was employed for the growth of all of the layers mentioned in this work. 

 
2.2.1 Processing Conditions 
 

The RPCVD system employed for the growth of the SiGeC layers was a single-

wafer ASM Epsilon-2000 reactor.  This tool has N2 purged load-locks to minimize O2 

contamination and tungsten-halogen lamps located above and below a rotating quartz 

susceptor in the process chamber to allow for rapid radiant heating.  The temperature 

range of the system is 575-1200oC and the working pressure ranges from 10-760 Torr.  

The carrier gas is H2, the silicon precursor is either silane (SiH4) or dichlorosilane 

(SiH2Cl2), and the germanium precursor is germane (GeH4).  Boron doping is with 

diborane (B2H6) while the n-type dopant precursors are either phosphine (PH3) or 

arsine (AsH3).  Several different precursors for carbon doping with different 

techniques have been tried over the years such as hydrocarbon gases (CH4, C2H6, and 

C3H8)[17, 19, 20] and organosilicon compounds like tetramethylsilane (Si(CH3)4) and 

tetraethylsilane (Si(CH3CH2)4)[21], but the one found most effective for achieving  

high quality SiGeC epitaxy over a wide range of Ge and C compositions is 

methylsilane (SiH3CH3)[16].  This is the carbon precursor employed in our epitaxy 

system. 

Before the wafers are loaded into the RPCVD system they are subjected to a wet 

chemical ex situ clean.  This clean is made up of a H2SO4:H2O2(4:1) bath for 5 

minutes to remove particles, organics, and metals followed by a 

HF(50%):H2O:C3H7OH(1:100:1) etch for 100 seconds to remove the chemical oxide 
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grown during the first step and any native oxide.  The wafers are then rinsed and dried 

and loaded into the RPCVD system directly.  Even with the loading directly into the 

reactor there is still a possibility that there will be a thin native oxide grown before 

loading.  This oxide is removed with an in situ clean by annealing at 1050oC for 2 

minutes and 950oC for 20 minutes in flowing H2 for blanket and patterned substrates, 

respectively.   

There are two main types of growth techniques used in the processing of HBTs.  

These are known as non-selective epitaxy growth (NSEG) and selective epitaxy 

growth (SEG).  As will be expanded upon in chapter 3, the SiGeC base region of our 

HBTs was always deposited with NSEG.  In this form of deposition the simultaneous 

growth of crystalline epitaxy on all exposed silicon surfaces and polysilicon on all 

exposed isolation occurs.  This technique employs silane as the silicon source and the 

growth temperature can vary between 600-650oC.  It is important to optimize the 

growth pressure as it has a strong influence on the ratio of the deposited polysilicon 

thickness to the deposited crystalline silicon thickness.  The lower the pressure the 

smaller this ratio will be.  Our typical growth pressures were between 20 and 40 Torr.  

This pressure range will give a approximate polysilicon/silicon thickness ratio of 

between 1 and 2, which is sufficient for the use of the polysilicon region as the 

extrinsic base of the transistor. 

With NSEG there is also the well-known problem of loading effect, both global 

and local.  The global loading effect encompasses the differences in growth rate and 

composition(in the case of Si1-xGex) depending on the ratio of the total silicon area 

that is exposed to the total wafer surface area.  This can be due to thermal and 

chemical effects[22].  Thermal effects are things such as temperature variation across 

the wafer or changes in wafer emissivity during growth.  Chemical effects refer for 

example to things such as differences in precursor gases(H-based vs. Cl-based).  The 

local loading effect encompasses the differences in growth rate and composition 

depending on the size of the silicon window in the isolation.  This is due to the 

chemical effect of the higher diffusion rate of the adsorbed species on the isolation 

compared to the silicon.  This effect can be minimized by introducing a 

polycrystalline silicon seed layer on the isolation before layer growth to reduce the 

lateral diffusion of the reacting species on the isolation areas[23].  The seed layer for 

our growth process was approximately 125 Å.  This is a good balance between having 

a seed layer that is too thin that leads to poor quality polycrystalline SiGe growth and 
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a seed layer that is too thick that leads to the injection of defects from the poly into the 

crystalline area[22]. 

The layer structure for our base region will now be covered in more detail.  There 

are two SiGe base designs employed most often, the so-called “Box-in-Box” and 

“Graded” structures.  The graded structure has a couple of different variants, but is the 

sample basic concept[24, 25].  Figure 2.5 shows schematics of three different design 

schemes.  The Box-in-Box structure shown in Figure 2.5(a) is made up of a thin layer 

of constant boron doping located within a layer of Si1-xGex with constant germanium 

composition.  The thickness of the intrinsic layers of SiGe on either side of the base 

region are critical to ensure that the base remains inside the germanium region.  The 

Graded structure shown in Figure 2.5(b) is made up of a graded SiGe layer from a 

region of high germanium content to a region of no germanium content as the layer is 

deposited.  The base is located within this graded region.  One variation shown in 

Figure 2.5(c) is to have a graded region from high germanium content to a flat region 

of medium content and then another graded region to no germanium content.  The 

base region is located in the flat region with medium germanium content.  The 

purpose of this design is to allow any shifting of the e-b junction that might happen, to 

occur within a region of constant germanium, thus minimizing the change in gain.  

These graded designs give a band structure that forms a drift region that increases the 

electron velocity in the base region and will give better high frequency performance 

due to the reduced transit time.  

 

 

 

 

 

 

 

(a)    (b)    (c) 

Fig. 2.5. Schematic of (a)Box-in-Box, (b)Graded, and (c)Modified Graded base 

layer designs. 

 

For our base design we chose the “Box-in-Box” structure and Figure 2.6 shows a 

depth profile of our typical base layer.  The deposition process begins with a 125 Å 
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seed layer deposited at 600oC.  Then the SiGeC layer is deposited at 600oC with a 

constant germanium composition of between 15-20%, a carbon composition of about 

1x1020 atoms/cm3, and a thickness of between 300-400 Å.  Within this constant 

SiGeC layer a spike of boron is deposited at a concentration of about 3x1019 

atoms/cm3 and a thickness of 50 Å for the samples in Paper I and between 150-200Å 

for the samples in Papers II and IV.  The deposition is completed with a silicon cap 

layer of 150 Å deposited at 650oC.  This silicon cap serves two purposes.  First, and 

most importantly, it is where the n+ polysilicon emitter will diffuse into and secondly, 

it improves the stability of the SiGeC layer[26]. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6 Schematic of typical HBT base layer. 

 

2.2.2 Analysis of SiGeC layers for device applications 
 

In the growth of SiGeC layers for HBT device applications it is important to 

ensure that the layers are of a high quality, stable, free from defects, and with the 

desired thickness, composition, and dopant incorporation.  All of these items can have 

an impact on a variety of the end of line HBT device parameters.  There are a variety 

of analysis techniques used to monitor these layer properties and some, such as 

HRXRD and SIMS, have already been briefly mentioned in this chapter.  Every 

measurement technique has its advantages and disadvantages and determining the best 

technique to obtain the desired properties of the film can be challenging.  In this 

section the use of HRXRD and SIMS for analyzing the SiGeC film properties are 

presented along with a demonstration of the potential for HRXRD to monitor the high 

temperature rapid thermal anneal(RTA) process step as an inline measurement 
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operation.  The use of HRXRD for inline process monitoring of SiGeC layer growth 

will also be compared to other techniques such as SIMS, transmission electron 

microscopy (TEM), and spectroscopic ellipsometry (SE). 

 

2.2.2.1 SiGeC layer characterization 

 

Two of the critical aspects of the incorporation of carbon into the SiGe lattice 

during layer growth are the possible interaction between carbon and germanium  

incorporation and the amount of carbon that is located substitutionally in the lattice 

structure.  By using a combination of SIMS and HRXRD these two aspects have been 

analyzed for a series of wafers grown in an ASM Epsilon 2000 RPCVD system.  The 

growth conditions for these samples are found in Paper I. 

There has been much work in analyzing the carbon incorporation into the SiGe 

lattice structure and its interaction with germanium incorporation for a variety of 

different deposition systems.  Some of the earliest work with a rapid thermal chemical 

vapor deposition(RTCVD) system showed that there was no interference between 

germanium and carbon during growth between 530 and 650oC and a pressure of 1.5 

Torr[27]. For a low pressure chemical vapor deposition (LPCVD) system operating at 

550oC and 0.22 Torr it was shown that only at high partial pressures of methylsilane 

will there be an increase in germanium incorporation[28].  It was also shown that the 

maximum substitutional carbon value decreased with increasing germanium 

incorporation for a UHVCVD system [16].  Finally, for a MBE system it was 

demonstrated that the germanium acted as an inhibitor to substitutional carbon 

incorporation[18].  This paper also speculated that for a CVD system it was 

impossible to extract the effect of germanium because both germanium content and 

the total growth rate cannot be independently controlled due to the complex surface 

reactions during growth.  What this brief review of some of the work in this area 

shows is that there is not uniformity across deposition systems for the relation 

between carbon and germanium incorporation. 

Figure 2.7 shows SIMS results for germanium and carbon concentration for three 

samples grown at the same conditions, but with varying methylsilane partial pressures 

that give different carbon concentrations.  They also had an identical final RTA 

anneal of 1070oC for 10 seconds.  It can be seen for these three samples that the 
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germanium concentration across the layer is unaffected by the incorporation of 

progressively higher carbon concentrations. 
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Fig. 2.7 SIMS curves for three different carbon doping levels in the SiGe layer 

 
HRXRD [004] rocking curve measurements were also performed for the three 

samples and the amount of substitutional carbon calculated based on the amount of 

strain compensation.  This calculation though uses the standard assumption that the 

germanium concentration is the same for all samples.  The total carbon concentration 

as determined by SIMS and the substitutional carbon concentration as calculated by 

HRXRD are shown in Table 2.1.  It shows that virtually all of the carbon has been 

incorporated substitutionally for both samples.  In fact, for the 0.2% C sample the 

substitutional carbon concentration calculated by HRXRD is higher than the total 

carbon concentration determined from SIMS.  This is due to the associated error 

found in both measurements, but mostly in the SIMS.  This result shown in Table 2.1 

agrees with others who have performed similar measurements and found that below 

0.5 atomic% of carbon virtually all of the carbon is incorporated into substitutional 

sites around the growth temperature used[16, 29]. 

 
 Total C conc. from SIMS Sub. C conc. From XRD 

0.2% C 1.02x1020 atoms/cm3 1.00x1020 atoms/cm3 
0.4% C 2.09x1020 atoms/cm3 2.26x1020 atoms/cm3 

 
Table 2.1. Carbon concentrations from SIMS and HRXRD measurements 
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2.2.2.2 Inline process monitoring 
 

Inline process monitoring is of critical importance to ensure high process yields in 

an integrated circuit manufacturing process.  The key for instituting effective process 

monitoring is obtaining the most information in the least amount of time for the 

important process steps that will have the largest influence on the final device 

performance.  Another important aspect of inline process monitoring is the use of 

destructive or non-destructive analysis techniques.  This will have an impact on the 

cost of the monitoring system.  There has been some work published in the literature 

about different process control techniques for the SiGe epi-layers that are used for 

BiCMOS applications and each technique has its advantages and disadvantages both 

in terms of capability and cost(time and resources)[30, 31].  The main techniques 

commonly used are SIMS, TEM, SE, and XRD with the first two being time 

consuming and destructive and the second two allowing wafer mapping and being 

non-destructive.  With the addition of carbon into the SiGe lattice the analysis 

techniques should also be capable of determining the carbon concentration.   

Looking only at SE and XRD due to their non-destructive nature, SE allows the 

determination of graded layers while XRD requires abrupt compositional interfaces, 

but SE measures the total germanium content or slightly overestimates it while XRD 

measures the effective germanium content because it measured the lattice strain[32].  

This becomes important for SiGeC layers, where the effective strain will determine 

the device performance.  Also, both techniques have the ability to perform wafer 

maps, but XRD requires a larger measurement area (500µm × 500µm) compared to 

SE, although it has been shown possible to measure smaller structures if certain 

requirements are met such as measuring many small openings within the beam size 

and measuring SiGe due to the high reflectivity of germanium[33]. 

The fact that substitutional carbon is now located within the SiGe lattice presents 

a unique opportunity for utilizing XRD for another process monitoring application, 

the final RTA thermal budget.  The time and temperature of this process step will 

have a strong impact on the final device characteristics of both the bipolar and the 

CMOS transistors and so the monitoring of it is of importance.  As was discussed 

previously in this chapter the final RTA will result in the carbon diffusing out of the 

base region through interstitial diffusion mechanisms and thus inhibiting the boron 

from diffusing.  When this carbon diffuses out of the SiGe layer the strain in the layer 
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will change to higher values because the strain compensation caused by the carbon 

will be reduced.  The thermal budget of the anneal step will determine the amount of 

carbon that will out-diffuse.  Therefore, the thermal budget of the anneal step can be 

monitored by XRD analysis of the change in strain in the SiGe layer.  This can be 

seen clearly in Figure 2.8 where the carbon outdiffusion caused by different thermal 

cycles is measured by HRXRD. 
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Fig. 2.8 Rocking Curves for various RTA activation anneals. 

 

Looking at Figure 2.8 the difference between the 1100oC spike anneal and the 

1020oC, 10 second anneal can be observed.  The shifting of the layer peak to the left 

for successively higher RTA temperatures is also clearly seen.  The fact that there are 

many fringes due to the thick silicon cap layer makes it easier to observe the 

differences in the curves, but in a normal device structure layer these would not be 

present.  More work is required to determine the sensitivity of this technique to small 

changes in RTA temperature on the order of 1 to 2oC that are required for accurate 

process monitoring, but this first attempt has shown promising results.  If it is possible 

to use this technique for monitoring the RTA it would provide an valuable inline 

technique when compared to a more common way of monitoring the RTA cycle 

which is to measure the resistance of poly resistors at the end-of-line. This method  
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results in delayed information that could lead to wafers that are out of specification 

where the inline XRD would give a much faster response time to problems. 

 
2.2.2.3 Thermal stability 
 

Another important characteristic of a SiGeC layer is its thermal stability.  Since 

these films are typically metastable, they have the potential to relax either during 

growth or during later steps such as thermal treatments or ion implantation.  As an 

example, Regolini et al. [21] have shown that certain Si1-x-yGexCy layers will be of 

high quality after growth, while for Si1-xGex layers with the same thickness, 

dislocations were observed.  This is due to the compensation of strain by the carbon.  

For a SiGe layer relaxation is a mechanical issue in which misfit dislocations are 

generated to reduce the energy of the system, but for SiGeC the problem is not only 

mechanical relaxation, but also chemical relaxation where the carbon can precipitate 

out and form β-SiC clusters.  As the carbon precipitates out the strain in the SiGe 

layer will increase and this can lead to mechanical relaxation. 

Therefore, during the optimization of a SiGeC layer for BiCMOS applications 

great care must be taken to not only ensure that the layers are of a high quality during 

growth, but also that they maintain their stability when subjected to future processing 

steps such as the final RTA, collector implant, or emitter formation implantation.  

Careful monitoring of the stability of this SiGeC layer must be performed and one of 

the best techniques for this is HRXRD rocking curves and reciprocal space mapping.  

The HRXRD rocking curves have already been discussed in various contexts within 

this chapter, but reciprocal space mapping has not.  A reciprocal lattice map (RLM) is 

generated by performing a series of ω-2θ scans with each scan being offset in sample 

rotation by an angle δω.  An ω-2θ scan entails rotating the sample by an angle ω and 

the detector by an angle 2θ.  For our samples this was performed in the [1 1 3] lattice 

plane to ensure a high resolution for the thin layers we analyzed.  For a more thorough 

explanation of this technique one is referred to [34].  A typical lattice map for an as 

grown BiCMOS SiGeC layer stack is shown in Figure 2.9 (a) with the substrate and 

layer peaks appropriately labeled.  The background noise(less than 5 counts/second) 

has been removed to focus on the layer and substrate peaks.  No scattering around 

either the substrate of layer peaks is observed indicating a high quality layer.  Figure 

2.9 (b) shows a RLM for a similar layer stack that has been subjected to both an 
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emitter process featuring several ion implantations close to the emitter poly/Si cap 

interface and a final RTA of 1070oC for 10 seconds.  As can be seen there is a high 

level of broadening around the peaks that is indicative of a relaxed layer with high 

defect density.  This is an extreme case of significant layer stability problems, but it is 

used to demonstrate the technique. So, by performing reciprocal space mapping one 

can determine whether any of the process steps will have an influence on the SiGeC 

layer stability and what extent that influence will be. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

 

(a)    (b) 

Fig. 2.9 RLMs for a typical BiCMOS SiGeC layer stack (a) As grown, and (b) 
After emitter processing and final RTA. 

 

For a BiCMOS flow the operation that presents the highest demand for the SiGeC 

layer is the final RTA that is typically performed between 1000oC and 1100oC for 

short times less that 10 seconds.  This process step will have an influence on both the 

mechanical and chemical relaxation for a SiGeC layer stack.  Reciprocal lattice 

mapping was employed to study the influence of various carbon incorporation levels 

and final RTA temperatures for an aggressively scaled SiGeC base stack.  The stack is 

made up of a thin seed layer of about 150Å, a ”Box-in-Box” base design with a 50Å 
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boron spike doped at 3x1019 atoms/cm3 located 150Å from the top of a 350Å 

Si1-x-yGexCy layer with a constant Ge concentration of 15%.  The carbon concentration 

was constant throughout the Ge box profile, but three different doping levels were 

run, 0% C, 0.2% C, and 0.4% C.  Finally, the stack is completed with a thick 1500Å 

silicon cap.  This cap layer is much thicker than normal and this is to simulate the 

thick emitter of top of the base layer with respect to not allowing any excess 

interstitials to affect the outdiffusion of the carbon or boron. 

Figure 2.10 shows the RLMs for the three different carbon doping levels after an 

RTA of 1070oC for 10 seconds.  There are several observations that can be made from 

these RLMs.  First, the broadening around the substrate peak is reduced as the carbon 

concentration increases.  This broadening is due to boron outdiffusion and the 

formation of B clusters.  As the carbon concentration increases the boron diffuses less 

and less and therefore not as many clusters are formed.  Secondly, as the carbon 

concentration increases the layer peak is moved closer to the substrate peak.  This is  

 

 

 

 

 

 

 

 

 

 

 

 

            (a)   (b)     (c) 

Fig. 2.10 Reciprocal Lattice Maps for (a)0% C, (b)0.2% C, and (c)0.4% C. 

 

indicative of a higher level of strain compensation and makes perfect sense when 

considering the previous parts of this chapter.  Finally, as the carbon concentration 

increases there is an increase in the general broadening around the layer and substrate 

peaks(denoted by arrows in (b)).  This can be attributed to the outdiffusion of carbon 
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and the subsequent formation of β-SiC complexes.  This behavior has been previously 

studied using high resolution TEM(HR-TEM), Fourier transform infrared 

spectroscopy(FTIR), and HRXRD rocking curves and it was shown that the 

outdiffusion of carbon and formation of β-SiC precipitates had no effect on the crystal 

quality for SiGeC layers 800-1600Å thick with a germanium content of 11%[35].  

The same crystal quality was observed from HRXRD rocking curves for these 

samples. 

The influence of final RTA temperature on the layer stability was also examined 

for a layer SiGeC stack as described above with the RTA temperature varying from 

1020-1070oC for 10 seconds as well as a 1100oC spike anneal.  It was observed that 

while there was a higher degree of carbon outdiffusion for increasing temperature 

there was no noticeable difference in the broadening of the RLMs peaks.  There also 

was not a significant difference in the rocking curves with regards to the amount or 

intensity of the fringes indicating that the layer was of high quality throughout the 

temperature range. 

The other process steps in a BiCMOS process that are performed at a relatively 

high temperature are the TEOS and LPCVD nitride that are deposited after the base 

layer deposition and are used in the emitter opening process.  The temperatures for 

these process steps are TEOS at 635oC and nitride at 773oC and the times are around 

1-2 hours.  A RLM was taken for the same stack as described previously after these 

two deposition steps and compared to the RLM for the as grown sample.  Figure 2.11 

shows the comparison of these two scans and it can be seen that there is virtually no 

difference except that the peak width is slightly thinner indicating that the TEOS and 

nitride depositions had minimal effect on the layer stability and caused no observable 

boron or carbon outdiffusion. 
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(a)        (b) 
Fig. 2.11 Reciprocal Lattice Maps for SiGeC stack (a) as grown and (b) after 

TEOS/Nitride. 
 

∆k=0.02Å-1 
 

∆
k ⊥

=0
.0

2Å
-1

 

k⊥ 

 

k 

ω/2θ 
 

ω 

[100] 
 

[110] 
 



 

25 

3. SiGe:C device platform 
 

While the strong growth of the semiconductor industry over the past decades has 

been primarily driven by the continual downscaling of CMOS devices, the 

introduction and optimization of the SiGe HBT has been a major driver of the 

wireless industry over the past decade.  And since the wireless industry continues to 

grow and branch off into additional applications outside of the traditional cordless and 

mobile phone market, the development of SiGe HBTs becomes even more important.  

This chapter will serve as an introduction to basic HBT device physics and an 

overview of the most common SiGe HBT designs.  In addition, the design, fabrication 

and characterization of a SiGe:C device platform is reported along with a discussion 

of the design rules for this platform. 

 

3.1 HBT device physics and designs 

3.1.1 Basic HBT device physics 

 

At a most basic level a BJT is composed of two p-n diodes connected back to 

back.  This section will focus on the most common vertical npn transistor although 

there has recently been some renewed interest in designing complementary BiCMOS 

technology featuring both npn and pnp HBTs[36].  The npn BJT is a three terminal 

device with a n-type emitter, p-type base, and a n-type collector.  The normal mode of 

operation is to forward bias the emitter-base junction, which results in holes being 

injected from the base to the emitter and electrons being injected from the emitter to 

the base region.  The base-collector junction is reverse biased to ensure that there is 

no hole current flow from the base to the collector.  The electrons that are injected 

from the emitter into the base that are not recombined in the base layer make it to the 

collector and result in a collector current (IC).  The base current (IB) is due to the flow 

of holes from the base to the emitter that then recombine in the emitter or at the 

emitter contact.  For a properly designed BJT IC is much larger that IB and this ratio of 

IC to IB is referred to as the current gain and is signified by the Greek character β.  The 

current gain of a BJT is mostly influenced by the emitter and base doping levels with 

the maximum emitter doping level limited by the achievable dopant activation level in 

either polycrystalline or monocrystalline silicon.  This leaves the base doping level as 
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the variable to change the current gain in a BJT.  It was demonstrated in the 1980s 

that introducing germanium into the base region will modify the bandgap and hence 

the electrical characteristics of the bipolar transistor.  This can be most easily seen 

with the help of a schematic of the energy bands for a bipolar transistor with and 

without germanium in the base region that is shown in Figure 3.1.  While this 

schematic shows one particular graded Ge design it is instructive to see how there is a 

drift field for the electrons in the base region.  This will help to reduce the transit time 

in the base region, which results in improved high frequency performance, one of the 

main benefits of SiGe.   

 

 

 

 

 

 

 

 

Fig. 3.1  Schematic of the energy bands of a npn transistor with(dashed) and 
without(solid) a graded germanium concentration in the base region 

 
Another benefit of introducing germanium into the base region is the increase in 

the collector current density and therefore the current gain for a given base doping 

level.  A couple of equations can be of help to understand why this occurs.  The first 

equation is the hole current density in the emitter as a function of carrier 

concentrations given by Eq. 3.1.  This equation shows that the base current density is 

a function of parameters in the emitter region only and is not a function of any 

parameters in the base region.  This means that if one introduces germanium into the 

base region it will have virtually no effect on the base current. 
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The other equation to consider is Eq. 3.2, the collector current density Jn that has 

been derived using the Moll-Ross relation[37]. 
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Where p(x) is the position dependent hole concentration, DnB is the minority 

electron diffusivity and ni is the intrinsic carrier concentration.  The intrinsic carrier 

concentration for SiGe is related to the intrinsic carrier concentration for silicon by 

the difference in bandgap (∆Eg) and the reduction in the effective density of states.  

The ∆Eg is the dominant term in determining the intrinsic carrier concentration for 

SiGe and as it increases the collector current density and thus IC will also increase.  

Therefore, the increase in IC without changing the IB for a SiGe bipolar transistor will 

result in a higher current gain for an identical base doping level.  This behavior can be 

observed in Figure 3.2, which is what is known as a Gummel plot.  It is a plot of IC 

and IB as a function of VBE.  This schematic Gummel plot is for two transistors with 

identical doping profiles with one having SiGe in the base and the other not.  It can be 

seen that the base currents are basically identical while for a given bias point the 

collector current is noticeably higher for the SiGe transistor.  In practice the base 

doping level is usually increased for a SiGe HBT while keeping the same current gain 

as a silicon BJT to achieve a lower base resistance. 
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Fig. 3.2  Schematic Gummel plot of transistors with identical doping levels with 

(solid) and without (dashed) SiGe in the base region and the theoretical ideal IC and IB 
shown in dotted lines 
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While looking at a Gummel plot it is also important to make note of the high 

current region where the actual IC and IB curves deviate from the theoretical ideal 

case.  This is due to parasitic series resistances in the emitter and base regions that in 

the high current region produce a significant voltage drop and therefore a reduction in 

the IC and IB at a given VBE bias point. 

The last significant way in which the introduction of germanium into the base 

region will affect the device characteristics of a bipolar transistor is an increase in the 

Early voltage (VA). VA is a common figure of merit for bipolar transistors and it is 

basically an indication of how sensitive IC is to changes in the collector voltage.  In 

Figure 3.3 a schematic showing how VA is determined is presented.  The IC for 

different IB values is linearly extrapolated until it reaches the point at which IC=0.  

This intersection point is defined as –VA. VA for a Si-base transistor can also be 

defined for a uniformly doped base in Eq. 3.3. 
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And for a SiGe-base transistor VA is given by Eq. 3.4. 
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Here it is seen that for a SiGe-base transistor the VA depends on the exponential of 

the bandgap difference in the neutral base region, which leads to an increase in the VA 

of about 10 times the VA for a similar Si-base device. 
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Fig. 3.3  Schematic showing how VA is determined from an IC vs. VCE plot 
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Since HBTs are used in circuit applications it is important to look at the figures of 

merit that are most commonly used to evaluate an HBT for a certain application.  The 

optimization of these figures of merit is a tradeoff process where the desired 

properties are driven by the application.  The two most common figures of merit are 

the cutoff frequency (fT) and the maximum frequency of operation (fMAX).  The fT is 

defined as the frequency at which the small signal current gain equals one.  By 

solving the small-signal equivalent circuit for a bipolar transistor and neglecting 

parasitic resistances, fT is calculated by Eq. 3.5. 
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Where τF is the forward transit time and CdBE and CdBC are the depletion 

capacitances for the Base-Emitter and Base-Collector, respectively.  fT is related to the 

forward transit time, which is a sum of several transit times, τE, τB, τBE, and τBC.  It is 

also related to the depletion capacitances, which are determined by the doping profiles 

and architecture of the device. 

The other most common figure of merit is the fMAX.  Unlike the fT, it is influenced 

by the base resistance.  It is defined as the frequency at which the unilateral power 

gain becomes one and is expressed in Eq. 3.6. 
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Where rb is the base resistance, which can be broken down into two parts, the 

intrinsic and extrinsic base resistances.  Here one can see that the fMAX is closely 

related to the fT value, but is also inversely related to rb.  This shows an important 

tradeoff in maximizing these two figures of merit.  By decreasing the base resistance a 

larger fMAX can be realized, but this will result in some base widening, which will 

increase the base transit time, thus lowering the fT[38].  Another figure of merit that 

should be mentioned even though it is not used in this thesis work is the gate delay, 

which is a good indicator for large-signal and digital logic circuits.  One of the most 

commonly used bipolar circuits for high-speed logic is the emitter-coupled logic 

(ECL) and so the ECL gate delay is most often reported. 
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3.1.2 HBT designs 
 

The most common current HBT designs will now be discussed with the focus 

being the process integration issues and the advantages and disadvantages of each 

design.  There are two main HBT designs that have been demonstrated that show 

excellent high-frequency performance and they differ in the technique used for 

integrating the base deposition.  A brief overview of these designs is presented with 

only the major processing steps highlighted. 

The first HBT design is the so-called SEG base scheme.  This design has 

demonstrated balanced fT and fMAX values of 155 and 167 GHz, respectively[39].  The 

process sequence for this design is as follows.  After defining the intrinsic area by use 

of shallow trench isolation (STI) a series of layers are deposited, SiO2, heavily doped 

p+ polysilicon(for the base electrode) and a thick layer of SiO2.  The emitter opening 

is then defined and the thick SiO2 and p+ polysilicon are dry etched.  Nitride inside 

spacers are then formed to isolate the extrinsic base region from the emitter electrode 

that will be deposited in this opening later.  A wet etch is then used to etch the bottom 

layer of oxide away to make space for the SEG base deposition.  A selectively 

implanted collector is then formed followed by an anneal step to repair any damage to 

the silicon.  The SiGe base layer is then deposited (usually by UHV-CVD) selectively 

and as it is deposited it contacts the p+ polysilicon base electrode.  An n+ in situ doped 

polysilicon (IDP) emitter is then deposited and patterned.  The final RTA is then 

performed to drive in the emitter dopant and the device is finished off with silicide 

formation on the emitter and extrinsic base regions.  The final device structure is 

shown below in Figure 3.4. 

 

Fig. 3.4  Schematic cross section showing a basic SEG base HBT 

 

The most complicated part of this integration sequence is the formation of the 

selectively grown base region.  This involves a careful optimization of the opening 
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formation and the epitaxy growth conditions.  The optimization of the epitaxy growth 

conditions must take into consideration the growth both on the intrinsic crystalline 

silicon and on the p+ base polysilicon and then the meeting of these two growths.  

This optimization has been extensively studied and reported on, especially by 

Hitachi[24, 40, 41]. 

The second main HBT design is the non-selectively deposited base integration 

scheme.  This design has shown even higher performance than the SEG base design 

with fT and fMAX values as high as 350 GHz[42] and 338 GHz[43], respectively for 

differently optimized devices.  This HBT design has several different sub-schemes 

that can give either a self-aligned or non-self aligned structure, which is a tradeoff 

between complexity and performance.  All of these sub-schemes feature a NSEG base 

deposition that occurs after the definition of the intrinsic device region with STI.  It is 

at this stage, for the non-self aligned scheme, that a series of layers featuring a thin 

oxide, thin nitride and thick oxide are deposited.  The emitter opening is then formed 

by lithography and a combination of dry and wet etching.  The IDP emitter is 

deposited and then patterned followed by an extrinsic base implantation to obtain high 

doping in the extrinsic base region.  The process is finished with the final RTA and 

silicide formation.  The main problem encountered with this fairly simple design is 

the inability to both reduce the rb while also maintaining a high fT value due to the 

limitations in scaling the spacer separating the emitter and the implanted extrinsic 

base region[44].  To solve this problem a scheme involving a sacrificial mandrel and 

selectively grown extrinsic base region was invented[45].  This scheme features the 

same NSEG growth of the base region.  Then a series of layers are deposited and then 

a mandrel is patterned and etched.  This mandrel defines where the emitter will 

eventually be deposited.  After mandrel formation, outside spacers are formed with 

nitride and a selectively grown extrinsic base region with high p+ doping is deposited.  

This layer undergoes chemical mechanical polishing followed by an oxide deposition 

that also undergoes chemical mechanical polishing(CMP).  The mandrel is then 

selectively wet etched away and the emitter deposited and patterned.  The process is 

then completed with a final RTA and silicide formation.  Figure 3.5 shows a final 

device cross section of this process.  Using the SEG extrinsic base scheme reduces the 

rb by both minimizing the extrinsic base resistance and by avoiding the extrinsic base 

implantation, which allows the spacer between the emitter and extrinsic base region to 
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be reduced.  It also allows for the extrinsic base to be self-aligned to the emitter, 

which will reduce parasitics and give higher performance. 

 

 

Fig. 3.5  Schematic cross section showing the NSEG IBM mandrel HBT 

 

Another technique for achieving a raised extrinsic base region self-aligned to the 

emitter has been demonstrated by IHP[46].  This technique is of a less complex nature 

as the IBM technique and has been shown to achieve ECL gate delays as low as 3.6 

ps, the current record for SiGe technologies.  It involves the same NSEG base 

deposition after STI and then a series of oxide and nitride layer depositions.  The 

emitter opening is patterned and etched followed by inside spacer formation and 

emitter IDP deposition and definition.  At this point the oxide layer between the base 

epi and emitter pedestal is etched away and the p+ doped extrinsic base region is 

grown selectively and formed self-aligned to the emitter pedestal.  The scheme is 

completed with a final RTA and silicide formation.  One special characteristic of this 

design is the novel collector design that features a highly doped collector and no sub-

collector[47].  On top of this highly doped collector a thin intrinsic silicon region is 

grown where the SIC will be formed.  The completed device cross section is shown in 

Figure 3.6.  This design has the advantage of being less complex compared to the 

IBM design due to the elimination of several CMP steps and only requiring one 

additional deposition step (p+ extrinsic base) compared to the traditional non-self 

aligned design.  While this design has not shown as good high frequency performance 

due to the non-aggressive scaling of the emitter width the ECL gate delay values 

demonstrated are extremely impressive.  It has also been shown that this design 

allows for the easy implementation of a complementary BiCMOS technology with 

npn and pnp HBTs[36].   
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Fig. 3.6  Schematic cross section showing the NSEG HBT by IHP 

 
3.2 Experimental devices 

 
This section will describe the process flow and key operations in the development 

of the SiGe:C HBT platform in the laboratory.  This platform is summarized in Paper 

II and a variation that features a different collector and silicide integration is reported 

in Paper IV.  The development work of a next generation device platform featuring a 

raised extrinsic base is also summarized, although no fully functional devices with 

this design have been demonstrated at the time of this thesis publication.  The 

physical and electrical characterization of the different devices is summarized and the 

design rules for the basic SiGe:C platform are reported.  

 

3.2.1 Device fabrication 
 

The SiGe:C device platform is based on a previously demonstrated low-

complexity SiGe process[48].  Preliminary studies were performed on process and 

device simulation software to ensure proof of concept and to identify key process 

steps and high risk areas.  A process featuring nine masks was developed.  The mask 

design featured several different design parameters.  The first is the emitter width, 

which was 0.4, 0.5, 0.7, and 1µm.  Due to the limits of the I-line stepper in the 

laboratory for performing lithography the smallest emitter opening width possible was 

0.4µm.  The isolation technique employed was LOCOS due to not having an oxide 

CMP for performing STI.  The drawn LOCOS opening width was another design 

parameter and it was varied from 1.25-1.75µm.  The final design parameter was the 

emitter pedestal overlap defining where the extrinsic base implantation will be and it 

was varied from 0.2-0.7µm.  These design parameters were varied and gave a matrix 

of transistors with different design parameter values. 
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A summary of the main process steps is now presented for the basic device 

platform design.  The process steps for the other two device variants will be presented 

thereafter. 

 
1. The starting material was standard 100mm wafers with <100> crystal 

orientation and a resistivity of 20-40 ohm-cm. 

2. A 20 nm screen oxide for the buried collector implantation is first grown at 
900oC in dry oxidation conditions. 

3. The buried collector region is defined by lithography and then implanted with 
arsenic at an energy of 50 keV and a dose of 3x1015 atoms/cm2. 

4. The screen oxide is then removed by HF and then a wet oxidation is 
performed at 900oC for 15 minutes followed by an anneal at 1100oC for 30 
minutes.  This process step utilizes the difference in oxidation rate between the 
heavily n-doped silicon in the implanted region and the low doping in the rest 
of the wafer to obtain a step height defining the buried collector region.  A wet 
etch is then employed to remove the grown oxide to leave a step height in the 
silicon.  This step height is used for lithographic alignment purposes. 

5. A 335 nm thick collector layer is now deposited by high temperature NSEG 
epitaxy in an RPCVD reactor at a temperature of 1050oC, a pressure of 40 torr, 
with an arsenic doping level of 1x1018 atoms/cm3. 

6. A 20 nm screen oxidation is performed at 900oC followed by a masked 
junction isolation implantation with boron at 30 keV and a dose of 3x1015 
atoms/cm2. 

7. The screen oxide is then stripped in HF and a 50 nm pad-oxide was grown at 
1000oC.  This oxidation was followed by a 140 nm LPCVD nitride deposition. 

8. The LOCOS is then defined by lithography and the nitride and oxide are dry 
etched to define the areas that would not be oxidized during the LOCOS 
oxidation step. 

9. The LOCOS oxidation is performed at 900oC for 8.5 hours and after the 
nitride was wet etched the field oxide regions were measured to be 640 nm 
thick. 

10. The pad oxide is removed just prior to loading in the RPCVD reactor where 
the SiGe:C base deposition is then performed.  The growth conditions are 
NSEG deposition at 20 torr and 600oC.  The base layer is made up of a 12 nm 
silicon seed layer to reduce the loading effect, a 40 nm SiGe:C layer with 
constant 18% Ge and 0.2% C, and a 15 nm silicon cap layer.  Centered in the 
SiGe:C layer is a spike of boron 15-20 nm thick at a doping level of 4x1019 
atoms/cm3. 

11. A thin 20 nm TEOS oxide and 40 nm LPCVD nitride layer are deposited to 
serve as etch stops during the future emitter opening step.   

12. The polysilicon base region is then defined by lithoghaphy and the thin 
nitride/thin TEOS is dry etched in an AME etcher.  This is followed by a poly 
etch to etch the base poly region and a timed overetch to etch through the 
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collector epitaxy in the collector contact region down to the heavily doped 
buried collector. 

13. Then a 200 nm thick TEOS layer is deposited. 

14. The emitter window is then defined by lithography and a dry etch is used to 
etch away the 200 nm TEOS oxide and the 40 nm nitride stopping on the 
underlying thin TEOS oxide.  The photo resist is then removed and the final 
thin TEOS oxide is removed by a low etch rate HF wet etch.  The wafers are 
then immediately loaded in the furnace where the IDP emitter layer is 
deposited.  This deposition is amorphous phosphorous doped silicon formed at 
480oC using Si2H6 and diluted PH3 source gases.  The layer is then crystallized 
at 650oC for one hour in O2. 

15. The emitter and collector pedestals are then patterned by lithography and 
etched with a poly etcher followed by a dry etch of the thick TEOS/nitride/thin 
TEOS layer stack that stops on the base polysilicon layer.  The resist is then 
removed. 

16. An extrinsic base implantation with boron at an energy of 30 keV and a dose 
of 3x1015 atoms/cm2 is then performed. 

17. The final RTA of 925oC for 10 seconds in O2 is performed to drive in the 
emitter doping and to activate the implanted boron.   

18. It is at this step that the nickel silicide is integrated for some wafers.  This 
integration entails a 10 second 10% HF dip followed by an electron-beam 
evaporation step to deposit between 20-30 nm of nickel.  This nickel is reacted 
with the underlying polysilicon layers at 500oC for 30 second in a RTA.  Any 
excess nickel is removed with a H2SO4:H2O2 = 4:1 chemical solution. 

19. This is followed by a 400 nm thick low temperature oxide (LTO) being 
deposited at 400oC. 

20. Contact holes are defined and dry etched followed by the deposition of the 
metallization stack of 120 nm TiW and 500 nm Al.  This metallization is then 
defined by lithography and etched and a forming gas anneal (FGA) at 400oC 
and 10% H2 in N2 is performed to complete the process. 

 
The device that is reported in Paper IV features a different collector design than 

the device described above as well as nickel silicide integration.  The isolation for this 

device is 260 nm of TEOS that is deposited after the buried collector formation.  The 

region where the collector will be formed is then opened with lithography and dry 

etching. A RPCVD reactor operating at 830oC and 40 torr is used to selectively grow 

the collector in the window opened in the oxide.  The doping in the collector is kept 

constant at 2x1018 atoms/cm3.  The collector is overgrown approximately 100 nm and 

then a silicon CMP process is used to planarize the collector to the surrounding oxide.  

This CMP step removes any segregated phosphorous atoms and defects in the 

overgrown region.  After this CMP step the base region is deposited in the same 
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manner as the previous design and the rest of the processing is virtually identical.  The 

only main difference is that after the extrinsic base implantation a 30 nm thick layer 

of nickel is deposited on the wafer surface and reacted at 500oC for 30 seconds in 

nitrogen.  This silicidation process results in nickel silicide being formed on the 

extrinsic base, emitter and collector surfaces.  This silicidation process is discussed 

further in chapter 4. 

The last device that has been developed is based on the raised extrinsic base 

technique featuring a disposable mandrel that defines the emitter opening region.  The 

process flow for this device is identical to the device platform discussed previously up 

to the polysilicon base definition.  Instead of performing this operation a newly 

developed emitter mandrel lithographic mask is used to define an emitter mandrel 

where the emitter opening would normally be located.  A dry etch is then used to etch 

the thick TEOS/thin nitride/thin TEOS stack and stop on the base.  This leaves an 

oxide/nitride/oxide mandrel centered above the base layer.  A highly boron doped 

SiGe or SiGe:C extrinsic base region is then selectively deposited on the base 

poly/epi.  SiGe or SiGeC were used to help achieve higher boron doping in the 

extrinsic base region and to provide a larger temperature process window for the 

nickel silicide formation.  This second point is covered extensively in chapter 4.  The 

thick oxide layer of the mandrel is then removed with a HF wet etch followed by the 

formation of inside nitride spacers in the emitter opening.  A low temperature wet 

oxidation is performed at 775oC for five hours to create an isolation region on top of 

the extrinsic base region.  The thin nitride located in the emitter window keeps the 

intrinsic base region from being oxidized.  The polysilicon base region is then formed 

as before.  A nitride etch followed by an oxide wet etch is then used to open up the 

emitter window and the IDP emitter is then deposited and the rest of the process flow 

is the same as the aforementioned device. Figure 3.8 shows a series of schematic cross 

sections showing the process steps described above. 
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Fig. 3.8  Schematic cross sections showing the raised extrinsic base design 

 
3.2.2 Physical characterization 
 

The physical characterization of the devices described in the last sub-section is 

divided up into two areas with the first being the cross sectional and top down 

analysis that is performed with TEM and scanning electron microscopy (SEM), 

respectively.  The second area of physical characterization is the doping depth profiles 

that are performed with SIMS.  A brief explanation of these analysis techniques will 

be given before the results for the devices are discussed.  While not a comprehensive 

list of all possible characterization techniques these were the most significant ones 

employed in this work. 

In TEM analysis a high voltage (80-200 keV) focused electron beam is passed 

through a thin (50-200 nm) solid sample. The contrast between materials is derived by 

the difference in electron scattering from atoms in the different materials.  Electrons 

undergo diffraction from lattice planes in crystalline materials and this allows phase 

identification. Characteristic x-rays are produced and detected in a separate detector 

permitting qualitative elemental analysis.  This technique is known as energy 
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dispersive x-ray spectrometry (EDS).  TEM analysis is critical in the optimization of 

process steps used in the fabrication of state of the art HBT devices. 

  SEM analysis is similar to TEM except that the electrons are reflected back from 

the surface of the sample instead of being transmitted through the sample.   There are 

also secondary electrons that are generated and can be detected.  SEM allows one to 

perform not only cross sectional analysis, but also to take top-down view pictures of a 

wafer.  This technique can be helpful if a quick analysis is required without 

destroying the wafer. 

SIMS is also a critical characterization technique for the optimization of doping 

profiles in HBTs.  An energetic primary ion beam sputters a sample surface and the 

secondary ions that are formed in this sputtering process are extracted from the 

sample and analyzed in a double-focusing mass spectrometer system.  By monitoring 

the time that the surface is sputtered and measuring the sputtered depth a depth profile 

for the dopants is obtained.  One of the limitations of SIMS is the area required for 

performing analysis, which is typically 100x150 µm2.  This makes it impossible to 

obtain depth profiles for the actual active device region.  This means that local 

loading effects cannot be detected with this technique. 

For looking at the characterization results the focus will begin on the standard 

device whose process steps were described above first.  Figure 3.9 shows a SEM top 

down micrograph of a transistor with the pads of the three terminals labeled.  It also 

shows a line where a cross section for TEM analysis was taken. 

 
Fig. 3.9  SEM top-down view of an HBT showing the three terminals and TEM cross-

sectional line 
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Figure 3.10(a) shows a TEM cross section of the final device structure for the 

standard process flow described earlier.  The three terminals of the HBT are labeled. 

A rather large distance between the base contact and the active device area can be 

observed.  The reason for this is the limitations of the metal etcher requires a larger 

than ideal space between the metal contacts.  This large distance will have an 

influence on the high frequency performance as will be discussed in the next sub-

section.  Zooming in around the active area in Figure 3.10(b) the SiGe base region 

which is darker than the silicon collector and cap layer can be seen.  The polysilicon 

emitter can also be seen and no re-crystallization is observed.  The emitter opening 

process of stopping on the thin TEOS and etching it away with a dilute HF wet etch 

leads to a slight widening of the emitter size, but it is controllable. 

 
(a) 

 
(b) 

Fig. 3.10  TEM cross section of HBT showing (a) full device structure and (b) active 
area with dotted line defining where the SIMS depth profile corresponds to 

 

The SIMS doping depth profile was taken in a large area and not in the device, as 

explained above, but the layers analyzed corresponds to the dotted line identified in 

Figure 3.10(b).  Figure 3.11 shows this doping depth profile.  The indiffused 

phosphorous emitter is clearly seen as well as the highly doped base region, collector 

and buried collector.  The carbon has diffused out of the SiGe region through the 

mechanisms described in chapter 2 and the boron has been kept in place in the SiGe 
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region.  The sharp peak in the phosphorous profile is often used to designate where 

the polysilicon/crystalline silicon interface is located. 
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Fig. 3.11  SIMS depth profile of standard SiGe:C device 

 
The physical characterization of the device featuring the selectively grown 

collector and nickel silicidation is now covered.  The zoomed in top-down SEM 

micrograph is shown in Figure 3.12.  It is observed that the whole extrinsic base has 

been silicided.  It is impossible to observe the silicide formation on the emitter and 

collector due to the metal lines covering those areas.  The TEM cross sections will be 

covered in detail in chapter 4. 

 
Fig. 3.12  SEM top-down micrograph of SiGe:C HBT with selectively grown 

collector and nickel silicide 
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A SIMS depth profile of the device was also taken and is shown in Figure 3.13.  

The difference in the collector doping profile compared to the previously mentioned 

device is obvious.  The doping is phosphorous compared to arsenic before and it is 

much thicker.  Observe that there is no phosphorous segregation at the base-collector 

junction or anywhere else in the device.  This is due to the CMP step performed after 

SEG collector growth. 

 

 

 

 

 

 

 

 

Fig. 3.13  SIMS depth profile of a HBT device with a selectively grown collector 

 
The physical characterization of the final device structure featuring the selectively 

grown base is now presented.  The optimization of the highly boron doped, selectively 

grown base epitaxy in the RPCVD reactor required careful control of the HCl flow in 

the reactor.  Figure 3.14 shows two SEM top-down micrographs of SEM lines.  

Figure 3.14(a) shows that polysilicon was deposited on the oxide mandrel when the 

HCl flow rate was too low.  This would have a fatal effect on the device performance 

and even after stripping the oxide in HF the polysilicon still remained.  Figure 3.14(b) 

shows the result with an optimized HCl flow rate.  There is no polysilicon growth on 

the oxide and a smooth silicon layer has been deposited on the exposed silicon region. 

  
           (a)               (b) 

Fig. 3.14  SEM top-down micrographs of (a) non-optimized and (b) optimized 
selectively grown base process 
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A zoomed in SEM top-down micrograph of the full device is shown in Figure 

3.15.  The structure looks very similar to the standard device, but this device also 

features a nickel silicidation of the extrinsic base region.  IBM used a CMP process to 

smooth the selectively grown base region to help obtain a smooth surface upon which 

to form silicide[45], but our process here also obtains a smooth surface as indicated 

by the continuous silicide formation.  This result was also confirmed by transfer line 

method (TLM) and Kelvin structure measurements.  It can also be seen that the metal 

etch undercut the metal and caused poor uniformity on the emitter metal line. 

 
Fig. 3.15  SEM top-down micrograph of HBT device featuring selectively grown base 

and nickel silicide integration 
 

TEM cross-sections have been performed to help optimize certain process steps in 

the process flow.  The two locations that needed optimization were the dry etch to 

open the base epitaxy before the extrinsic base was selectively deposited and the low 

temperature oxidation process for forming the isolation on the surface of the extrinsic 

base region.  A TEM cross section was taken after the low temperature oxidation 

process and Figure 3.16(a) shows one of these cross sections of the active device area.  

It is seen that the dry etch to open the base epitaxy was not long enough and so the 

selectively deposited base is not contacting the underlying base region.  It is also 

observed that the oxide thickness is too large, resulting in the total consumption of the 

extrinsic base region.  Both of these process steps were modified and additional 

wafers were run and a TEM cross section again taken at the same process step.  

Figure 3.16(b) shows the active area of the full device structure after optimization.  

The extrinsic base region looks good and is contacting the underlying base layer and 

the extrinsic base has not been completely consumed by the low temperature 

oxidation process. 
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            (a)                (b) 

Fig. 3.16  TEM cross sections of (a) non-optimized and (b) optimized base opening 
etch and low temperature oxidation 

 
3.2.3 Electrical characterization 

 

This section will cover the electrical characterization methods that were 

performed on the fabricated HBT devices and the results that were obtained. 

The basic DC electrical analysis performed on a HBT is a plot of the IC and IB as a 

function of VBE in a common-emitter configuration, the well-known Gummel plot.  

This measurement allows the ideality of IC and IB to be determined as well as the DC 

current gain.  The other DC electrical analysis most commonly performed is the 

determination of the breakdown voltage, both open base (BVCEO) and open emitter 

(BVCBO).  The BVCEO is determined by plotting the IC as a function of VCB for various 

IB values.  As mentioned previously in Section 3.1 this plot can also be used to 

determine the Early Voltage. 

For performing the small-signal high frequency measurements a HP8510 2-Port 

Vector Network Analyzer was utilized.  It was calibrated to remove any influences 

from the measurement probes and waveguides.  This calibration did not remove the 

influence of the actual pads on the wafer that were used to connect to the actual HBT 

and so a pad compensation technique was utilized to remove this effect.  The 

frequency range for the high frequency measurements was 500 MHz to 26.5 GHz.  

This frequency sweep was performed for 17 different VBE bias points from 0.8 to 1.0 

V.  Pad compensation was performed on the measured scattering parameters and the 

modified values were then converted to small signal current gain (h21) and unilateral 

power gain (U) values and plotted as a function of frequency.  The cutoff frequency 
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was determined by taking a -20 db/decade extrapolation of the small signal current 

gain to 0 dB and the maximum frequency of oscillation was determined by a similar 

extraction of the maximum power gain to 0 dB.  Figure 3.17 shows a typical plot of 

the small signal current gain as a function of frequency with the fT extraction 

indicated. 
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Fig. 3.17  fT extraction from a plot of h21 as a function of frequency 

 

Paper II gives a summary of the electrical device results for the standard device 

and some additional results are now presented.  Figure 3.18 shows a series of Gummel 

plots for different active areas.  From this plot the well-known base current kink at 

high VBE can be observed.  This is a result of the base-collector depletion region 

moving outside of the SiGe base region.  A large current gain as high as 2000 is also 

observed and it is due to a thin oxide being present at the IDP/base cap interface as 

well as the vertical profile box-in-box design.  This design with large germanium 

concentration at the emitter-base junction has been shown to give a large current 

gain[49].  It is also seen that as the active area shrinks IB become more and more non-

ideal and the current gain increases. 
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Fig. 3.18  Gummel plots for different active area sizes for the standard device 

  

Another way to plot the fT that is determined by the extraction shown in Figure 

3.17 is to plot the fT as a function of IC.  In this way it is easy to see the cutoff 

frequency at a given operating current as well as the roll-off when the frequency starts 

to fall at high currents.  Figure 3.19 shows this plot of fT as a function of IC.  The plot 

of fMAX is also included here.  It can be seen that the fT is much higher than the fMAX.  

The fMAX is relatively low for a couple of reasons.  One is that the extrinsic base 

resistance is high because the base polysilicon is too thin, the distance from the base 

contact to the active area is large and no silicide was employed.  The other reason is 

that the collector region was doped too high at 1x1018 atoms/cm3 and the doping was 

across the entire active area instead of the more commonly used SIC.  This leads to a 

high CBC and based on Eq. 3.6 a lower fMAX. 
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Fig. 3.19  fT and fMAX as a function of IC for the standard device structure 
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While not particularly focused on obtaining high yields across the wafer, a wafer 

map of fT values across the wafer is shown in Figure 3.20.  It shows good uniformity 

indicating a good level of process control with the laboratory equipment employed in 

the processing. 

 
Fig. 3.20  Wafer map of fT for a standard device 

 

In designing the mask for the HBT device platform development certain variables 

had a large variation to look at their effect on the final device DC and AC 

performance.  This large variation also allows the optimal transistor dimensions to be 

determined to maximize performance.  An extensive analysis of the DC and AC 

design rules is presented in Paper II.  One of the observations was that as the active 

region shrinks there is an increase in fT due to the lower CBC.  This is seen in Figure 

3.21 where the fT is plotted as a function of the CBC.  It was also observed that as the 

emitter overlap decreased the CBC increased due to the extrinsic base implantation 

increasing the p+ doping over the collector region.  These observations of decreasing 

CBC as the LOCOS width decreases and Emitter Overlap increases are clearly seen 

when the CBC is plotted as a function of drawn LOCOS width and emitter overlap in 

Figure 3.22.  This CBC could be further reduced in future designs by eliminating the 

doping of the collector epitaxy growth and utilizing a SIC instead. 
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Fig. 3.21  fT as a function of CBC for the standard HBT device 
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Fig. 3.22  CBC as a function of drawn LOCOS width and Emitter Overlap 

 

The electrical characterization of the device featuring a selectively grown 

collector and nickel silicide is covered extensively in chapter 4 and so will be 

bypassed here.  An initial result for the device featuring the selectively grown base is 

now presented.  While this initial result is promising, there is still work to be done 

before devices showing good DC and AC performance are demonstrated.  Figure 3.23 

shows a Gummel plot for a device featuring a 0.7x10 µm2 emitter mandrel.  As can be 

seen the device demonstrates good collector current, but the base current is very non-

ideal.  The likely cause for this is a short between the poly-extrinsic base and the 

poly-emitter due to incomplete isolation.  TEM cross section analysis is required to 

confirm this hypothesis. 



Device design and process integration for SiGeC and Si/SOI bipolar transistors 
 

 48

0.2 0.4 0.6 0.8 1.0 1.2
10-11

10-9

10-7

10-5

10-3  IB

 IC

B
as

e,
 c

ol
le

ct
or

 c
ur

re
nt

 (
A

)

Base-emitter voltage (V)

0

1

2

3

4

5

C
ur

re
nt

 g
ai

n

 
Fig. 3.23  Gummel plot for raised extrinsic base HBT 
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4. Nickel silicide 
 

Silicides are employed in HBTs to lower the contact resistivity between the 

metallization and the polysilicon layers as well as to reduce the resistance of the 

extrinsic base region to obtain improved high frequency performance.  The silicides 

of choice for silicon devices in the past have been mostly TiSi2 and CoSi2, but as 

MOS gate lengths have continued to decrease and backend temperatures have been 

lowered NiSi has been gaining prominence and a significant amount of work has gone 

into characterizing this material system.  In some HBT designs[38] the formation of 

the silicide takes place on the SiGe:C polysilicon extrinsic base region and so an 

understanding of the Ni(SiGe):C system becomes critical from a device integration 

and reliability perspective.  In section 4.1 some basics of silicide formation are given 

for the more simple NiSi case to set a foundation upon which to then discuss the more 

complex Ni(SiGe):C system that was researched and reported on in Paper III.  The 

material properties of this system such as its formation and morphological stability are 

highlighted and compared to the Ni(SiGe) and NiSi cases.  In addition, the phase 

evolution in lateral diffusion couples and the lateral diffusion rate will also be 

reported and discussed.  In section 4.2 the integration of nickel silicide into a SiGe:C 

HBT device platform is demonstrated.  This integration featured a unique, fully 

silicided extrinsic base region.  This section will cover the device fabrication, 

electrical characterization, and finish with a discussion of integration issues. 

 

4.1 Nickel silicide formation on poly-SiGe:C 
 
In order to analyze the complex system of nickel silicide formation on poly-

SiGe:C one must first have a good understanding of the fundamentals of nickel 

silicide formation.  This section will provide a brief explanation and review of these 

fundamentals.  For a more thorough review of the fundamentals as well as the 

challenges and future trends in silicides one is referred to a review by Zhang and 

Östling[50]. 

During the formation of a silicide there are usually two main reacting species, the 

metal and silicon, although there can be various other species that can have an effect 

on the silicide formation such as the dopant in the silicon which in our advanced case 

will actually be three dopants(Germanium, Carbon, and Boron), oxygen from the 
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surrounding areas, and nitrogen which is one of the most popular ambient gasses 

during the reaction.  We will focus only on a simple two species system with nickel 

and silicon in this section.  This system, with a layer of metal(nickel in our case) on a 

silicon substrate, when heated, will evolve in order to lower its free energy.  This 

evolution will involve the nucleation of an intermetallic compound.  This can be 

described by classical nucleation theory by Eq. 4.1 which shows that the total free 

energy change, ∆G, for the nucleation is related to the change in Gibbs free energy 

per unit volume, ∆gv, and per unit area, ∆σ: 

 
σ∆+∆=∆ 23 brgarG v        (4.1) 

 
where ar3 and br2 are the volume and surface area of a nucleus of the new phase with 

a and b being constants and r the radius of the nucleus.  It turns out that these two free 

energy terms actually have an opposite effect on the total free energy change.  This is 

seen in Figure 4.1, which shows a plot of the two terms on the right hand side of Eq. 

4.1 and the total Gibbs free energy change on the left hand side of Eq. 4.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1  Free energy curves for the nucleation of a new phase(modified from[51]) 

 

Figure 4.1 shows that there is a critical radius r* and ∆G* is the energy barrier 

height over which the nucleation proceeds spontaneously.  This energy barrier height 

will determine whether the formation of the silicide is rate limited by the nucleation of 
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the silicide (Large ∆G*, small ∆gv) or limited by the diffusion of the reacting species 

across the growing layer (Small ∆G*, large ∆gv).  This difference between rate and 

diffusion limited reactions becomes important when comparing the silicide formation 

with different metals such as titanium, which is strongly nucleation controlled, and 

nickel, which is not. 

Other important aspects of silicide formation that have direct relevance to this 

thesis work are the phase formation and growth kinetics.  These two aspects are 

closely related and will be discussed together.  Kinetics has the strongest effect on 

which phase will grow first during the metal-silicon reaction.  This effect can be best 

summarized by the ordered Cu3Au rule formulated by d’Heurle[52].  This rule states 

that the first phase to form will be rich in the most mobile species.  For nickel silicide 

this phase is Ni2Si since nickel is the dominant diffusion species.  The dominant 

diffusion species during the formation of a certain phase is typically determined 

through the use of marker experiments with inert atoms[53].  Since for device 

applications we are dealing with a limited amount of the metal species(typically under 

50nm), there will not be multiple phase formation that would normally occur with two 

bulk species in contact due to the fact that the critical thickness required for two 

phases to grow simultaneously is larger than the thicknesses that we encounter.  

Instead, the first phase will grow until all of the metal is consumed and then the next 

phase starts to grow.  The phase formation sequence for the Ni-Si system is Ni2Si—

NiSi—NiSi2 with nickel the dominant diffusion species for all three phases.  By 

comparison the Co-Si system has the same phase formation sequence, but cobalt is the 

dominant diffusion species for the formation of the Co2Si and CoSi2 phases and 

silicon is the dominant diffusion species for the CoSi phase.  And for the Ti-Si system 

the formation of the low resistivity TiSi2 phase has silicon as the dominant diffusion 

species.  These kinetic differences have important ramifications during device 

integration because of a problem called bridging which will be discussed in more 

depth in section 4.2. 

Another important aspect of silicide formation as it applies to this thesis is the 

formation of silicide on polysilicon.  This is important because when we integrate the 

silicide process into an HBT flow the silicide can be formed on a polysilicon extrinsic 

base and emitter.  These two polysilicon layers are deposited at different times and 

with different deposition conditions and doping.  These different deposition 
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conditions, as well as any high temperature processing during later steps, will 

influence the polysilicon grain size and therefore, as we will see in section 4.2, the 

silicide formation.  In comparison to single crystal silicon, the driving force for 

silicide formation on polysilicon will be very similar, as well as the phase formation 

temperature and phase sequence[54].  The most significant difference between silicide 

formation on crystalline silicon compared to polysilicon is the influence that the grain 

boundaries have in leading to a nonuniform silicidation process.  Silicide formed on 

polysilicon also has morphological stability issues that will be addressed in section 

4.1.1.2. 

 

4.1.1 Material properties of Ni(SiGe):C 
 
4.1.1.1 Fundamentals 
 

We will now move into the more complex material system of nickel silicide 

formation on SiGe and then SiGe with carbon doping.  When studying the reaction 

between nickel and SiGe it is important to consider both the binary phase diagrams of 

Ni-Si and Ni-Ge and then consequently the ternary phase diagram of Ni-Si-Ge.  

Figures 4.2 and 4.3 show the binary phase diagrams for Ni-Si and Ni-Ge, 

respectively.  While these two binary phase diagrams have many similarities there are 

two important differences to note that will have an effect of the formation of the 

silicide.  The first is the fact that in Figure 4.2 the NiSi2 phase is clearly seen while in 

Figure 4.3 there is no NiGe2 phase observed.  The other difference observed is the fact 

that the melting points for the similar phases is almost always lower for the Ni-Ge 

case compared to the Ni-Si case.  Both of these differences will have an impact on the 

phase and morphological stability and will be more fully discussed in Section 4.1.1.2.   

When nickel reacts with SiGe the phase formation sequence is the same as 

mentioned before, Ni2Si—NiSi—NiSi2, except that the corresponding phases of the 

germanosilicide for the first two phases will also be present Ni2Ge—NiGe.   As 

mentioned before the di-germanide phase does not exist.  The physical and 

thermochemical properties of these phases as well as the dominant diffusion species 

in the formation of the phase are listed in Table 4.1.  
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Fig. 4.2 Binary phase diagram for Ni-Si[55] 

 

 
Fig. 4.3 Binary phase diagram for Ni-Ge[55] 
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Lattice constant (Å) 
Phase Crystal 

structure a b c Tm(K) ρ 
(µmcm) 

DDS 

Ni2Si Orthorhombic 5.00 3.73 7.04 1580 24 Ni 

Ni2Ge Orthorhombic 5.113 3.830 7.264 780  Ni 

NiSi Orthorhombic 5.18 3.34 5.62 1265 10.5 Ni 

NiGe Orthorhombic 5.389 3.438 5.82 1123  Ni 

NiSi2 Cubic 5.406 - - 1298 34 Ni 

NiGe2 No existence - - - - - Ni 

Table 4.1 Physical and thermochemical properties of the silicides and 
germanosilicides of  Ni[55-57] 

 
Table 4.1 shows that the germanosilides have a lower melting point compared to 

the corresponding silicide.  It also shows that the crystal structures as well as the 

lattice constants for the similar phases are the same.  This means the nickel silicides 

and germanides have a good opportunity to be easily miscible to high concentrations 

and in fact the miscibility of NiSi and NiGe has been experimentally shown[58].  This 

can be compared to the cobalt system where, while the cobalt monosilicide and 

monogermanide have the same crystal structure, the desired low resistivity di-silicide 

and di-germanide phases have a different crystal structure and are immiscible[59]. 

Figure 4.4 shows the simplified ternary phase diagram for the Ni-Si-Ge system at 

a temperature of 600oC as constructed in [60].  The full ternary phase diagram would 

normally include the NiSi2 phase, but this phase was not observed for the temperature 

range of interest either in the work by Jarmar et al. [60], or in the work presented here 

and so is omitted.  The tie lines for the area of interest are included.  This ternary 

phase diagram shows the silicide composition and the composition of the surrounding 

SiGe region that is in equilibrium with the silicide.  This diagram will be used in the 

discussion of results in section 4.1.1.2. 
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Fig. 4.4 Simplified ternary phase diagram for Ni-Si-Ge(modified from [60]) 

 
In addition to the NiSiGe system we have the inclusion of carbon.  As discussed in 

Chapter 2, in a typical HBT process there is carbon doping in the base region to allow 

narrow profiles with high boron doping.  This carbon doping is in the range of 

1-2x1020 atoms/cm3 and is placed in the entire SiGe layer, typically around 40nm in 

thickness.  The silicide formation will always take place after the dopant 

activation/emitter drive anneal in a BiCMOS process.  This activation anneal will 

cause the carbon to diffuse out of the base region and into the silicon cap and towards 

the substrate.  So even if the cap layer is kept sufficiently thick to allow silicide 

formation to only consume the silicon cap and not the SiGe layer there will still be the 

presence of carbon due to the outdiffusion during the activation anneal.  In the event 

that the cap layer is not thick enough and the silicide formation consumes some or all 

of the SiGe layer there is now a quaternary system with Ni, Si, Ge, and C.  How the 

carbon interacts with the silicide/germanosilicide will determine where the carbon 

ends up and what effect is has on the phase formation as well as the electrical 

properties such as the sheet resistivity and contact resistivity.  The study of the 

influence of carbon on the nickel silicide/germanosilicide formation is the main 

subject for Paper III. 

 
4.1.1.2 Stability 
 

In looking at the stability of silicides it is important to understand some basics 

about what is meant by stability and the different physical processes that can lead to a 

change in the morphology.  The English word stability comes from the latin word 

stabilis which means firm or steadfast.  So when considering the stability of a silicide 

Ni 

NiSi 

T=600oC 

NiGe 

Si Ge 
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one is talking about its ability to resist changes, both chemically and morphologically.  

Most often the change in morphological stability in a silicide will be due to a process 

called agglomeration, which is a thermodynamically driven process to minimize the 

silicide/silicon systems energy.  While the agglomeration of a silicide on both 

polysilicon and crystalline silicon depends on the interface energy between the 

silicide and the underlying silicon, the case with polysilicon is more complex due to 

the presence of differently orientated polysilicon grains.  With polysilicon both the 

reduction of surface energy, as well as a reduction of grain boundary energy of the 

polysilicon, will drive the agglomeration process.  Agglomeration will generally occur 

at temperatures higher than the silicide formation temperature, although as we will 

show, it can occur before additional phases are formed.  From an integration 

perspective it is important to determine the temperature at which agglomeration 

occurs so as to set the upper range of temperatures of any processing performed after 

silicide formation. 

One part of agglomeration is what is known as inversion and this process can 

sometimes occur for silicides on polysilicon when the metal is the dominant diffusion 

species.  This process is shown in Figure 4.5 as part of the agglomeration process.  

Inversion occurs when the silicide begins to become discontinuous, diffuses through 

the polysilicon, and reforms a continuous or partly continuous silicide layer under the 

polysilicon.  This shows up as a temporary decrease in the plot of sheet resistance 

versus rapid thermal processing(RTP) temperature in Figure 4.6. 

The introduction of Figures 4.5 and 4.6 gives an opportunity to begin to bring the 

strands of phase formation and stability together and discuss some important findings.  

In Figure 4.6 the formation of nickel silicide on various polysilicon layers has been 

analyzed by monitoring the sheet resistance with a four-point-probe as a function of 

RTP temperature.  The graph can be broken up into three distinct parts. 

The first is the temperature range of 350oC to 450oC.  Is this region the higher 

resistivity Ni2Si phase is already present and is beginning to convert to the 

monosilicide phase for all three samples.  Ni2Si is used here to designate both the 

Ni2Si and Ni2Si1-uGeu phases where u is not necessarily the same as the x in the 

Si1-xGex polysilicon layer.  All three samples reach the low resistivity monosilicide 

phase (NiSi/NiSi1-uGeu) at the same temperature.  Note the difference in sheet 

resistivity between the NiSi and the NiSi1-uGeu and NiSi1-uGeu:C samples. 
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Fig. 4.5 Agglomeration of silicide on polysilicon showing layer inversion when 

the metal is the moving species[54] 
 

This can be attributed to alloy scattering from the presence of germanium.  There 

is also a slight, but noticeable difference in the sheet resistance values between the 

NiSi1-uGeu and NiSi1-uGeu:C samples.  This difference could be due to a thinner 

silicide or a higher resistivity, both as a result of the presence of carbon since there are 

no other differences between the two samples.  So it observed that the presence of 

germanium does not affect the formation temperature of the monosilicide phase and 

this agrees with other published results for similar nickel silicide systems[58, 61] as 

well as for the cobalt silicide system[59], but it should be noted that due to the poor 

control of the RTA system at temperatures of around 400oC and below this cannot be 

taken as definitive and it has recently been reported that the presence of Ge can delay 

the monosilicide phase formation by 30-50oC[62].  This work used a specially 

configured thermocouple in the RTA to obtain good control in the 200-400oC 

temperature regime and so may be the most reliable reported results. 

The second part of Figure 4.6 is the stable low sheet resistance region that gives a 

process window in which to form the silicide.  Note that the range of this region is 

different for all three samples with the polysilicon sample being the smallest and the 

poly-SiGeC sample being the largest.  This range is determined by a couple of 

different factors that will be discussed shortly.  The third part of Figure 4.6 shows a 
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fast increase in the sheet resistance for all of the samples.  There could potentially be 

two different causes for this behavior, either the formation of the higher resistivity 

disilicide phase or the agglomeration of the sample.  This cannot be determined 

simply by the sheet resistance measurements and so powder diffraction XRD was 

performed to determine the phases that are present at different temperatures.   
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Fig. 4.6  Sheet resistance as a function of RTP temperature for nickel reacting on 

different polysilicon layers 
 

Figure 4.7 shows the XRD scan for the SiGe sample.  It can be seen that the 

monosilicide phase is present even up to temperatures of 800oC.  What is also seen in 

this figure is a shifting of the NiSi peaks to higher θ values which is indicative of a 

reduction in the lattice constants for the silicide.  Note that the peaks labeled NiSi are 

for brevity and are really for NiSi1-uGeu.  Referring back to Table 4.1 the lattice 

constants for NiSi are lower than for NiGe.  This means that the peak shift is most 

likely due to an outdiffusion of Ge from the monosilicide.  This shift also corresponds 

with the increase in sheet resistance shown in Figure 4.6.  The ternary phase diagram 

presented in Figure 4.4 helps to show the equilibrium state of the NiSi1-uGeu and 

Si1-xGex phases that are in contact with each other.  By following the theory and 

technique presented elsewhere[63] it is possible to calculate the final u value for the 

silicide and the x value for the surrounding polysilicon.  These are determined to be 

about 0.014 for u and 0.26 for x. 

Atomic force microscopy(AFM) measurements were also taken on samples 

annealed at 550oC and 800oC to study the surface topography and these AFM scans 

are shown in Figure 4.8.  While both pictures look somewhat similar the RMS 
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roughness value for the sample annealed at 550oC is 4.4 nm, while the sample 

annealed at 800oC is 5.2 nm.  This is not a very large difference and in fact the 

agglomeration of the silicide on polysilicon does not significantly affect the surface 

roughness[60].  The overall conclusion is that the increase in the sheet resistance is 

caused by the agglomeration of the silicide and as it moves through the polysilicon 

there is an outdiffusion of Ge from the silicide.  This phenomenon has been more 

thoroughly studied with cross sectional TEM and convergent beam electron 

diffraction[60]. 
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Fig. 4.7  Sheet resistance as a function of RTP temperature for nickel reacting on 

polysilicon layers 
 

The other interesting observation is that there is no disilicide formed even at 

800oC.  If there was disilicide formation the monosilicide peaks should change and 

eventually disappear, but this does not happen.  The theory as to why the disilicide 

phase is not formed at these temperatures is the impact that the presence of 

germanium has. The formation of NiSi2 is nucleation controlled[51] and the presence 

of germanium will reduce the free energy change for the formation of NiSi2, ∆gv, and 

thus increase ∆G* as well as the nucleation temperature[58].  In addition, as 

mentioned previously, there is no digermanide phase and this also contributes to a 

more difficult formation of NiSi2. 
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        (a)       (b) 

Fig. 4.8. AFM scans of samples annealed at (a) 550oC, RMS=4.4nm and (b) 800oC, 
RMS=5.2nm 

 
The effect of carbon on the phase formation and stability was also studied.  In 

Figure 4.6 it can be seen that the temperature at which the silicide agglomerated for 

the SiGe sample with carbon is about 50oC higher than the sample without carbon.  It 

has also been shown in Paper III that the presence of carbon will increase the 

temperature at which the germanium begins to outdiffuse from the monosilicide by 

the same amount.  This is really one process, the agglomeration of the silicide and the 

migration of the silicide grains through the polysilicon, which results in the 

outdiffusion of Ge from the silicide.  While there is a possibility of dissolving some C 

in NiSi, since there is no NiC phase and SiC and NiSi have a different crystographic 

structure it is probably most likely that carbon has delayed this process of 

agglomeration by being present in the grain boundaries and increasing the grain 

boundary cohesion and slowing down grain boundary diffusion.  This topic is covered 

more thoroughly for the similar cobalt silicide system[64].  

 
4.1.2 Silicide lateral growth (phase evolution) 
 

In order to study the effect of germanium and carbon on the phase evolution of 

nickel silicide on polysilicon and with the plan to possibly replace the SiGe extrinsic 

base with Ni(SiGe), lateral diffusion thin-film couples were performed with a 

technique somewhat similar to [65].  It involved depositing a polysilicon layer on an 

oxidized wafer with a RPCVD system at 600oC and 20 torr and then depositing a 

TEOS layer on top of the polysilicon.  Three wafers were prepared with the 

polysilicon layer being normal polysilicon, Si0.82Ge0.18, or Si0.818Ge0.18C0.002 and the 
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thicknesses being 120, 80, and 106 nm, respectively.  Square windows of various 

sizes were opened in the oxide with lithography and dry etching and then 200 nm of 

nickel was deposited through electron-beam evaporation after a clean of 10% HF for 

10 seconds.  The wafers were then cleaved into smaller samples and annealed at 

600oC for 30, 60, 180, and 300 seconds.  The samples were then analyzed with both 

top-down SEM and TEM cross sections, including EDS and the results explained in 

the following two subsections. 

 
4.1.2.1 SEM top-down pictures 
 

Figure 4.9 shows top down SEM images for the three samples annealed at 

600oC for 180 seconds. The contact opening is always on the left and the lateral 

growth is proceeding towards the right.  The contrast makes the determination of the 

contact hole boundary a little difficult to determine for sample b, but the difference in 

lateral silicide growth can be clearly seen.   

        (a)          (b)        (c) 
Fig. 4.9 Top-down SEM images of (a)Silicon, (b)SiGe, (c)SiGe:C samples after 

180 sec at 600oC 
 

The diffusion length was estimated for all of the samples and the square of this is 

plotted in Figure 4.10. A parabolic growth of the silicide is observed for all three 

samples that is indicative of a diffusion limited process.  Similar parabolic growth has 

been observed for the growth of the Ni2Si phase for similar diffusion couples [66].  It 

is also observed that the silicide lateral growth for the polysilicon sample is much 

slower that the SiGe and SiGeC samples.   There appears to be a higher growth rate 

for the SiGeC sample compared to the SiGe sample, but there are several reasons to 

have doubts as to drawing this conclusion.  One of the problems with calculating the 

lateral growth length with this technique of growing silicide under an oxide is that the 

oxide stress can influence the kinetics of the reaction[65].  Another problem is the 

difficulty in determining the actual contact hole boundary with SEM.  Both of these 

problems lead to uncertainty in the measurements.  Further experiments are needed to 

Silicide Poly 
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determine if this apparent difference between the SiGe and SiGe:C samples is real.  

The key point to observe is the large difference in growth rate between the polysilicon 

sample and the poly-SiGe samples.  One of the things that cannot be determined from 

the SEM top-down images is the composition of the silicide that is growing laterally.  

To determine this a different technique is required and this is discussed in the next 

section. 

Fig. 4.10 Lateral growth distance as a function of anneal time for samples NiSi, 
Ni(SiGe), and Ni(SiGe):C at 600oC. 

 
4.1.2.2 TEM cross-section/EDS 
 

TEM cross sections were performed for the SiGe and SiGe:C samples that were 

annealed for 300 seconds.  Two such TEM pictures are shown in Figure 4.11 where 

we have the SiGe sample showing the lateral silicide growth along with a zoomed in 

picture of the boundary between the silicide growth and the poly-SiGe.  There are a 

couple of important observations to make from these TEM images.  The first is the 

stress that the volume expansion has caused around the contact hole window has 

actually lifted up the oxide layer.  It was mentioned previously that the stress caused 

by the capping layers could influence the kinetics of the reaction and here we see 

evidence that stress issues are occurring.  But it appears that the dominant stress is 

coming from the volume expansion of the silicide.  The other observation to make is 

that there is a void formed between the leading edge of the silicide growth and the 

remaining polysilicon.  This is most likely due to the difference in the coefficient of 

thermal expansion between the silicide and the polysilicon[67, 68].  This phenomenon 

can, for example, have an extremely detrimental effect on device performance if there 
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is an attempt to use lateral growth in the formation of an extrinsic base for an HBT, 

but as will be shown later in this chapter it is possible through careful control of the 

temperature to avoid this void formation.    More research is needed to determine the 

conditions under which this void is formed and how reproducible it is.  Also shown on 

the TEM picture is a series of numbers which are labels of where EDS analysis has 

been performed to determine the atomic composition.  For a more thorough review of 

these EDS results the reader is directed to Paper III.  As a summary, the silicide is 

identified as Ni3Si along the whole length for both the SiGe and SiGe:C samples and 

while there is no germanium present in the silicide, there is an increase in the 

germanium concentration in the polysilicon at points 6 and 7.  It should be noted that 

using EDS to determine this phase has a rather high level of uncertainty in the 

calculation, at least 15-20% for carefully calibrated measurements, and so this phase 

determination is not for certain and it may be Ni2Si instead.  The lateral growth rate is 

also found to depend not only on the diffusion rate of nickel through the silicide, but 

also on the diffusion rate of silicon and germanium.  The average diffusion coefficient 

for Ni3Si was calculated for the three samples based on the data collected from the 

top-down SEM images and was found to be 4.42x10-11 cm2/sec for polysilicon, 

2.23x10-10 cm2/sec for SiGe and 1.41x10-10 cm2/sec for SiGe:C.  This can be 

compared to value of 1.5x10-10 cm2/sec determined for Ni2Si by another group at 

600oC[66].  Additional data from other temperatures is still needed to calculate the 

activation energy. 

Fig. 4.11 TEM image showing the lateral growth of silicide 
 

4.2 Integration into a SiGe:C HBT platform 
 

Up to this point the materials work has been performed with the purpose of 

integration into a HBT device.  Performing blanket wafer studies and studies with 
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structures is important in understanding the behavior of a particular system, but the 

integration of this material into a functioning device is where the benefits of a 

material can be ultimately realized.  For if the material does not have a practical 

application and benefit it can quickly loose any interest shown in it.  Therefore, this 

section aims to show the integration of nickel silicide into a HBT process.  

Functioning devices will be demonstrated with full electrical characterization and the 

integration issues associated with the use of nickel silicide for this application will be 

summarized. 

 
4.2.1 Device fabrication(Salicide process) 
 

In looking at the integration of nickel silicide into a HBT process it is important to 

touch on some basic concepts that will aid in the understanding of the integration 

process.  The first of these concepts is the definition of a SALICIDE process.  

SALICIDE is an abbreviation that stands for self-aligned silicide and it is the process 

of forming a metal silicide by depositing the metal, typically through a sputter 

deposition, and then reacting it on the exposed silicon areas in a self-aligned way.  For 

our HBT process this can be seen in Figure 4.12 where the metal is deposited and then 

reacted with the exposed extrinsic base, emitter, and collector regions simultaneously.  

Any excess, unreacted metal is then removed through a chemical etch. 

For a typical BiCMOS process where HBTs and CMOS are present on the same 

chip the SALICIDE process will also form silicide on the source/drain and gate 

regions at the same time as on the HBT regions.  Thus you have silicide being formed 

on both crystalline and poly silicon regions that are doped with either p- or n-type 

dopants, usually with high doping levels.  This presents a challenge to the integrator 

who has to find a suitable metal and set of process conditions that ensure the 

formation of a high quality silicide with good contact to the underlying layer in all 

areas. 
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Opening of polysilicon layers before silicidation 
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Silicidation and unreacted metal removal 
 

Fig. 4.12 A schematic of a SALICIDE process on our in-house developed HBT 
platform 

 
As mentioned in Section 4.1.1, the choice of metal is also important from the 

point of view of the kinetics of the reaction.  Different metals will have different 

dominant diffusion species depending on the phase being formed.  This can in some 

cases lead to a problem known as bridging.  Bridging in an HBT process can occur 

most easily between the emitter and base regions if one considers Figure 4.12.  It 

occurs when the dominant diffusion species in a reaction is silicon.  Some examples 

of reactions where Si is the dominant diffusion species are the formation of TiSi2 and 

CoSi.  The silicide then has the potential to be formed on the isolation between the 

base and emitter and cause a short.  The use of NiSi is an advantage when it comes to 

avoiding bridging because nickel is the diffusing species for the formation of Ni2Si 

and NiSi and thus no bridging should occur. 
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The next basic concept is the advantage of using silicide in a HBT process.  To 

what advantage is it with regards to device performance?  To answer this question we 

turn to Figure 4.13, which shows the different parasitic resistances of the HBT that 

were described in chapter 3.  In this schematic the terms RBPoly, REPoly, and RCPoly 

encompass both the contact resistance between the metal and polysilicon and the 

polysilicon resistance.  It is these resistances that can be affected and ultimately 

lowered with the use of silicides. 

 

 

 

 

 

 

 

 

 

Fig. 4.13 Extrinsic resistances of a bipolar transistor 

 

Lowering the parasitic resistances will have an effect on the electrical 

performance/behavior of the device in a couple of key ways.  The first is that by 

lowering the resistance through which the terminal currents must pass through one 

will change the deviation(slope) of the base current from the ideal case at high current 

densities.  This can be observed graphically in Figure 4.14.   

 

 

 

 

 

 

 

 

 

Fig. 4.14 IB as a function of VBE with(dash-dot) and without(solid) silicide where the 
dashed line is the ideal IB 
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This deviation from the ideal behavior is described in Eq. 4.2 as ∆VBE where RBTot 

is the total base resistance RBPoly+RBpoly-epi+RBint as defined in Fig. 4.14 with RBint the 

intrinsic base resistance. 

 
EEBTotBBE xRIxRIV +=∆        (4.2) 

 
The second and more important way in which lowering the parasitic resistances 

will impact the device performance is the effect that using a silicide to lower the base 

polysilicon resistance will have on the maximum frequency of oscillation(fMAX).  As 

described in chapter 3 the fMAX is a key metric when determining the performance of 

an HBT.  It is the frequency at which the unilateral power gain becomes unity and it is 

shown again in Eq. 4.3 for discussions sake where CdBC is the base-collector depletion 

capacitance. 
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As can be seen from Eq. 4.3, the higher the base resistance is the lower the fMAX 

value will be.  In addition the collector and emitter series resistances will have an 

impact on the fT value, which will also affect the fMAX.  By using silicide on the 

extrinsic base the resistance is much lower that using just doped polysilicon and this 

will lead to an increase in the fMAX value. 

Now that some of the basic concepts have been covered with regards to the impact 

that silicides have on device performance the focus will be on how the SALICIDE 

process was integrated into our HBT process, the fabrication of which was described 

in chapter 3.  The silicide integration into the process flow must wait until two 

important steps have occurred.  The first of these is the deposition and patterning of 

the three polysilicon terminals that the silicide is going to be formed on and the 

second is the high temperature emitter drive-in step that occurs at 925oC.  This 

temperature is too high for the silicide to withstand and so it must be performed 

before silicidation.  So the ideal time to perform the silicidation is after these steps 

and before the final oxide is deposited in which the contact holes will be etched.  One 

might ask why not wait until after the contact hole etch and form the silicide only in 

the contact holes.  This procedure would still lower the contact resistances for the 
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three terminals, but it will not achieve the lowering of the extrinsic base resistance 

that is critical to improving the performance of the device.  So the silicide process is 

performed, as explained earlier in this section (Figure 4.12), with the nickel (30 nm) 

being deposited through electron-beam evaporation after a 10% HF dip for 10 seconds 

to remove any native oxide on the polysilicon.  The metal is then reacted with the 

polysilicon at 500oC for 30 seconds in a RTP system.  Any excess metal is removed 

with a H2SO4:H2O2 = 4:1 chemical solution.  Following the silicidation the rest of the 

HBT process is unchanged. 

 
4.2.2 Electrical characterization 
 

The electrical characterization is divided into two sub-sections.  The first sub-

section describes the measurement of different test structures located on the wafers for 

the characterization of the silicide.  The second sub-section will focus on the electrical 

performance of the device, both DC and AC and some comparisons with other 

measured devices will be made. 

 
4.2.2.1 Contact performance 
 

As mentioned earlier, one of the main reasons for employing a silicide in a HBT 

device is to lower the contact resistance between the metal and the polysilicon.  There 

are several different test structures that can be used to characterize the 

silicide/polysilicon contact resistance.  The two most common ones are the cross 

bridged Kelvin (CBK) structure and the TLM structure.  These two characterization 

structures will be explained briefly and then some values from our processed device 

wafers and other studies will be covered. 

The CBK structure is shown in Figure 4.15 below.  A current is driven from 

terminal 1 to terminal 4 while the voltage change is measured between terminals 2 

and 3.  A plot of the dV/dI allows a contact resistance to be determined.  This contact 

resistance is then multiplied by the contact area in the center to determine the contact 

resistivity, ρc.  This value is typically expressed as µΩ-cm2.  While this is a simplified 

1D analysis, it is often necessary to take into consideration 2D current crowding 

effects.  For a more thorough coverage of this topic the reader is referred to [69].  To 

measure the contact resistivity of a silicide to the underlying polysilicon, the silicide is 
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only formed in the contact window.  To measure the contact resistivity of the metal to 

the silicide the entire polysilicon is silicided. 

 

 

 

 

 

 

 

Fig. 4.15 Schematic of a CBK test structure 

 
The TLM structure is shown in Figure 4.16 and can be used to perform a 

complete characterization of a silicide contact and the underlying doped polysilicon 

layer.  As can be seen, the TLM structure is made up of a number of linearly arranged, 

identical contacts on a polysilicon bar having width W, with different distances, d, 

between the contacts.  By passing a known current between two contacts that are next 

to each other and measuring the potential difference between these two contacts the 

total resistance can be found and is described by Eq. 4.4 where Rc is the contact 

resistance and Rs is the sheet resistance of the polysilicon. 

 

sc R
W
d

RR += 2         (4.4) 

 
This measurement is performed for a series of distances, d, and R is plotted as a 

function of d.  This plot gives a straight line with the slope giving Rs, the y-axis 

intercept yielding 2Rc and the x-axis intercept giving the transfer length 2LT.  If the 

contact resistance between the metal and silicide is desired, as well as the silicide 

resistivity, the whole polysilicon bar can be silicided instead of just the contact region. 

 
Figure 4.16 Schematic of a TLM structure and the resulting plot from [69] 
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Measurements of the silicide resistivity by TLM have been performed for several 

different cases.  The first case is with a nickel silicide being formed on top of the 

polysilicon part of a NSEG base layer.  This polysilicon layer was subjected to an 

extrinsic base implant of boron and a 925oC for 10 second anneal.  The as deposited 

nickel layer was 20 nm and the silicide was formed at 525oC for 30 seconds.  The 

silicide resistivity was extracted to be 18.7 µΩcm.  This silicidation process consumed 

the top 15 nm of silicon cap and part of the SiGe base layer.  The next case measured 

was the complete silicidation of the extrinsic base region.  This extrinsic base region 

was the same as the first case including the extrinsic base implantation, but now 30 

nm of nickel was deposited with the silicidation conditions being identical.  The 

resistivity for this silicide was calculated to be 23-24 µΩcm, similar to values for 

Ni(SiGe) calculated by others[58].  In this case the entire cap, SiGe base, and seed 

layer were consumed.  Since this silicidation process contains more Ge because the 

entire SiGe layer was consumed the resistivity is higher than in the first case.  The 

final case looked at was the formation of nickel silicide on a selectively grown raised 

extrinsic base region that was composed of SiGe doped with boron at a concentration 

of about 1x1020 atoms/cm3.  The thickness of this layer was approximately 150 nm.  

20 nm of nickel was deposited and reacted at the same conditions at the previous 

cases.  The calculated resistivity of the silicide layer was extracted to be 23-25 µΩcm, 

very similar to the previous case.  This shows that even if the entire polysilicon layer 

is consumed, as in the second case, the resistivity of the silicide will be the same as if 

the silicide is formed only on the top part of a thicker poly-SiGe layer.  In addition, 

the fully silicided polysilicon layer will be more stable because the silicide will not 

have underlying polysilicon in which to agglomerate and diffuse through. 

The contact resistance for both TiW to polysilicon and Ni(SiGe) to polysilicon 

was calculated with the CBK structure.  With this CBK structure the silicide was only 

formed in the contact hole region.  The contact resistance for the TiW to poly-SiGe 

was extracted to be 2-4 x10-6 Ω-cm2.  The contact resistance for the Ni(SiGe) to poly-

SiGe was extracted to be approximately 2-5 x10-7 Ω-cm2.  This is about one order of 

magnitude smaller.  Unfortunately, contact resistance values were not calculated for 

the other two cases discussed in the previous paragraph because the entire polysilicon 

region was silicided instead of only the contact hole due to the integration sequence 

for the silicide. 
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4.2.2.2 DC/AC characterization 
 

The fabricated devices were characterized in a similar manner to those described 

in Chapter 3 and the results are now presented.  The DC characterization can be 

summarized with a presentation of the Gummel plot for a device in Figure 4.17.  This 

device shows a current gain of 64, which is low compared to the values reported 

earlier for somewhat similar devices.  The device also shows a non-ideal base current 

at lower base-emitter voltages.  This is similar to previous devices and not a result of 

the silicidation process. 

0.2 0.4 0.6 0.8 1.0 1.2
10-12

10-10

10-8

10-6

10-4

10-2  VCB 0.5 V
 VCB 1.0 V

AE=0.4X10µm2

 

 

B
as

e,
 c

ol
le

ct
or

 c
ur

re
nt

 (
A

)

Base-emitter voltage (V)  
Fig. 4.17 Gummel plot of fully silicided extrinsic base HBT 

 
High frequency measurements were also taken to analyze the effect of the fully 

silicided base.  Figure 4.18 shows the fT and fMAX plotted as a function of IC for the 

silicided device and the reference, non-silicided device.  It is observed that the fMAX 

increases from 20 GHz to 32 GHz when the nickel silicide is implemented.  This 

increase is even larger than would normally be seen for a high performance HBT 

because the distance from the base contact to the active area is abnormally large 

(greater than 1µm) for this design because of the metal etch resolution limitations.  In 

a more aggressive lateral design contact holes are etched in a thick oxide and filled 

with tungsten vias.  This allows the base contact to be much closer to the active area 

and thus the difference in fMAX with and without silicide is not as great.  It should be 
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noted that the fT is slightly lower and when one considers equation 4.3 the increase in 

fMAX is due to the reduction of rb and not any increase in fT. 
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Fig. 4.18 fT and fMAX for silicided and reference HBTs 

In addition to looking at the effect that the silicide has in increasing the fMAX value 

the impact of the emitter pedestal overlap on the high frequency performance was 

examined in a similar way to chapter 3.  Figure 4.19 shows the fT and fMAX plotted as 

a function of IC for two different emitter pedestal overlap dimensions.  It is observed 

that as the emitter pedestal overlap dimension is reduced the fT drops as well, but the 

fMAX increases from 32 to 42 GHz.  This demonstrates the large impact of the silicide 

to reduce the extrinsic base resistance of the device. 

 
Fig. 4.19 fT and fMAX for silicided HBTs with different emitter pedestal overlap 

values(labeled b) 
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To look at this effect of the emitter pedestal overlap in more detail the fT and fMAX 

values are plotted for two different emitter widths and over a wide range of emitter 

pedestal overlap dimensions in Figure 4.20.  What it shows is that there is a very 

strong correlation between the emitter pedestal overlap and the fT and fMAX, but in 

opposite directions.  As the pedestal overlap increases the low resistivity silicide area 

moves away from the active region and the base current must pass through a longer 

region of relatively high resistivity doped polysilicon.   
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Fig. 4.20 fT and fMAX for silicided HBTs with different emitter widths(WE) and 

emitter pedestal overlap values 
 

This gives a higher base resistance that results in a lower fMAX.  The fT value, on the 

other hand, increases as a linear function as the pedestal overlap increases.  This is a 

result of the decrease in the CBC as the extrinsic base implantation moves away from 

the active region as was demonstrated in chapter 3.  It can also be observed that the 

slope of the increase becomes larger as the emitter width decreases.  This is due to the 

increase in the CBE component of the fT equation.  The sensitivity of the high 

frequency performance to the emitter pedestal width was not observed for the 

comparable non-silicided reference devices as seen in Figure 4.21.  This is due to the 

fact that the whole extrinsic base region is made up of relatively high resistivity doped 

polysilicon.  So when the emitter pedestal overlap is changed the overall extrinsic 

base resistance does not change significantly.  In comparison, when most of the 

extrinsic base is low resistivity silicide and the emitter pedestal overlap is changed 

there is a more significant change in the extrinsic base resistance and therefore the 
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fMAX.  Figure 4.22 shows this behavior very clearly.  It is a plot of the total base 

resistance as a function of the emitter pedestal overlap dimension for a silicided and 

non-silicided wafer.  It shows that except for the point at 0.2µm the total base 

resistance for the non-silicided transistors is almost independent of the emitter 

pedestal dimension while for the silicided transistors the total base resistance 

increases significantly as the emitter pedestal dimension increases.  This is 

confirmation of the previously mentioned behavior. 
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Fig. 4.21 fT and fMAX for non-silicided HBTs with different emitter pedestal overlap 

values 
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Fig. 4.22 Total base resistance as a function of the emitter pedestal overlap for a 

silicided and non-silicided wafer 
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4.2.3 Integration issues 
 

There are several integration issues that arose during the previously described 

work and this section will attempt to address them and make observations and 

recommendations. 

One of the characteristics observed in the nickel integration is the difference in 

lateral growth of the silicide when comparing the left and right side of the transistor.  

This can be seen in Figure 4.23, which shows the lateral growth of about 100 nm 

under the emitter pedestal.  The left side of the emitter pedestal has more silicide 

lateral growth than the right side.  This could have detrimental effects for devices with 

a narrower emitter pedestal where the silicide growth on the left side reaches the 

epitaxial base and underlying collector region.  Careful characterizations of the device 

parameters along with the lateral silicide growth are needed to ensure that this does 

not occur. 

Another integration issue that is important to understand and that needs more 

study is the issue of void formation during the lateral silicidation process.  As 

mentioned in section 4.1.2, the lateral silicide growth can sometimes form voids 

between the silicide and the polysilicon due to effects such as the difference in the 

coefficient of thermal expansion.  In the silicide integration work we intentionally 

kept the silicidation temperature below the temperature at which we observed these 

voids (600oC) and we did not notice any problems. 

   
 

Fig. 4.23 TEM cross sections of both sides of the emitter pedestal showing lateral 
silicide growth 
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The stability of the fully silicided base is also an area of potential concern.  

Since there is no underlying polysilicon that the silicide is in contact with, the driving 

force to reduce the grain boundary energy of the polysilicon does not exist.  This 

should contribute to the stability of the silicide.  On the other hand, the adhesion of 

the silicide to the oxide may present a problem.  The use of fully silicided gates in a 

CMOS process has been previously shown[70, 71] and this case has a somewhat 

similar situation of a silicide sitting on an oxide, but you also have the gate spacers to 

provide support.  Additional studies will be needed in this area. 
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5. Device simulations 
 

This chapter will cover bipolar device simulations that were performed in two 

areas.  The first area is the lateral optimization of the SIC for a high performance 

HBT with a raised extrinsic base.  The effect of the emitter, spacer and SIC widths on 

the DC and AC performance of the HBT are examined along with interactions 

between these variables.  The second area is the simulation of self-heating effects in 

BJTs on SOI.  Thermal resistance values for various isolation structures are 

determined and the influence of different boundary conditions is examined.  The 

thermal resistance values determined by simulations are then compared with results 

obtained from experimental devices. 

 
5.1 Physical device simulation 
 

Physical device simulation is of great importance in evaluating and developing an 

understanding of how a device functions.  This understanding significantly reduces 

the amount of resources that must be devoted to the development of and optimization 

of experimental devices.  The foundation of a device simulation is solving a system of 

differential equations for a finite element mesh that is made up of various regions with 

different properties.  The various regions such as oxide, silicon, and metals all have 

different material and electrical properties that are defined within the simulation code.  

The system of differential equations comes from solving the Boltzman transport 

equation and there are two main combinations of equations used.  The first is the drift-

diffusion approximation and it is made up of three equations, the continuity equations 

for electrons and holes along with the Poisson equation for the potential.  This has 

been the most commonly used system of equations for device simulations, but as 

device dimensions continue to shrink a more detailed approximation is required.  This 

is known as the hydrodynamic approximation and it includes the same three equations 

of the drift diffusion approximation along with the local carrier temperatures for the 

holes and electrons.  This yields five equations and simulations that employ the 

hydrodynamic approximation will take more time to obtain a solution.  In this chapter 

we will also be looking at non-isothermal device simulations and for these simulations 

the lattice heat flow equation is also solved.  These non-isothermal device simulations 

will then have six total equations and take significantly longer to converge and obtain 
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a solution, sometimes five or six times as long.  Along with solving the system of 

equations, boundary conditions must also be defined.  For the simulations in this 

chapter voltage boundary conditions are employed at the base, emitter, collector and 

substrate terminals and in some circumstances a current boundary condition is 

employed at the base terminal.  The terminal currents or voltages are then solved for 

both DC and AC situations. 

All of the simulations in this chapter are two-dimensional (2D) in nature so as to 

obtain as accurate of a solution as possible in a reasonable amount of time.  As will be 

shown for the non-isothermal simulations, the 2D simulations are not completely 

sufficient to describe the self-heating effects, but performing full 3D device 

simulations with the hydrodynamic approximation and lattice heat flow is not realistic 

considering the large number of mesh points required in the base region and the 

computing resources available.  ISE-TCAD DESSIS[72] was the commercial finite 

element device simulator employed for all simulations.  The Philips Unified Mobility 

model was utilized for all simulations.  This model describes the temperature 

dependence of the mobility and also accounts for screening of ionized impurities by 

charge carriers, electron-hole scattering, and the clustering of impurities.  For the 

electron mobility the parameter set for arsenic was used.  The hydrodynamical Canali 

model was employed for the high field saturation modeling[73] and the Slotboom 

bandgap narrowing expression[74] was also used for all circumstances.    

 
5.2 SIC optimization 
 

The selectively implanted collector was first proposed by Konaka, et al. [75] as a 

way to increase the fT and current drive of a bipolar transistor without significantly 

increasing the CBC.  This is due to the fact that the SIC is most commonly performed 

only under the emitter window instead of in the entire active area.  This minimizes the 

overlap between the collector and extrinsic base regions.  The different integration 

possibilities will be discussed shortly, but all of them involve an ion-implantation at 

medium to high energy of an n-type dopant atom (for a npn transistor).  This depth of 

this implantation is set so that the doping occurs between the n+ subcollector and the 

p-type base region. 

The optimization of the SIC profile by device simulation is usually done in either 

one dimension (1D) or 2D.  1D simulations will give you a quick first look at the 
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effect of changing the SIC doping profile, but they usually overestimate figures of 

merit such as fT[76].  In order to have a truly accurate simulation of DC and AC 

characteristics 2D simulations are required. 

 
5.2.1 Collector designs 
 

When optimizing the SIC for a given HBT structure it is important to take several 

key issues into consideration and as device dimensions shrink this becomes even more 

critical.  These issues are the vertical doping profile, when to perform the 

implantation, and the SIC width.  It will be shown that the last two issues sometimes 

overlap.  The optimization of the vertical doping profile has been researched and 

several different design have been evaluated[76], including a so called “launcher 

layer” of higher doping close to the base profile[77] to increase the BVCEO*fT product.  

The issues of when to perform the SIC and the SIC width has been a topic of much 

discussion.  When the SIC will be performed is ultimately driven by manufacturing 

concerns as will be shown below.  Section 5.1.2 will demonstrate that the SIC width 

has a significant influence on the current flow and it will also have an effect on the 

DC current gain and high frequency performance of a transistor. 

The integration sequences used for utilizing a SIC can be divided up into two 

main groups, those performed before the base epitaxy deposition and those performed 

after the base epitaxy deposition.  It will be quickly obvious though that these two 

main groups have several subgroups that each has their positive and negative points.  

First, the different HBT designs will be covered and the potential SIC integration 

schemes shown.  And secondly, the tradeoffs for each scheme will be covered. 

The two main HBT designs today are the SEG base [41, 78] and the NSEG 

base[42] with disposable mandrel.  The SIC integration for each of these designs is 

slightly different and presents different tradeoffs.  The SEG base design and SIC 

integration is shown in Figure 5.1.  In this design the SIC can either be implanted 

before of after the selective base deposition, but it is usually done after the base poly 

and emitter opening have been defined.  One also has the ability to perform the SIC 

before or after the sidewall spacers have been defined.  This gives the process 

integrator the ability to tailor the SIC width slightly.  In this integration the SIC will 

be self-aligned to the emitter. 
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Fig. 5.1 SIC integration possibilities in a SEG base HBT design. 

 

The other main HBT design is the NSEG base HBT and the integration sequence 

for this design is shown in Figure 5.2.  If one desires the SIC to be self-aligned to the 

emitter this design is more limiting than the SEG base design because the SIC must be 

performed after the base deposition.  The other option with this design is to perform 

the SIC before the base deposition by using a lithographic mask to define the SIC 

opening.  This allows the integrator to obtain the benefits of the pre-epi SIC 

integration for this design, but it requires an extra mask and opens up the possibility 

for mis-alignment. 
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Fig. 5.2 SIC integration possibilities in a NSEG base HBT design. 

 

Now that the options for the two main designs have been presented some of the 

tradeoffs between the pre-epi and post-epi SIC will be discussed.  Table 5.1 shows a 
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list of these tradeoffs.  Some of the demonstrated benefits of performing the SIC 

before, instead of after, the base epi deposition are the fact that you avoid damaging 

the base region and can anneal out the implant damage in the underlying silicon 

before depositing the base, there is a lower CBC because the tail of the SIC does not 

extend into the base region, the early voltage is higher, and the low frequency noise is 

lower[79].  One of the drawbacks is that an extra mask is required for integration into 

the NSEG design.  This will increase the costs and can lead to misalignment of the 

SIC to the emitter that can cause performance degradation.  This misalignment 

becomes more critical as the lateral dimensions continue to decrease.  By performing 

the implantation after the base epi deposition the SIC will be self-aligned to the 

emitter.  In addition the use of carbon in the base region will limit the boron 

outdiffusion through transient enhanced diffusion and limit the diffusion of a 

phosphorous doped SIC from diffusing into the base region, thus limiting the CBC 

increase if the implantation depth is optimized.   

 

SIC before base epi deposition SIC after base epi deposition 

Pros Cons Pros Cons 
− No implant 

damage 
− Lower CBC 
− Any SIC 

width desired 
− High voltage 

option 
− Lower 1/f 

noise 
− Higher VA 

− Extra mask 
required for NSEG 
design 

− Misalignment of 
extra mask 

− Limited in 
defining SIC width 
for SEG design 

− Self aligned 
to emitter 

− Carbon 
limits TED 

− Implant damage 
− Higher CBC 
− Limited in 

defining SIC width 
for both designs 

− Higher 1/f noise 
− Lower VA 

Table 5.1  Pros and cons of different SIC integration schemes 

 

As lateral device dimensions continue to shrink the lateral straggle from the 

implantation will also become more critical to take into consideration when 

optimizing the SIC.  Monte Carlo simulations were performed to further quantify this 

issue.  For identical implantation conditions, energy of 410 keV and a dose of 

1x1014 cm-2, the emitter opening size was varied from 0.2 µm to 0.05 µm to see the 

effect of the lateral straggle.  Figure 5.3 shows this comparison.  It can be seen that on 

a scale of 1x1017 to 1x1019 atoms/cm3 the SIC is twice as large as the opening for the 

0.2 µm emitter window and is six times as large for the 0.05 µm emitter opening.  
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This demonstrates that as the emitter widths continue to shrink to obtain higher 

performance devices the SIC process conditions become more critical.  This 

relationship between the SIC width and the electrical performance of an HBT is 

discussed in more detain in the next section. 

 

 

 

 

 

 

 

 

 

(a)      (b) 

Fig. 5.3 Monte Carlo simulations comparing lateral straggle for different emitter 
widths, (a) 0.05µm and (b) 0.2µm 

 
5.2.2 Device simulations 
 

As discussed in the last section there are a number of options when considering 

the integration of the SIC into an HBT device.  This leads to the need for a more full 

understanding of the relationships between important lateral dimensions with regards 

to their impact on the final electrical performance of the device.  There have been 

previous attempts to optimize and/or compare the lateral size of the SIC for the two 

simple cases of the SIC through the emitter window and the SIC in the entire active 

area of the device[79, 80], but these works only compared to two most extreme cases.  

As mentioned previously there are integration possibilities that give the ability to the 

integrator to more precisely tailor the SIC width.  Others have looked at using TCAD 

to optimize the energy and dose of the SIC implant while keeping the window through 

which the SIC was implanted constant[81].  While it is true that the implantation 

energy and dose will somewhat affect the lateral straggle and thus the final width of 

the SIC, this was still a rather limited optimization.   

In our work a 2D device simulation was constructed within ISE-TCAD with 

approximately 2000 mesh points modeling the active device region.  Three main 

variables were identified that had the potential to affect the device performance of the 
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HBT.  Figure 5.4 shows the full device with mesh points and a zoomed in region 

identifying the three variables that were varied in the simulations.  They are the SIC 

width, the spacer width, and the emitter width.  These three variables were studied 

within the overall device design of a raised extrinsic base SiGe:C HBT because this is 

one of the designs that has been shown to give the best high frequency device 

performance[44].   

 

 

 

 

 

 

 

 

 
Fig. 5.4 Definition of the lateral device dimensions analyzed 

 
A design of experiments was created to investigate how these three variables 

impacted the DC current gain and the high frequency performance, namely, fT and 

fMAX.  A central composite response surface design was utilized, which is a 2-level 

fractional factorial design with center and axial points.  Figure 5.5 shows a visual 

representation of this design.  A wide range of variables was employed to improve the 

fitting of the design.  A response surface design is useful for modeling a curved 

surface to continuous factors and for identifying if a maximum or minimum response 

exists.  This design allowed the optimal values of the variables to be determined that 

would give the best DC and AC performance. 

 

 

 

 

 

 

 

Fig. 5.5 Schematic of a central composite response surface model design 
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A full coverage of the results of this simulation experiment is available in Paper 

V, but the highlights will be covered here along with some additional comments.  It 

was found that the emitter width had a strong effect on Beta, fT and fMAX with all three 

values increasing as the emitter width was shrunk.  As the spacer width was shrunk 

the fMAX value increased while the Beta decreased.  The increase in fMAX is due to the 

shrinking of the thin base region (lower rb).  The spacer width had virtually no impact 

on the fT.  By increasing the SIC width the fT and Beta were found to increase while 

fMAX decreased which makes sense when considering the electron current flow and 

CBC, respectively.  The fact that the SIC width can be used to tune the balance 

between fT and fMAX can be seen in Figure 5.6.  It shows a plot of fT and fMAX as a 

function on IC for different SIC widths.  Also observed from the simulation 

experiment is the interaction between the SIC width and the other two variables.  This 

interaction is not as strong as the first order effects, but still must be taken into 

consideration when optimizing the lateral device dimensions.  Finally, it was observed 

that as the emitter width decreased the Beta became more sensitive to changes in the 

SIC and inside spacer widths.  This shows that as emitter widths continue to shrink 

the process control of things like the inside spacer width becomes more important and 

the lateral straggle mentioned earlier must be taken into consideration during 

transistor design. 
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Fig. 5.6 fT and fMAX vs. IC for different SIC widths 

 
Another issue that was encountered in the simulations was the extraction of the 

fMAX values from the plot of the unilateral gain as a function of frequency.  The high 
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frequencies of oscillation of current devices makes the direct measure of the fMAX 

value impossible and so an extrapolation needs to be performed.  This can lead to 

differences in results.  We found that by taking the slope of the curve and 

extrapolating it to the zero intercept we obtained much higher values than by taking a 

–20 db/dec slope from a certain frequency (32 GHz in our case).  Figure 5.7 shows 

this difference with a plot of fMAX and fT vs. IC for the two different extraction 

schemes.  Others have also made this observation and there have been some recent 

attempts to develop new methods for this extraction[82, 83] or to simply report the 

unilateral gain at a certain frequency points[42]. 
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Fig. 5.7 fT and fMAX vs. IC for different extraction schemes 

 
5.3 BJT on SOI self-heating 
 

The fabrication of bipolar transistors on silicon on insulator (SOI) offers several 

benefits such as the lowering of the collector-to-substrate capacitance (CCS) that is 

important to realizing high speed circuit performance[84].  Using SOI also leads to a 

higher resistance to substrate noise[85], lower device parasitics, and improved 

radiation hardness.  In addition, as CMOS continues to scale and SOI is used to a 

larger extent, the ability to implement the bipolar part of a BiCMOS process on SOI 

becomes critical.  But, while there are several advantages of fabricating bipolar 

transistors on SOI, there is also one key drawback.  This drawback is the well-known 

effect called self-heating where the heat generated at the base/collector junction must be 

conducted away from the active device area or else the device will be operating at 

elevated temperatures that can have an adverse effect on its performance as well as 

reliability.  In the past self-heating effects have mostly been of concern for high 

power devices, but as high speed bipolar transistors have continued to be scaled to 
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obtain higher speeds their current density has also increased, leading to the need for 

an accurate determination of their junction temperature.  It is also important to be able 

to perform detailed device simulations that take into consideration the effect of self-

heating in order to reduce the development time for future transistor architectures.  It 

has been suggested that for next-generation devices a full hydrodynamic simulation 

may be required to model nonlocal effects in the base[86] and this hydrodynamic 

modeling including non-isothermal behavior is precisely what will be shown and 

compared with measurements of actual devices. 

 
5.3.1 Device fabrication and measurement 
 

An industrial 0.25µm double-poly BJT design with five aluminum metal layers 

and tungsten vias was manufactured with several different isolation techniques.  

Figure 5.8 below shows a SEM micrograph of the completed device structure with 

basic STI and deep trench isolation (DTI) on a bulk substrate.  The performance of the 

device was measured to be 40-50 GHz for the fT/fMAX with a current gain of 120.  A 

SIMS depth profile through the active device can be observed in Figure 5.9.  It shows 

a base width of approximately 70 nm along with a phosphorous SIC. 

 

Fig. 5.8 SEM micrograph of a 0.25µm double-poly BJT with STI+DTI on bulk 

substrate 
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Fig. 5.9 SIMS depth profile of a 0.25µm double-poly BJT 

 
5.3.1.1 Different isolation schemes 
 

Three different isolation schemes for the BJT mentioned previously were 

utilized for studying the self-heating effects.  The first isolation scheme has standard 

STI with a depth of 0.4µm on a bulk substrate.  The next isolation scheme was shown 

in Figure 5.8 and featured the similar STI along with oxide lined, polysilicon filled 

DTI with a depth of 6µm.  The final isolation scheme manufactured featured STI 

along with DTI on a SOI substrate.  The buried oxide (BOX) thickness was 0.4µm 

and the silicon thickness was 1.2µm.  This silicon defined by the full isolation is 

commonly referred to as the “tub”.  Figure 5.10 shows a SEM micrograph of this 

isolation structure. 

 
Fig. 5.10 SEM micrograph of STI+DTI+SOI isolation 
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5.3.1.2 Self-heating effects 
 

The impact of self-heating in a bipolar transistor can be seen in several different 

areas.  The first is the effect on the Gummel plot, which is a plot of IC and IB as a 

function of VBE.  In this measurement as the VBE is increased into the higher current 

region the self-heating becomes large enough to show instability for both IC and IB.  

Figure 5.11 demonstrates this effect by showing a gummel plot of a BJT on SOI with 

DTI.  The increase in IC and IB for the aggressive isolation scheme is caused by a high 

thermal resistance (RTH).  It can also be observed that as the VBE is further increased 

the device will again behave in a more stable manner due to either saturation or the 

series resistance. 
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Fig. 5.11 Gummel plot of a BJT on SOI with DTI exhibiting self-heating effects 

 

Another area that self-heating shows an effect is the plot of IC as a function of 

VCE, the well-known breakdown plot.  It has been shown that in the high voltage 

regimes the collector current will be higher when self-heating occurs and this will 

have an effect on VA[87].  It is this effect on the Early voltage that we will use to 

extract the RTH from our devices.  This will be discussed further in a moment.  It has 

also been shown that self-heating will have an impact on the transient response of a 

BJT[87]. 

The effect of self-heating on high frequency performance of a bipolar transistor 

has not been studied or reported on by others.  We have looked briefly at this effect 

both through device simulations and measurements.  The device simulation results 

will be reported in the next section.  The measurement results for transistors with the 
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different isolation structures mentioned before showed that while all of the devices are 

operating at an elevated junction temperature of between 5-15 oC, the fT is rather 

insensitive to the junction temperature.  This is not to say that more aggressively 

scaled devices operating at more elevated junction temperatures will not show an 

impact of self-heating on the high frequency behavior, only that such an effect was 

not observed here. 

   The extraction of the RTH for the experimental devices is now discussed.  There 

have been several different methods proposed for extracting RTH for a bipolar 

transistor.  Some have focused on using the base-emitter voltage as the temperature 

sensitive electrical parameter[88, 89], while others have focused on using the increase 

of the differential collector-substrate diode current[90].  We chose to use the method 

first proposed by Fox et al[91] and used effectively elsewhere[92], which extracts the 

effective thermal resistance from a measurement of the low-frequency output 

resistance at a constant base-emitter voltage.  The calculation of RTH is from Eq. 5.1 

shown below. 

 

)( ,22
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,22,22

PYID
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−
=        (5.1) 

 
Where Y22,SH is the output conductance (IC/VA) taken from a plot of IC vs. VCE for 

different VBE values.  Y22,noSH is the output conductance without self-heating (IC/VA) 

where VA is the early voltage before the drop caused by self-heating effects.  P is the 

power dissipation, P=ICVCE, where VCE is the extraction point for the output 

conductance calculations.  D2 is ( ) CC ITI ∂∂  and is extracted from the Gummel plot 

taken at two different temperatures in the current range where the RTH is extracted.  

Figure 5.12 shows a typical plot of the VA as a function of IC for a BJT on SOI with 

DTI.  The falloff of VA can be clearly seen and takes place at about 30 µA.  It has 

been previously explained that by using Ge in the base region a high VA can be 

obtained which makes it possible to observe the onset of self-heating effects at very 

low IC values[92], but our results show that the behavior is observable at very low IC 

values for transistors with much lower VA values that don’t have Ge in the base 

region. 
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Fig. 5.12 Experimental results of VA as a function of IC showing the onset of self-

heating at around 30 µA 
 
By using the aforementioned technique to extract the RTH for a bipolar transistor a 

study was made to compare the RTH values for the different isolation structures 

mentioned previously.  Figure 5.13 shows the extracted thermal resistance as a 

function of emitter length for an emitter width of 0.25µm.  It clearly shows that the 

thermal resistance will be higher for more aggressive isolation schemes.  When taking 

into consideration that the more aggressive isolation schemes will reduce the 

collector-substrate capacitance this result shows that there is a tradeoff in optimizing 

the thermal and electrical characteristics of a bipolar transistor.  It also shows that 

when DTI is introduced into either the bulk of SOI isolation cases, there is a 

dependence of the thermal resistance on the emitter aspect ratio.  This influence must 

be taken into consideration when determining whether to implement DTI for a given 

transistor architecture. 
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Fig. 5.13 Extracted thermal resistance as a function of emitter length for different 

isolation structures and a constant 0.25µm emitter width 
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5.3.2 Device Simulation 
 

A 2-D device simulation was setup in the ISE-DESSIS TCAD simulator[72].  The 

objective was to model the performance of the experimental devices presented earlier.  

We concentrated on accurately modeling the electrical performance and on extracting 

the thermal resistance in the same manner as for the experimental devices and 

comparing the results.  As with any simulation there are tradeoffs between the speed 

of the simulation and its accuracy.  Others have looked at self-heating effects for 

different bipolar isolation structures through 2-D and 3-D simulations[93].  There 

have also been several works on modeling the thermal resistance for bipolar 

transistors with different isolation structures in three dimensions by performing 

thermal modeling and ignoring electro-thermal interactions[86, 88, 92, 94].  While 

they have been shown to be fairly accurate in determining the RTH in comparison to 

the extracted experimental values, we chose to examine the coupled 2D electro-

thermal situation because it allows us to use the same method for RTH extraction as 

was performed on the experimental devices.  The one main problem with this route is 

that the aspect ratio of the devices is small enough that the third dimension cannot be 

considered infinite and so 2D simulations can sometimes give incorrect or 

nonphysical results.  Unfortunately, 3D electro-thermal modeling is an extremely time 

consuming and complex problem.  There was also a desire to look at the effect of self-

heating on high frequency performance and 2D electro-thermal simulations allow this 

kind of analysis. 

 
5.3.2.1 Different isolation schemes 
 

The same three isolation structures described earlier were simulated.  To review 

they are the bulk case with STI, the bulk case with STI and DTI, and the SOI case 

with DTI.  The doping profiles for the simulations were based on SIMS depth profiles 

taken through both the active area and the collector plug area.  Device dimensions 

were taken from SEM cross sections and the first dielectric later and tungsten vias 

were also included to give as realistic picture as possible of the heat flow around the 

device.  Figure 5.14 shows the 2D cross section of the three simulated devices. 
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Fig. 5.14 2D cross-sections of three simulated devices. (a) STI, (b) STI+DTI, (c) 
STI+DTI+SOI 

 

The RTH values were extracted from the simulations with the same output 

resistance at a constant base-emitter voltage method used for the experimental devices 

and the data are compared in Table 5.2.  The table shows the thermal resistances for 

different boundary conditions on the substrate along with experimental values 

normalized to a 1µm emitter length.  The values extracted from the simulations when 

normalized were found to be between 20-35% higher that the corresponding measured 

values, but this is due to the 2D nature of the simulations.  The thermal resistance 

boundary conditions at the substrate had very limited effect for the STI and DTI 

isolation cases and no effect on the RTH value for the full isolation structure.  This is 

due to the BOX layer that forces the heat flow laterally.  In comparing the different 

isolation structures the difference in RTH is approximately the same for the 

simulations and experimental.  This shows that although there are problems with 
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gaining accurate absolute values of the thermal resistance, a comparison between 

different isolation structures can be performed and gives the designer insight into how 

changing the isolation structure will affect the heat generation within the device at 

various operating conditions. 

 

 RTH, Sub.Res. 
100K/W 

RTH, Sub. Res. 
1000K/W 

RTH, Measured 
2.5µm 

RTH, Extrapolated 
1.0µm 

SOI+DTI 
(K/W) 16000 16000 8250 12050 

Bulk+DTI 
(K/W) 7500 8000 4200 6000 

Bulk+STI 
(K/W) 4500 4950 2250 3020 

Table 5.2 Thermal resistances extracted from simulations and experimental devices 

 
5.3.2.2 Boundary conditions 
 

The boundary conditions for a simulation can have a large effect on the heat 

dissipation away from the active area and so they had to be carefully determined.  On 

the sides of the simulation as well as the surface of the top dielectric layer, adiabatic 

or Neumann boundary conditions were set.  On the bottom of the substrate a thermal 

resistance boundary condition was set at either 100 or 1000 K/W to see if changing it 

had any effect on the extracted thermal resistance.  Finally, on the top surface of the 

tungsten vias a thermal resistance boundary was also set.  The value for the thermal 

resistance was calculated so as to take into consideration the heat transfer through the 

first metal layer.  The method employed for calculating this value was proposed by 

Walkey, et al[94].  There has not been very good agreement within the literature as to 

the importance of including within the simulation the heat transfer through the 

metallization with some suggesting that the contribution is negligible[86], while 

others including it to various extents[88, 94].  It has been shown for SOI MOSFETs 

that the heat flow between devices is dominated by heat flow via the 

interconnects[95].   

Electro-thermal simulations were performed with two different boundary 

conditions at the surface of the vias, an adiabatic boundary and a thermal resistance 

boundary mentioned previously.  Figure 5.15 shows the 2D temperature profiles for 

the two cases with identical isolation structures of STI+DTI+SOI and at identical bias 

conditions.  As expected the simulation with and adiabatic boundary condition at the 
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via surface shows a significantly higher temperature distribution throughout the entire 

structure.  The maximum temperature at the emitter-base junction is also observed to 

be approximately 8oC higher for the adiabatic boundary simulation.  It is also seen 

that the more aggressive the isolation structure the more impact the heat transfer 

through the metallization has.  The conclusion is that it is important to include heat 

transfer through the metallization for device simulations. 
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Fig. 5.15 2D cross-sections showing the thermal contours for two different boundary 
conditions at the via surface. (a) Adiabatic and (b) Thermal resistance 
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6. Conclusions 
 

To continue to fulfill the growing demand for higher performance RF 

communication systems and optical networks, advances in SiGe technology are 

needed.  This thesis has focused on investigating new materials such as SiGeC and 

nickel silicide and their integration into SiGe HBTs to obtain higher performance.  It 

has also focused on performing device simulations for the optimization of key device 

dimensions and in investigating self-heating effects for different isolation schemes. 

The integration of carbon into the SiGe lattice was investigated and the epitaxial 

process optimized.  The effect of carbon on the diffusion of boron and in 

compensating the strain from the use of germanium was studied through SIMS and 

HRXRD.  The use of HRXRD for the inline process monitoring of the SiGeC layer 

growth and final RTA and in studying the stability of the SiGeC layers was shown.  

The SiGeC base layer was then used to fabricate a full HBT process that demonstrated 

fT values of 80 GHz and fMAX values of 15 GHz.  The impact of the lateral device 

dimensions was studied and optimal values for good DC and AC performance found. 

Studies into the formation of nickel silicide on poly-SiGe and poly-SiGeC were 

performed.  The effect of germanium and carbon on the formation of nickel silicide 

was determined and lateral diffusion studies were performed to look at the phase 

formation sequence.  The introduction of carbon was found to not influence the 

formation temperature of the low resistivity monosilicide phase, but it did raise the 

agglomeration temperature by 50oC, thus widening the silicidation process window.  

The nickel silicide was then integrated into a SiGeC HBT process to obtain a unique 

fully silicided extrinsic base HBT that exhibited a significant increase in the fMAX 

performance.  This demonstrated integration of nickel silicide into a HBT process is 

the first reported example in the literature.  There was a difference observed in the 

silicide thickness on the IDP emitter compared to the SiGeC polysilicon extrinsic base 

region and this difference was confirmed with a blanket wafer silicide experiment. 

Device simulations were performed to study the SIC implantation in a raised 

extrinsic base HBT design.  A response surface design of experiments was used to 

study the impact and interaction of lateral device dimensions and used to optimize the 

performance of the device.  It was found that as the emitter width of a HBT device 
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shrinks changes in the width of the SIC will lead to larger changes in the current gain 

of a HBT. 

Finally, BJTs were fabricated with different isolation schemes to study self-

heating effects.  Thermal resistance values for STI, DTI, and DTI+SOI isolation 

schemes and for single and multiple-emitter devices were extracted from 

measurements.  It was found that when DTI is used the thermal resistance values 

show a dependence on the emitter length. Full electro-thermal simulations on single 

emitter devices were performed and the thermal resistance extracted with the same 

technique as the experimental devices and compared to measurements.  They tended 

to overestimate the thermal resistance values due to the 2-D nature of the simulations.  

Simulations were also used to investigate the impact of metallization. 

There are several different areas in which to pursue future research in the HBT 

field.  Lateral and vertical down scaling is important to help realize additional high 

frequency performance gains and should be pursued.  The integration of nickel 

silicide in a BiCMOS process flow is critical to ensuring low contact and base 

resistances as the lateral down scaling occurs.  Creative ways to implement the bipolar 

part of a BiCMOS flow with as few extra steps as possible would also be beneficial 

from a cost perspective. Another area for research is how to best implement a SiGeC 

HBT process on SOI while maintaining the excellent high frequency performance so 

that it may be combined with present day CMOS on SOI to form BiCMOS on SOI 

that can fulfill the demands of, for example, future generation optical networks. 

 



 

99 

References 
 
[1] B. Metzger, “CMOS devices steal show,” Compound Semiconductor, vol. 

Jan./Feb., pp. 31-33, 2002. 
[2] H. J. Osten, H. P. Zeindl, and E. Bugiel, “Considerations about the critical 

thickness for pseudomorphic Si1-xGex growth on Si(001),” Journal of Crystal 
Growth, vol. 143, pp. 194-199, 1994. 

[3] J. P. Dismukes, L. Ekstrom, and R. J. Paff, “Lattice parameter and density of 
Germanium-Silicon alloys,” Journal of Physical Chemistry, vol. 68, pp. 3021-
3027, 1964. 

[4] J. W. Matthews and A. E. Blakeslee, “Defects in epitaxial multilayers,” 
Journal of Crystal Growth, vol. 27, pp. 118-125, 1974. 

[5] E. Kasper, H.-J. Herzog, and H. Kibbel, “A one-dimensional SiGe superlattice 
grown by UHV epitaxy,” Applied Physics, vol. 8, pp. 199, 1975. 

[6] D. J. Robbins, L. T. Canham, S. J. Barnett, A. D. Pitt, and P. Calcott, “Near-
band-cap photoluminescence from pseudomorphic Si1-xGex single layers on 
silicon,” Journal of Applied Physics, vol. 71, pp. 1407-1414, 1992. 

[7] J. Poortmans, M. Caymax, A. V. Ammel, M. Libezny, K. Werner, S. C. Jain, 
J. Nijs, and R. Mertens, “On the minority carrier mobility and the effective 
bandgap in heterojunction bipolar transistors with strained SiGe base,” Proc. 
ESSDERC '93, pp. 317-320, 1993. 

[8] A. Powell and S. Iyer, “Silicon-Germanium-Carbon alloys extending Si based 
heterostructure engineering,” Japan Journal of Applied Physics, vol. 33, pp. 
2388-2391, 1994. 

[9] H. J. Osten, “Supersaturated carbon insilicon and silicon/germanium alloys,” 
Materials Science and Engineering, vol. B36, pp. 268-274, 1996. 

[10] D. D. Salvador, M. Petrovich, M. Berti, F. Romanato, E. Napolitani, A. Drigo, 
J. Stangl, S. Zerlatuth, M. Mühlberger, F. Schäffler, G. Bauer, and P. C. 
Kelires, “Lattice parameter of Si1-x-yGexCy alloys,” Physical Review B, vol. 
61, pp. 13005-13013, 2000. 

[11] W. Windl, O. F. Sankey, and J. Menendez, “Theory of strain and electronic 
structure of Si1-yCy and Si1-x-yGexCy alloys,” Physical Review B, vol. 57, 
pp. 2431-2442, 1998. 

[12] B. L. Stein, E. T. Yu, E. T. Croke, A. T. Hunter, T. Laursen, A. E. Bair, J. W. 
Mayer, and C. C. Ahn, “Measurement of band offsets in Si/Si1-xGex and 
Si/Si1-x-yGexCy heterojunctions,” J. Vac. Sci. Technol. B, vol. 15, pp. 1108-
1111, 1997. 

[13] P. A. Stolk, D. J. Eaglesham, H.-J. Gossmann, and J. M. Poate, “Carbon 
incorporation in silicon for suppressing interstitial-enhanced boron diffusion,” 
Applied Physics Letters, vol. 66, pp. 1370-1372, 1995. 

[14] H. Rücker, B. Heinemann, D. Bolze, D. Knoll, D. Krüger, R. Kurps, H. J. 
Osten, P. Schley, B. Tillack, and P. Zaumseil, “Dopant diffusion in C-doped 
Si and SiGe: Physical model and experimental verification,” Proc. of IEDM, 
pp. 345-348, 1999. 

[15] H. Bracht, “Diffusion Mechanisms and Intrinsic Point-Defect Properties in 
Silicon,” MRS Bulletin, vol. 25, pp. 22-27, 2000. 

[16] Y. Kanzawa, K. Nozawa, T. Saitoh, and M. Kubo, “Dependence of 
substitutional C incorporation on Ge content for Si1-x-yGexCy crystals grown 



Device design and process integration for SiGeC and Si/SOI bipolar transistors 
 

 100

by ultrahigh vacuum chemical vapor deposition,” Applied Physics Letters, vol. 
77, pp. 3962-3964, 2000. 

[17] Z. Atzmon, A. E. Bair, E. J. Jaquez, J. W. Mayer, D. Chandrasekhar, D. J. 
Smith, R. L. Hervig, and M. Robinson, “Chemical vapor deposition of 
deteroepitaxial Si1-x-yGexCy films on (100)Si substrated,” Applied Physics 
Letters, vol. 65, pp. 2559-2561, 1994. 

[18] J. P. Liu and H. J. Osten, “Substitutional carbon incorporation during 
Si1-x-yGexCy growth on Si(100) by molecular-beam epitaxy: Dependence on 
germanium and carbon,” Applied Physics Letters, vol. 76, pp. 3546-4548, 
2000. 

[19] J. B. Posthill, R. A. Rudder, S. V. Hattangady, G. G. Fountain, and R. J. 
Markunas, “On the feasibility of growing dilute CxSi1–x epitaxial alloys,” 
Applied Physics Letters, vol. 56, pp. 734-736, 1990. 

[20] J. Mi, P. Letourneau, J.-D. Ganiere, M. Gailhanou, M. Dutoit, C. Dubois, and 
J. C. Dupuy, “Si(1-y)Cy random alloy epitaxy on Si by rapid thermal chemical 
vapor deposition,” Mat. Res. Symp. Proc., vol. 342, 1994. 

[21] J. L. Regolini, F. Gisbert, G. Dolino, and P. Boucaud, “Growth and 
characterization of strain compensated Si1-x-y epitaxial layers,” Mater. Lett., 
vol. 18, pp. 57-60, 1993. 

[22] C. Menon, A. Bentzen, and H. H. Radamson, “Loading effect in SiGe layers 
grown by dichlorosilane- and silane-based epitaxy,” Journal of Applied 
Physics, vol. 90, pp. 4805-4809, 2001. 

[23] W. B. D. Boer, D. Terpstra, and J. G. M. V. Berkum, “Selective versus non-
selective growth of Si and SiGe,” Material Science and Engineering, vol. B67, 
pp. 46-52, 1999. 

[24] Y. Kiyota, T. Hashimoto, T. Udo, A. Kodama, H. Shimamoto, R. Hiyami, and 
K. Washio, “180-GHz fT, 130 GHz fmax SiGe HBTs with heavily doped base 
formed by HCl-free selective epitaxy,” Proc. of BCTM, pp. 139-142, 2002. 

[25] J. N. Burghartz, J. H. Comfort, G. L. Patton, B. S. Meyerson, J. T.-C. Sun, J. 
M. C. Stork, S. R. Mader, C. L. Stanis, G. J. Scilla, and B. J. Ginsberg, “Self-
aligned SiGe-Base heterojunction bipolar transistor by selective epitaxy 
emitter window(SEEW) technology,” Electron Device Letters, vol. 11, pp. 
288-290, 2000. 

[26] D. C. Houghton, “Strain relaxation kinetics in Si1-xGex/Si heterostructures,” 
Journal of Applied Physics, vol. 70, pp. 2136-2151, 1991. 

[27] J. Mi, P. Warren, M. Gailhanou, J.-D. Ganiere, M. Dutoit, P.-H. Jouneau, and 
R. Houriet, “Epitaxial growth of Si1-x-yGexCy alloy layers on (100) Si by 
rapid thermal chemical vapor deposition using methylsilane,” J. Vac. Sci. 
Technol. B, vol. 14, pp. 1660-1669, 1996. 

[28] A. Ichikawa, Y. Hirose, T. Ikeda, T. Noda, M. Fujiu, T. Takatsuka, A. Moriya, 
M. Sakuraba, T. Matsuura, and J. Murota, “Epitaxial growthh of Si1-x-
yGexCy film on Si(100) in a SiH4-GeH4-CH3SiH3 reaction,” Thin Solid 
Films, vol. 369, pp. 167-170, 2000. 

[29] D. Knoll, B. Heinemann, K. E. Ehwald, H. Rücker, B. Tillack, W. Winkler, 
and P. Schley, “BiCMOS integration of SiGe:C heterojunction bipolar 
transistors,” Proceedings of BCTM '02, pp. 162-166, 2002. 

[30] F. Ferrieu, P. Ribot, and J. L. Regolini, “Spectroscopic ellipsometry of 
SixGe1-x/Si: a tool for composition and profile analysis in strained 



References  Erik Haralson 
 

 101

heterostructures used in the microelectronics industry,” Thin Solid Films, vol. 
373, pp. 211-215, 2000. 

[31] Q. Xie, E. Duda, M. Kottke, W. Qin, X.-D. Wang, S. Lu, M. Erickson, and H. 
Kretzschmar, “Process control of Epi-Layers for SiGe:C hetero-structure 
bipolar transistors,” Mat. Res. Soc. Symp. Proc., vol. 744, pp. M2.9.1-M2.9.6, 
2003. 

[32] S. Zollner, J. Hildreth, R. Liu, P. Zaumseil, M. Weidner, and B. Tillack, 
“Optical constants and ellipsometric thickness determination of strained Si1-
xGex:C layers on Si (110) and related heterostructures,” Journal of Applied 
Physics, vol. 88, pp. 4102-4108, 2000. 

[33] J. Hållstedt, E. Suvar, C. Menon, P.-E. Hellström, M. Östling, and H. H. 
Radamson, “Methods to reduce the loading effect in selective and non-
selective epitaxial growth of SiGeC layers,” Materials Science and 
Engineering B, 2003. 

[34] P. Fewster, “X-ray diffraction from low-dimensional structures,” Semicond. 
Sci. Technol., vol. 8, pp. 1915-1934, 1993. 

[35] P. Warren, J. Mi, F. Overney, and M. Dutoit, “Thermal stability of Si/Si1-x-
yGexCy/Si heterostructures grown by rapid thermal chemical vapor 
deposition,” Journal of Crystal Growth, vol. 157, pp. 414-419, 1995. 

[36] B. Heinemann, R. Barth, D. Bolze, J. Drews, P. Formanek, O. Fursenko, M. 
Glante, K. Glowatzki, A. Gregor, U. Haak, W. Höppner, D. Knoll, R. Kurps, 
S. Marschmeyer, S. Orlowski, H. Rücker, P. Schley, D. Schmidt, R. Scholz, 
W. Winkler, and Y. Yamamoto, “A complimentary BiCMOS technology with 
high speed npn nd pnp SiGe:C HBTs,” Proc. of IEDM, pp. 5.2.1- 5.2.4, 2003. 

[37] H. Kroemer, “Two integral relations pertaining to the electron transport 
through a bipolar transistor with a nonuniform energy gap in the base region,” 
Solid-State Electronics, vol. 28, pp. 1101-1103, 1985. 

[38] B. Martinet, H. Baudry, O. Kermarree, Y. Campidelli, M. Laurens, M. Marty, 
T. Schwartzmann, A. Monroy, D. Bensahel, and A. Chantre, “100GHz SiGe:C 
HBTs using non selective base epitaxy,” Proc. of ESSDERC, pp. 97-100, 
2001. 

[39] J. Böck, H. Schäfer, H. Knapp, D. Zöschg, K. Aufinger, M. Wurzer, S. 
Boguth, M. Rest, R. Schreiter, R. Stengl, and T. F. Meister, “Sub 5 ps SiGe 
bipolar technology,” Proc. of IEDM, pp. 763-766, 2002. 

[40] T. Hashimoto, Y. Nonaka, T. Saito, K. Sasahara, T. Tominari, K. Sakai, K. 
Tokunaga, T. Fujiwara, S. Wada, T. Udo, T. Jinbo, K. Washio, and H. Hosoe, 
“Integration of a 0.13-um CMOS and a high performance self-aligned SiGe 
HBT featuring low base resistance,” Proc. of IEDM, pp. ???, 2002. 

[41] T. Tominari, S. Wada, K. Tokunaga, K. Koyu, M. Kubo, T. Udo, M. Seto, K. 
Ohhata, H. Hosoe, Y. Kiyota, K. Washio, and T. Hashimoto, “Study on 
extremely thin base SiGe:C HBTs featuring sub 5-ps ECL gate delay,” Proc. 
of BCTM, pp. 107-110, 2003. 

[42] J.-S. Rieh, B. Jagannathan, H. Chen, K. T. Schonenberg, D. Angell, A. 
Chinthakindi, J. Florkey, F. Golan, D. Greenberg, S.-J. Jeng, M. Khater, F. 
Pagette, C. Schnabel, P. Smith, A. Stricker, K. Vaed, R. Volant, D. Ahlgren, 
G. Freeman, K. Stein, and S. Subbana, “SiGe HBT's with cut-off frequency of 
350 GHz,” Proc. of IEDM, pp. 771-774, 2002. 

[43] B. Jagannathan, M. Meghelli, K. Chan, J.-S. Rieh, K. Schonenberg, D. 
Ahlgren, S. Subbanna, and G. Freeman, “3.9 ps SiGe HBT ECL ring oscillator 



Device design and process integration for SiGeC and Si/SOI bipolar transistors 
 

 102

and transistor design for minimum gate delay,” IEEE Electron Device Letters, 
vol. 24, pp. 324-326, 2003. 

[44] B. Jagannathan, M. Khater, F. Pagette, J.-S. Rieh, D. Angell, H. Chen, J. 
Florkey, F. Golan, D. R. Greenberg, R. Groves, S. J. Jeng, J. Johnson, E. 
Mengistu, K. T. Schonenberg, C. M. Schnabel, P. Smith, A. Stricker, D. 
Ahlgren, G. Freeman, K. Stein, and S. Subbanna, “Self-Aligned SiGe NPN 
transistors with 285 GHz fMAX and 207 GHz fT in a Manufacturable 
Technology,” IEEE Electron Device Letters, vol. 23, pp. 258-260, 2002. 

[45] G. Freeman, S. Subbanna, B. Jagannathan, K. Schonenberg, S.-J. Jeng, K. 
Stein, and J. Johnson, “Bipolar device having shallow junction raised extrinsic 
base and method for making the same,” in Patent Application Publication. US 
Number 2003/0057458, US: IBM, 2003. 

[46] H. Rücker, B. Heinemann, R. Barth, D. Bolze, J. Drews, U. Haak, W. 
Höppner, D. Knoll, H. Köpke, S. Marschmeyer, H. H. Richter, P. Schley, D. 
Schmidt, R. Scholz, B. Tillack, W. Winkler, H.-E. Wulf, and Y. Yamamoto, 
“SiGe:C BiCMOS technology with 3.6 ps Gate Delay,” Proc. of IEDM, pp. 
121-124, 2003. 

[47] B. Heinemann, H. Rücker, R. Barth, J. Bauer, D. Bolze, E. Bugiel, J. Drews, 
K.-E. Ehwald, T. Grabolla, U. Haak, W. Höppner, D. Knoll, D. Krüger, B. 
Kuck, R. Kurps, M. Marschmeyer, H. H. Richter, P. Schley, D. Schmidt, R. 
Scholz, B. Tillack, W. Winkler, D. Wolansky, H.-E. Wulf, Y. Yamamoto, and 
P. Zaumseil, “Novel collector design for high-speed SiGe:C HBTs,” Proc. of 
IEDM, pp. 775-778, 2002. 

[48] J. V. Grahn, H. Fosshaug, M. Jargelius, P. Jönsson, M. Linder, B. G. Malm, B. 
Mohadjeri, J. Pejnefors, H. H. Radamson, M. Sanden, Y.-B. Wang, G. 
Landgren, and M. Östling, “A low-complexity 62-GHz fT SiGe heterojenction 
bipolar transistor process using differential epitaxt and in situ phosphorous-
dpoed poly-Si emitter at very low thermal budget,” Solid-State Electronics, 
vol. 44, pp. 549-554, 2000. 

[49] D. L. Harame, J. H. Comfort, J. D. Cressler, E. F. Crabbe, J. Y.-C. Sun, B. S. 
Meyerson, and T. Tice, “Si/SiGe epitaxial-base transistors-Part I: Materials, 
physics, and circuits,” IEEE Transactions on Electron Devices, vol. 42, pp. 
455-468, 1995. 

[50] S.-L. Zhang and M. Östling, “Metal Silicides in CMOS Technology: Past, 
Present, and Future Trends,” Critical Reviews in Solid State and Materials 
Sciences, vol. 28, pp. 1-129, 2003. 

[51] F. M. d'Heurle, “Nucleation of a new phase from the interaction of two 
adjacent phases: Some silicides,” Journal of Material Research, vol. 3, pp. 
167-195, 1988. 

[52] F. M. d'Heurle, P. Gas, and J. Philibert, “The ordered Cu3Au rule and its 
corollaries,” Solid State Phenomenon, vol. 41, pp. 93-97, 1995. 

[53] W. K. Chu, S. S. Lau, J. M. Mayer, and K. N. Tu, “Implanted noble gas atoms 
as diffusion markers in silicide formation,” Thin Solid Films, vol. 15, pp. 393-
402, 1975. 

[54] E. G. Colgan, J. P. Gambino, and Q. Z. Hong, “Formation and stability of 
silicides on polycrystalline silicon,” Materials Science and Engineering, vol. 
R16, pp. 43-96, 1996. 

[55] T. B. Massalski (Ed.), “Binary alloy phase diagrams,” American Society from 
Metals, Metal Park, OH, 1986. 



References  Erik Haralson 
 

 103

[56] JCPDS-International Center for Diffraction Data, PDF-2 Data-base, 12 
Campus Blvd., Newton Square, PA 19073-3273. 

[57] P. Villars and L. D. Calvert (Eds.), Pearson's Handbook of Crystallographic 
Data for Intermetallic Phases. Metal Park, OH: American Society for Metals, 
1985. 

[58] J. Seger, D. Mangelinck, H. H. Radamson, and S.-L. Zhang, “Increased 
nucleation temperature of NiSi2 in the reaction of Ni thin films with Si1-
xGex,” Applied Physics Letters, vol. 81, pp. 1978-1980, 2002. 

[59] C. Detavernier, T. R. L. V. Meirhaeghe, F. Cardon, and K. Maex, “CoSi2 
nucleation in the presence of Ge,” Thin Solid Films, vol. 348, pp. 243-250, 
2001. 

[60] T. Jarmar, J. Seger, F. Ericson, D. Mangelinck, U. Smith, and S.-L. Zhang, 
“Morphological and phase stability of nickel-germanosilicide on Si1-xGex 
under thermal stress,” Journal of Applied Physics, vol. 92, pp. 7193-7199, 
2002. 

[61] H. B. Zhao, K. L. Pey, S. Chattopadhyay, E. A. Fitzgerald, D. A. Antoniadis, 
P. S. Lee, and W. K. Choi, “Interfacial reactions of Ni on Si1-xGex (x=0.2, 
0.3) at low temperatures by rapid thermal annealing,” Journal of Applied 
Physics, vol. 92, pp. 214-217, 2002. 

[62] O. Chamirian, A. Lauwers, J. A. Kittl, M. V. Dal, M. D. Potter, R. Lindsay, 
and K. Maex, “Reaction of Ni and Si0.8Ge0.2: Phase formation and thermal 
stability,” presented at Materials for Advanced Metallization, Brussels, 2004. 

[63] S.-L. Zhang, “Nickel-based contact metallization for SiGe MOSFETs: 
progress and challenges,” Microelectronic Engineering, vol. 70, pp. 174-185, 
2003. 

[64] C. Detavernier, R. L. Meirhaeghe, H. Bender, O. Richard, B. Brijs, and K. 
Maex, “CoSi2 formation in the presence of carbon,” Journal of Applied 
Physics, vol. 92, pp. 1207-1211, 2002. 

[65] S. H. Chen, L. R. Zheng, C. B. Carter, and J. W. Mayer, “Transmission 
electron microscopy studies on the lateral growth of nickel silicides,” Lournal 
of Applied Physics, vol. 57, pp. 258-263, 1985. 

[66] L. R. Zeng, L. S. Hung, G. Majni, G. Ottaviani, and J. W. Mayer, “Lateral 
diffusion of Ni and Si through Ni2Si in Ni/Si couples,” Applied Physics 
Letters, vol. 41, pp. 646-649, 1982. 

[67] G. V. Samsonov and I. M. Vinitskii, Handbook of Refractory Compounds. 
New York: IFI/Plenum Data Company, 1980. 

[68] R. Hull, Properties of Crystalline Silicon. London: INSPEC, 1999. 
[69] D. K. Schroder, Semiconductor Material and Device Characterization: Wiley-

Interscience, 1998. 
[70] Z. Krivokapic, W. Maszara, K. Achutun, P. King, J. Gray, M. Sidorow, E. 

Zhao, J. Zhang, J. Chan, A. Marathe, and M.-R. Lin, “Nickel silicide metal 
gate FDSOI devices with improved gate oxide leagage,” Tech. Dig. Int. 
Electron Devices Meeting, pp. 271-274, 2002. 

[71] J. Kedzierski, D. Boyd, Y. Zhang, M. Steen, F. F. Jamin, J. Benedict, M. 
Ieong, and W. Haensch, “Issues in NiSi-gated FDSOI device integration,” 
Proc. of IEDM, pp. 441-444, 2003. 

[72] Integrated Systems Engineering AG, Zurich, Switzerland, “DESSIS-ISE 
release 8.5,” , 2003. 



Device design and process integration for SiGeC and Si/SOI bipolar transistors 
 

 104

[73] C. Canali, G. Majni, R. Minder, and G. Ottaviani, “Electron and hole drift 
velocity measurements in Silicon and their empirical relation to electric field 
and temperature,” IEEE Transactions on Electron Devices, vol. ED-22, pp. 
1045-1047, 1975. 

[74] D. B. M. Klaasen, J. W. Slotboom, and H. C. d. Graaff, “Unified apparent 
band-gap narrowing in n- and p-type silicon,” Solid-State Electronics, vol. 35, 
pp. 125-129, 1992. 

[75] S. Konaka, E. Yamamoto, K. Sakuma, Y. Amemiya, and T. Sakai, “A 20-ps Si 
bipolar IC using advanced super self-aligned process technology with 
collector ion implantation,” IEEE Transactions on Electron Devices, vol. 36, 
pp. 1370-1375, 1989. 

[76] M. S. Peter, G. A. M. Hurkx, and C. E. Timmering, “Selectively-implanted 
collector profile optimisation for high-speed vertical bipolar transistors,” Proc. 
of ESSDERC, pp. 308-311, 1997. 

[77] B. G. Malm, T. Johansson, T. Arnborg, H. Norström, J. V. Grahn, and M. 
Östling, “Implanted collector profile optimization in a SiGe HBT process,” 
Solid-State Electronics, vol. 45, pp. 399-404, 2001. 

[78] T. F. Meister, H. Schäfer, K. Aufinger, R. Stengl, S. Boguth, R. Schreiter, M. 
Rest, H. Knapp, M. Wurzer, A. Mitchell, T. Böttner, and J. Böck, “SiGe 
bipolar technology wth 3.9 ps gate delay,” Proc. of BCTM, pp. 103-106, 2003. 

[79] F. K. Chai, J. Kirchgessner, R. Cross, D. Hammock, C. Lesher, D. Morgan, H. 
Rueda, J. Tang, G. Niu, S. Stewart, J. John, S. Wipf, and B. Brown, 
“Integration of Selectively implanted collector (SIC) of SiGe:C HBT for 
optimized performance and manufacturability,” Proc. of BCTM, pp. 115-118, 
2003. 

[80] R. C. Taft, J. D. Hayden, and C. D. Gunderson, “Optimization of two-
dimensional collector doping profiles for submicron BiCMOS technologies,” 
Proc. of IEDM, pp. 869-872, 1991. 

[81] A. D. Stricker, J. B. Johnson, G. Freeman, and J.-S. Rieh, “Design and 
optimization of a 200 GHz SiGe HBT collector profile by TCAD,” Applied 
Surface Science, vol. 224, pp. 324-329, 2003. 

[82] Z. Huszka, K. Milnar, and E. Seebacher, “Estimation of fmax by the common-
intercept method,” Proc. of BCTM, pp. 233-236, 2003. 

[83] P. Chevalier, C. Fellous, B. Martinet, F. Leverd, F. Saguin, D. Dutartre, and A. 
Chantre, “180 GHz ft and fmax self-aligned SiGeC HBT using selective 
epitaxial growth of the base,” Proc. of ESSDERC, pp. 299-302, 2003. 

[84] K. Washio, E. Ohue, H. Shimamoto, H. Oda, R. Hayami, Y. Kiyota, M. 
Tanabe, M. Kondo, T. Hashimoto, and T. Harada, “A 0.2-um 180-GHz-fmax 
6.7-ps-ECL SOI/HRS self-Aligned SEG SiGe HBT/CMOS technology for 
microwave and high-speed digital applications,” Proc. of IEDM, pp. 741-744, 
2000. 

[85] S. Ueno, K. Watanabe, T. Kato, T. Shinohara, K. Mikami, T. Hashimoto, A. 
Takai, K. Washio, R. Takeyari, and T. Harada, “A single-chip 10 Gb/s 
transceiver LSI using SiGe SOI/BiCMOS,” Technical Digest of Solid-State 
Circuits Conference, pp. 82-83,435, 2001. 

[86] M. Mastrapasqua, A. Pacelli, P. Palestri, and C. A. King, “Device simulation 
for advanced Si1-xGex HBTs,” Proc. of BCTM, pp. 42-51, 2001. 



References  Erik Haralson 
 

 105

[87] P. R. Ganci, J.-J. J. Hajjar, T. Clark, P. Humphries, J. Lapham, and D. Buss, 
“Self-heating in high performance bipolar transistors fabricated on SOI 
substrates,” Proc. of IEDM, pp. 417-420, 1992. 

[88] J.-S. Rieh, D. Greenberg, B. Jagannathan, G. Freeman, and S. Subbanna, 
“Measurement and modeling of thermal resistance of high speed SiGe 
heterojunction bipolar transistors,” Proc. Topical meeting on Silicon 
Monolithic Integrated Circuits in RF Systems, pp. 110-113, 2001. 

[89] T. Vanhoucke, H. M. J. Boots, and W. D. v. Noort, “Reviced method for 
extraction of the thermal resistance applied to bulk and SOI SiGe HBTs,” 
Electron Device Letters, vol. 25, pp. 150-152, 2004. 

[90] M. W. Xu, A. Sibaja-Hernandez, A. Sadovnikov, and S. Decoutere, “Self-
heating induced soft degradation of the early voltage in SiGe:C HBTs,” 
Electron Device Letters, vol. 24, pp. 646-648, 2003. 

[91] R. M. Fox and S.-G. Lee, “Scalable small-signal model for BJT self-heating,” 
Electron Device Letters, vol. 12, pp. 649-651, 1991. 

[92] P. Palestri, A. Pacelli, and M. Mastrapasqua, “Thermal resistance in Si1-xGex 
HBTs on bulk-Si and SOI substrates,” Proc. of BCTM, pp. 98-101, 2001. 

[93] J. N. Burghartz, A. O. Cifuentes, and J. D. Warnock, “A low-capacitance 
biplar/BiCMOS isolation technology, Part II-Circuit performance and device 
self-heating,” IEEE Transactions on Electron Devices, vol. 41, pp. 1388-1395, 
1994. 

[94] D. J. Walkey, T. J. Smy, C. Reimer, M. Schröter, H. Tran, and D. Marchesan, 
“Modeling thermal resistance in trench-isolated bipolar technologies including 
trench heat flow,” Solid-State Electronics, vol. 46, pp. 7-17, 2002. 

[95] F. Yu, M.-C. Cheng, P. Habitz, and G. Ahmadi, “Modeling of thermal 
behavior in SOI structures,” IEEE Transactions on Electron Devices, vol. 51, 
pp. 83-91, 2004. 


	Abstract
	Acknowledgements
	Table of Contents
	Appended papers
	List of Symbols & Acronyms
	Summary
	1. Introduction
	2. SiGe:C material work
	3. SiGe:C device platform
	4. Nickel silicide
	5. Device simulations
	6. Conclusions
	References


